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Editorial on the Research Topic 


Cancer metastases: mechanisms of tumor dissemination, formation of metastatic niche and anti-metastatic therapy


Despite decades of progress in treating primary tumors, metastasis remains the final frontier and the central challenge in oncology. At late stages of cancer progression, primary localized tumors may metastasize to distant sites, including bones, lymph nodes, lungs, brain, liver, and other organs. Since current options to treat cancer metastases effectively are highly limited, cancer metastatic disease accounts for approximately 90% of cancer-related deaths. Therefore, there is a critical and unmet need to uncover the mechanisms driving immune resistance and to develop novel, more effective therapeutic strategies. The development of distant tumor metastasis is a highly complex, multi-step process that requires cooperation between cancer and host cells (Figure 1), including stromal and immunosuppressive myeloid cells (1–3). While substantial progress has been made in recent years in the biology of tumor metastasis, the precise mechanisms contributing to tumor cell colonization remain elusive, largely because metastasis is not just a cell-autonomous process but an emergent property of a complex host-tumor ecosystem.
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Figure 1 | Tumor metastatic colonization to the distant organs is a multi-step process. The development of tumor metastases is not solely determined by the molecular characteristics of cancer cells but also by the intricate interactions between these cells and the surrounding microenvironment, which is composed of specialized cells such as immune cells, activated fibroblasts, endothelial cells, extracellular matrix, and secreted soluble factors.

This Research Topic tackles this multifaceted challenge and aims to provide a comprehensive overview of the molecular, cellular, and organ-level mechanisms of tumor dissemination and the development of novel therapies for the treatment of metastatic disease. Our Research Topic of sixteen manuscripts consists of seven original research papers, eight reviews, and one hypothesis-theory article, which is summarized below. This Research Topic covers different aspects of cancer metastases, including molecular mechanisms of metastatic colonization, roles of stromal, immune cells, and extracellular vesicles in the formation of metastases, mechanisms of immune evasion, and resistance to anti-metastatic therapy. Also, it highlights the efficacy of immunotherapy for the treatment of brain, bone, and liver metastases.




Anti-metastatic therapy

The recent decade has been marked by significant progress in cancer immunotherapy, particularly in immune checkpoint inhibitors (ICIs) for solid cancers and CAR T cells for hematological malignancies. ICI has revolutionized cancer immunotherapy, yet only a portion of patients with advanced and metastatic cancers experience clinical benefits. Although no clear predictive biomarkers have been developed yet, it is definite that the immunosuppressive tumor microenvironment is a significant barrier to treatment success, as it fosters resistance to immunotherapy.

Wang et al. reviewed the latest research progress in immunotherapy of primary and metastatic bone cancers, including the application status and challenges of major immunotherapy strategies such as ICIs, CAR-T cell therapy, and cancer vaccines. Although osteosarcoma as a primary cancer has a relatively low incidence, it shows high rates of disability and mortality. Metastatic bone cancers frequently arise from many types of solid cancers, including breast, prostate, lung, kidney, bladder, thyroid, and other cancers. Traditional treatments for bone tumors, such as chemotherapy and radiation therapy, have a relatively low efficacy and produce significant side effects. Since immunotherapy has recently shown great potential in improving patient outcomes for many types of cancers, there is hope that this approach will also be effective for the therapy of bone tumors. The results of multiple pre-clinical and clinical studies suggest that, although there are still many challenges, tumor immunotherapy of primary and metastatic bone cancers is expected to make breakthroughs in the near future. This assumption is driven by the in-depth understanding of cellular and molecular mechanisms of bone tumor invasion and immune escape, as well as the development and adoption of novel immunotherapy technologies.

Skalickova et al. provide a detailed overview of immunotherapeutic approaches that focus on the intra-tumoral administration of drugs in patients with locally advanced and metastatic cancers. Intra-tumoral immunotherapy is based on the principle of in situ immunization, where the immune response is primed directly within the tumor site, aiming to overcome the immunosuppressive tumor microenvironment and trigger tumor-specific immune responses. The authors describe several types of intra-tumoral therapies, including cancer vaccines (viral oncolytic vaccines, peptide/protein vaccines, and dendritic cell vaccines); intra-tumoral immunomodulators (pattern recognition receptor and stimulator of interferon genes (STING) agonists); intra-tumoral adoptive cell therapies; and intra-tumoral immune checkpoint inhibitors and monoclonal antibodies. Authors acknowledge that most of the intra-tumoral therapies are still in the experimental stage of development, and only T-VEC monotherapy is the only intra-tumoral immunotherapy approved for the treatment of unresectable lesions. Authors conclude that the future of cancer treatment belongs to combinatory therapies that work synergistically to overcome cancer resistance to immunotherapy and enhance the anti-tumor immune response.

In an original preclinical study, Schreiber et al. demonstrated that melanoma tumor growth and its metastatic potential can be inhibited by administration of Taenia crassiceps or Mesocestoides corti tapeworms in the tumor-bearing mice. Specifically,

Infections with both T. crassiceps and M. corti significantly enhanced the survival of C57BL/6 mice injected intraperitoneally with B16F10 melanoma cells, compared to mice that received only melanoma. While only 2 out of 10 mice in the melanoma-only group survived after 26 days, all mice infected with M. corti, and 9 out of 10 infected with T. crassiceps, survived until the end of the observation period. However, the authors acknowledge that although helminth parasites may have a potential role in combating cancer, it is important to recognize that they are pathogenic organisms capable of causing harm to the host when introduced as whole parasites. Consequently, further research is necessary to elucidate the local mechanisms, both immunological and non-immunological, that contribute to the protective effect of tapeworm infection against cancer. The review by Xu et al. focused on survival outcomes and risk profiles of patients with thyroid cancers with distant liver metastases. The clinico-pathological characteristics of patients with and without liver metastases were compared. Additionally, they evaluated the prognostic outcomes of these patients in the context of the immunotherapy era. The prevalence of liver metastasis in thyroid cancer was 0.22% (95% CI 0.20%-0.25%), mainly occurring in medullary and anaplastic thyroid carcinomas. However, there was no statistically significant difference in median overall survival or median cancer-specific survival between the pre- and post-immunotherapy periods.





Roles of immunosuppression and immune evasion in metastatic spreading

A critical issue in tumor metastasis is the survival of cancer cells upon the invasion of a distant organ. To survive and grow in newly invaded tissue, metastatic tumor cells interact with the local stromal cells and extracellular matrix to obtain vital survival signals. Besides, the metastatic cancer cells must evade detection and destruction by the host’s immune system. To escape from immune response, cancer cells develop a tolerogenic microenvironment through the secretion of immunosuppressive factors and attracting bone marrow-derived myeloid cells, which inhibit the anti-tumor immune response mediated by T lymphocytes and NK cells (3–5). In addition, cancer cells can reduce immunogenicity and evade the immune surveillance by downregulation of MHC class I on the surface of cancer cells.

The work of Arias-Badia et al. provides evidence that exposure to E-cigarettes disrupts the anti-tumor immunity and promotes metastases. The authors investigated the effects of the two main components of e-cigarettes, PG/VG and nicotine, on tumor development using preclinical animal models. Their findings showed that PG/VG enhances tumor cell motility, while nicotine reduces tumor cell proliferation in vitro. Additionally, both tumor-infiltrating and circulating T cells in e-cigarette-exposed mice showed increased levels of immune checkpoint markers, such as CTLA4 and PD-1. The authors conclude that the key constituents of e-cigarette fluid can influence tumor progression by inducing immunosuppression, leading to the accumulation of functionally exhausted T cells expressing PD-1 and CTLA4. The original study by Bauer et al. describes how human myeloid sarcomas (MS) escape the immune system response. This disease is characterized by rare extramedullary manifestations of myeloid neoplasms, often associated with poor patient prognosis. Through immunohistochemistry, multispectral imaging, and RNA sequencing of bone marrow samples from MS patients, the authors determined that reduced HLA-I expression and a low density of tumor-infiltrating lymphocytes (TILs) were associated with worse clinical outcomes. Ma et al. summarize the roles of altered lipid metabolism in ovarian cancer in shaping an immunosuppressive tumor microenvironment that promotes tumor growth and development of metastases. Authors describe the alteration of lipid uptake, de novo fatty acid synthesis, lipid oxidation, and lipid storage in ovarian cancer. As noted in this review, the metabolic dysfunction exists not only in tumor cells but is widely detected in stromal cells and tumor-infiltrating immune cells. In a lipid-rich tumor microenvironment, functional changes primarily affect stromal and immune cells, such as CAFs, Tregs, CD8 T cells, and tumor-associated macrophages. Additionally, interactions among these cells create a premetastatic niche and an immunosuppressive tumor microenvironment, facilitating metastasis and tumor immune evasion, which ultimately enhances the proliferative characteristics of ovarian cancer.





Molecular mechanisms of metastasis development

Establishing the biological mechanisms of the metastatic process is crucial for understanding the precise molecular and cellular events contributing to tumor cell colonization and the development of new anti-metastatic therapies. Feigelman et al. demonstrated that EMMPRIN (CD147) promotes spheroid tumor cell organization and metastatic formation. EMMPRIN is known as a hub protein that stabilizes large protein complexes, such as CD44, MCT1/4, CD99, and integrins, and is implicated in the regulation of tumor cell proliferation. Data obtained by the authors indicate that knockdown of EMMPRIN expression in murine CT26 tumor cells resulted in inhibited cell proliferation and reduced angiogenic potential, while enhancing tumor resistance to drugs. In addition, the absence of EMMPRIN prevented tumor cells from forming metastatic-like lesions when seeded on basement membrane extract. CD44 (cluster of differentiation 44) is a multifunctional transmembrane glycoprotein involved in cell-cell interaction, adhesion, and cell migration. CD44 has previously been reported as stem cell marker and key driver in cancer progression and metastasis development. The study by Maltseva et al. shows that deletion of the CD44 gene in HT-29 colorectal cancer cells significantly alters the expression of several miRNAs and their target genes. The data obtained suggest that CD44 is closely involved in the regulatory relationship between Let-7 miRNA and STAT3 in cancer cells.

Albakova summarizes the functions of 90-kDa heat shock proteins (HSP90) in primary and metastatic cancers. HSP90 chaperones interact with a wide and diverse array of proteins, many of which play critical roles in tumor development, immune evasion, invasion, and metastasis. Due to its significant role in cancer, HSP90 has emerged as a promising target for anti-cancer therapies. Several clinical trials have explored an HSP90 inhibitor combined with verteporfin, a photosensitizer, and a near-infrared red probe for diagnostic imaging of solid tumors. Leveraging HSP90’s ability to stimulate anti-tumor responses, various HSP90-based immunotherapies have been developed. Nevertheless, no HSP90 inhibitors have received FDA approval to date. The author suggests that further understanding of the complex functions of HSP90 in cancer could open new avenues for diagnosis and treatment of cancer patients. Wang et al. reviewed recent progress on the roles of miRNA-136 in the cancer metastatic process. miR-136 is aberrantly expressed in numerous metastatic tumors and is closely linked to tumor cell proliferation, apoptosis, invasion, and metastasis, highlighting its significant role in tumor growth and progression. MicroRNAs (miRNAs) modulate the expression of their target genes and can exert either carcinogenic or tumor-suppressive effects, directly or indirectly, across different types of cancer. The miR-136 regulates various molecular signaling pathways, including Wnt, MAP2K4-JNK, PTEN, MTDH, LRH1, and others. The authors suggest that broad roles in the regulation of tumor growth make miR-136 a potential therapeutic target. In the original study, Lin et al. showed that the circular RNA Circ-0007552 inhibits the progression of lung cancer metastases in a preclinical model. Specifically, both in vitro and in vivo experiments revealed that overexpression of Circ-0007552 reduced the malignant behaviors of lung cancer cells, while its knockdown produced opposite effects. Mechanistically, Circ-0007552 acts as a competing endogenous RNA (ceRNA) for miR-7974, suppressing its expression.





Extracellular vesicles in cancer metastases

Exosomes or extracellular vesicles (EVs) in cancer are tiny particles released by tumor cells that act as mediators of cell-to-cell communication, playing a significant role in cancer progression, metastasis, and immune evasion. They are involved in a wide range of cancer-related processes, including tumor growth, angiogenesis (blood vessel formation), immune regulation, and the formation of pre-metastatic niches in distant organs. Chen et al. provides a review on the roles of EVs in facilitating lung cancer metastasis and their influence on disease progression and spread to distant tissues. It also explores the potential of exosomes as biomarkers for lung cancer metastasis, providing valuable insights for future clinical applications. Highlighting the various mechanisms through which exosomes promote lung cancer dissemination to the brain and bone, the review suggests potential targets for intervention in the diagnosis and treatment of metastatic lung cancer. Nidhi et al. provide an analysis of molecular mechanisms of organotropic metastatic colonization orchestrated by EVs. Focusing on immune modulation and tumor microenvironment reprogramming, the authors present a comprehensive review of EV biogenesis and cargo composition. They explore the connection between EV types and their molecular cargo, along with the regulatory mechanisms governing EV formation and release. The review highlights EV functions in intercellular communication and their critical roles in establishing pre-metastatic niches. Furthermore, EVs are examined as potential diagnostic and prognostic biomarkers for metastasis. The authors acknowledge current limitations and challenges in EV research and clinical application, such as the lack of standardized protocols for EV isolation, characterization, and quantification, which hinder reproducibility and clinical translation efforts.





The impact of exercise on metastatic development

The original preclinical study of Stagaard et al. provides evidence that a boost of physical activity following surgery may be beneficial in delaying breast cancer metastatic development. In this study, the authors used mice with implanted highly metastatic 4T1 tumor cells for the modeling of breast metastatic cancer. Thus, voluntary wheel running was found to notably enhance metastasis-free survival, effectively doubling the median survival time. However, these benefits were only seen when an increase in physical activity occurred after surgery. To explore this further, the authors conducted mock surgeries and verified that surgical stress was essential for the beneficial impact of increased exercise on lowering metastatic tumor burden in mice with either spontaneous or experimentally induced metastasis. The authors conclude that exercise and a boost of physical activity following surgery result in a delay of metastatic development.





Conclusion

Overall, the knowledge offered in these articles is beneficial for building a clearer picture of cancer metastasis biology. However, much more extensive investigations on this Research Topic are still required for improving our understanding of the mechanisms of metastatic colonization, to develop novel therapeutic approaches, and boost the efficiency of existing anti-metastatic therapy. We must move beyond targeting only the seed (the cancer cell) and increasingly focus on reprogramming the soil (the host micro- and macro-environment). This necessitates the development of novel therapeutic combinations (e.g., combining ICIs with metabolic modulators or STING agonists) and, crucially, preclinical models that can better recapitulate these complex, systemic host-tumor interactions.
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Cancer is still one of the leading causes of death, with an estimated 19.3 million new cases every year. Our paper presents the tumor-suppressing effect of Taenia crassiceps and Mesocestoides corti on B16F10 melanoma, the intraperitoneal application of which followed the experimental infection with these tapeworms, resulting in varying degrees of effectiveness in two strains of mice. In the case of M. corti-infected ICR mice, a strong tumor growth suppression occurred, which was accompanied by a significant reduction in the formation of distant metastases in the liver and lung. Tapeworm-infected C57BL/6J mice also showed a suppression of tumor growth and, in addition, the overall survival of infected C57BL/6J mice was significantly improved. Experiments with potential cross-reaction of melanoma and tapeworm antigens with respective specific antibodies, restimulation of spleen T cells, or the direct effect of tapeworm excretory-secretory products on melanoma cells in vitro could not explain the phenomenon. However, infections with T. crassiceps and M. corti increased the number of leukocytes possibly involved in anti-tumor immunity in the peritoneal cavity of both ICR and C57BL/6J mice. This study unveils the complex interplay between tapeworm infections, immune responses, and melanoma progression, emphasizing the need for further exploration of the mechanisms driving observed tumor-suppressive effects.
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1 Introduction

Melanoma is a cancer stemming from malignant melanin-producing cells – melanocytes (1). It primarily occurs in the skin but may also originate in the eyes, the gastrointestinal tract, or oral, genital, and nasal mucous membranes (2). The incidence of this cancer has expanded in developed countries, such as the US and the UK (3). Melanoma accounts for 80% of skin cancer deaths (1), and it has been estimated that 57,000 have died of melanoma in 2020 (4). It is at the forefront of cancer diagnosis in the developed world, and projections point towards an increase in incidence in the coming decades. For patients diagnosed with stage IV of the disease, the survival rate is dismal, though overall mortality rates have decreased due to advances in targeted- and immuno-therapies (3).

Research focusing on the interactions between certain parasitic organisms and cancer has emerged in recent years. While some species of helminths are known to be the causative agents of cancer, such as Opisthorchis felineus (5) and Schistosoma haematobium (6), there are some examples of helminths which may have the opposite effect. Indeed, the infection with Echinococcus granulosus has already shown the ability to protect against breast cancer in a rat model (7). Moreover, a Kunitz-type protease inhibitor from the same tapeworm induced apoptosis of several cancer cells while not affecting healthy ones (8). The immunomodulatory excretory-secretory products of Angiostrongylus cantonensis were shown to significantly reduce tumor growth in a mouse model of hepatocarcinoma as well as negatively affect human hepatocarcinoma cells in vitro while having no inhibitory effect on healthy liver cells (9). The infection with Trichinella spiralis can then reduce solid tumor burden in a B16F10 mouse model (10). Overall, cases of cancer suppression by helminths or their products exist, but the mechanisms are still largely speculative and unknown.

Taenia crassiceps, a tapeworm from the order Cyclophyllidea, which is a parasite of carnivores, such as foxes and wolves, is usually found in its intermediate host (various small rodents) subcutaneously, intraperitoneally, or intrapleurally in the form of cysticerci, which readily grow and asexually multiply. This ability and the relative ease of maintaining a laboratory strain through intraperitoneal passage and the fact that it does not readily infect humans make it an ideal model organism (11). T. crassiceps can affect the host at the physiological and immunological levels. It can feminize a male intermediate host (12), but more importantly, it modulates the host’s immune response. While the primary immune response to T. crassiceps infection is represented by a pro-inflammatory Th1 type, a chronic anti-inflammatory Th2 is established during the infection. This effect depends upon the parasite’s excretory-secretory products (13), which can elicit the effect on their own (14). What is paramount, however, is that the infection with T. crassiceps inhibited tumor formation in colitis-associated colon cancer in a mouse model (15), while said excretory-secretory products were able to do the same by directly affecting the cancer cells (16). Furthermore, GK-1, a synthetic peptide with adjuvant properties originally isolated from this tapeworm (17), has been successfully used in combination with the highly immunogenic MAGE-AX peptide to increase apoptosis and necrosis of melanoma tumors in a mouse model (18).

Similarly, Mesocestoides corti (syn. M. vogae), a tapeworm of the same order, which infects carnivores through a cycle encompassing various intermediate hosts (mice, birds, amphibians, or reptiles), develops into a tetrathyridium which is also capable of extensive asexual multiplication within the body cavity of an experimental host, giving much the same reasons for being an optimal laboratory model as T. crassiceps (19). In contrast, M. corti tetrathyridia penetrate the liver parenchyma (20), causing fibrosis (21). The first response of the host immune system to an M. corti infection is also of the Th1 type (22). In the first two weeks after infection, there is an increase in CD8+ T cells and NK cells. The tapeworm later suppresses these activities, interrupting the IFN-γ/IL-4 signaling pathways and switching the immune response to an anti-inflammatory Th2 conducive to parasite survival. The tapeworm’s excretory-secretory products themselves are capable of inducing this effect upon injection into the peritoneal cavity (23).

The B16F10 melanoma cell line is a highly aggressive pigmented variant of the B16 line, originally isolated from the C57BL/6 mouse. It may metastasize into the lungs (24) as well as other organs and areas, such as bones and various soft tissues (25) and lymph nodes (26). It is usually introduced intravenously or subcutaneously but may also be injected intraperitoneally (27). In the latter case, disseminated abdominal metastases form (28).

While helminth parasites might have a potential role in the fight against cancer, it is still important to note that they are pathogenic organisms and can cause harm to the host when introduced whole, especially if patients with oncological afflictions are to be considered. Besides the study of the cancer-suppressing effect as a whole, it is necessary to identify the underlying mechanisms of the phenomenon, as well as the components of the tapeworm or their excretory-secretory products, which is the focus of this study. In particular, we studied the suppressive effect of the T. crassiceps and M. corti infections on the growth and metastasis of the B16F10 melanoma cell line in the mouse model and the possible pathways through which it can affect either the melanoma cells or the host immune system, specifically looking at the humoral and cellular immune response and the effect of parasites’ excretory-secretory products on the cancer cell line.




2 Materials and methods



2.1 Ethics statement

All experiments were performed in accordance with the animal welfare laws of the Czech Republic and were approved by the Animal Welfare Committee of Charles University, Faculty of Science (project ID: MSMT-33097/2020-6). All authors of this paper are authorized to design and perform experiments with animals. Consent to participate is not applicable.




2.2 Mice

The C57BL/6JOIaHsd inbred strain was acquired from Envigo, and the Hsd : ICR (CD-1®) outbred strain was acquired from Charles River Laboratories (females aged 5 weeks in all cases). The mice were kept at the Centre for Experimental Biomodels (1st Faculty of Medicine, Charles University). They were housed in conventional cages with a 12h-12h light cycle at 23°C with 55% air humidity and ad libitum access to water and feed.




2.3 Parasites

The Taenia crassiceps isolate (originally from Janssen Pharmaceutica, Beers) was provided by Prof. Pierre Dorny (Institute of Tropical Medicine, Antwerpen, Belgium). The original host organism is unknown. The isolate has been kept in a laboratory for over 15 years. The M. corti isolate was acquired from Dr. Ruth Fichter and Prof. Peter Deplazes (Institute of Parasitology, University of Zürich, Switzerland). The isolate was originally acquired from an infected squirrel (Sciurus vulgaris) from Wedmark, Germany. The larval stages of T. crassiceps and M. corti were harvested from the peritoneal cavity of female ICR mice 3 months post infection (p.i.). They were then washed five times with sterile PBS and injected intraperitoneally. The infection doses for T. crassiceps and M. corti were 30 cysticerci and 600 tetrathyridia, respectively.




2.4 Design of in vivo experiments

Mouse survival: Groups of 10 five-week-old C57BL/6J females were infected with T. crassiceps or M. corti or injected with sterile PBS. After 2 weeks, when the tapeworm larvae have established an infection, 5×105 B16F10 melanoma cells were injected into their peritoneal cavity, upon which they were observed throughout 26 days.

Tumor growth suppression, histological and immunological evaluation: Groups of 7 five-week-old C57BL/6J or ICR female mice were injected intraperitoneally with T. crassiceps or M. corti larvae. In order to ensure longer mouse survival for immunological evaluation, a smaller dose of 3×105 B16F10 melanoma cells suspended in sterile PBS was introduced after two weeks into the peritoneal cavity. At week 5 post tapeworm infection, the mice were sacrificed along with uninfected mice, those with only tapeworms, and those with only melanoma cells. A group of uninfected and tapeworm-only infected mice was also sacrificed at week 2 to assess the immune response at the time of the melanoma cell injection.

Tumor growth quantification: In order to quantify the tumor-suppressing effect of the tapeworm infection, the melanoma tumors present in the intraperitoneal cavity, which could be conceivably removed without damaging them or the organs they were attached to, were excised and weighed.

Parasite growth: Five groups of 3 five-week-old C57BL/6J or ICR female mice were also injected intraperitoneally either with T. crassiceps or M. corti larvae, upon which a group was sacrificed at week 1, 2, 3, 4, or 5 and the larvae were counted.




2.5 Histological evaluation

The liver, lungs, and tumors were immediately fixed in 4% neutral-buffered formaldehyde or Bouin’s solution (Sigma-Aldrich). The tissue was then dehydrated in a gradient of ethanol concentrations and embedded in paraffin. Sections of 5 µm were stained with hematoxylin/eosin or Gomori trichrome to visualize small tumors and metastasizing B16F10 cells. For immunohistochemical staining of CD8+ T lymphocytes and NK cells within tumors, the formaldehyde-fixed samples were processed through a saccharose gradient, embedded in a freezing medium (Tissue Freezing Medium, Leica Biosystems), frozen at -80°C and cut into 10 µm sections on a Leica CM 1860 UV cryotome. Afterward, antigen retrieval was performed on the sections, which were boiled in a sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) in a microwave oven at 750 W for 6 minutes. The sections were then incubated overnight at 4°C with either anti-CD8 alpha antibody diluted 1:200 (Abcam, ab237723) or anti-NK1.1 antibody diluted 1:100 (Abcam, ab289542) and visualized by fluorescently-labelled secondary antibodies. The slides were then mounted with 15 µl of Vectashield Antifade Mounting Medium with DAPI (Vector Laboratories), upon which they were examined and photographed using a fluorescent microscope (Olympus BX51 with an Olympus DP-2 camera).




2.6 Preparation of antigens

The antigens used consisted of the soluble fraction of whole worm homogenate of T. crassiceps (TcH), M. corti (McH), or the whole cell homogenate of B16F10 melanoma cell line (MelH). They were prepared by the sonication of tapeworm larvae or cancer cells washed in sterile PBS and suspended in a solution of protease inhibitors (cOmplete ULTRA Tablets, Mini, EDTA-free, EASYpack Protease Inhibitor Cocktail, Sigma-Aldrich) in sterile PBS. After sonication (3x30 second, amplitude 60 W), the homogenate was centrifuged at 16,000 ×g for 20 minutes, upon which the supernatant was collected and passed through a 0.2 µm filter. Protein content was determined, and the homogenates were aliquoted and stored at -80°C.




2.7 ELISA

To determine the levels of parasite-specific and B16F10-specific IgM and IgG antibodies in the sera of mice, 96-well plates (Nunc MaxiSorp, Thermo Fisher Scientific) were coated with TcH, McH, or MelH at 2.5 ng/µl in a carbonate-bicarbonate buffer (pH 9.6) overnight at 4°C. After a wash, the wells were blocked with 5% non-fat dried milk in PBS for 1 hour at 37°C. Subsequently, the plates were washed, and sera diluted in the blocking solution (1:500 for IgM and 1:100 for IgG) were added to the wells and incubated for 1 hour at room temperature. Afterward, the plates were rewashed, and goat anti-mouse secondary antibodies conjugated with peroxidase (Anti-Mouse IgM antibody, Abcam ab97230, Anti-Mouse IgG Fc specific antibody, Sigma-Aldrich A2554) diluted in 0.5% bovine serum albumin in PBS (1:10,000 for IgM and 1:8,000 for IgG), were added and incubated for 1 hour at room temperature. Following another wash, peroxidase substrate (TMB – Liquid Substrate System for ELISA, Sigma-Aldrich) was added. The reaction was halted with a stopping solution (2M H2SO4). The absorbance values were then read at 450 nm using an Infinite M 200 (TECAN) and Magellan software. The cut-off values were determined according to Frey et al. (29) using measurements of sera from mice without any tapeworms. Separate cut-off values were established for 2 week, 5 week and melanoma groups.




2.8 Isolation and stimulation of splenocytes

Splenocytes were isolated as described by Majer et al. (30). Briefly, the spleen was mechanically homogenized by passing through a 70μm cell strainer, and the red blood cells were lysed by an ACK buffer. After washing with PBS, the splenocytes were resuspended in RPMI 1640 (supplemented with 10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin) and counted (Countess® II Automated Cell Counter, ThermoFisher Scientific). The splenocytes were seeded in 24-well plates at a density of 1.25×106 cells/ml and stimulated by tapeworm (TcH or McH) or melanoma (MelH) antigens (1 and 10 μg/ml). Treatment with concanavalin A (1.25 μg/ml) was used as a positive control for cytokine production. After 72 hours of cultivation (37°C, 5% CO2), the supernatants were collected and stored at –20°C until the analysis of cytokine production. Specifically, concentrations of IFN-γ, IL-4, IL-10, and IL-17 were measured by ELISA MAX™ Standard Sets (BioLegend).




2.9 Isolation and immunophenotyping of cells in the peritoneal cavity

To isolate the leukocytes, the peritoneal cavity of mice was washed with 10 ml of ice-cold sterile PBS. After centrifugation (5 min, 170 ×g, 4°C), red blood cells were lysed with an ACK buffer, and the remaining cells were washed in PBS and counted (Countess® II Automated Cell Counter, ThermoFisher Scientific). For immunophenotyping, the cells were first incubated with anti-CD16/CD32 antibody (10 min, 4°C) and stained with Zombie Aqua™ Fixable Viability Kit (1:600; 20 min). After washing with 3% FBS/PBS, the cells were incubated (30 min, 4°C) with a mixture of surface marker antibodies as specified in Table 1. The samples were measured by LSR II flow cytometer (Becton Dickinson) and analyzed in FlowJo (v. 10.8.1). FMO controls were used as indicated in Table 1. The representative gating strategy is shown in Supplementary Figures 1A, B.

Table 1 | Antibodies used for immunophenotyping of the cells in the peritoneal cavity.


[image: Table listing targets with corresponding fluorophores, clones, vendors, dilutions, and FMO status. Categories include common, lymphoid panel, and myeloid panel with vendors mostly from eBioscience and BioLegend. Dilutions range from one to eighty to one to one hundred fifty. FMO status is marked as "yes" or not indicated.]



2.10 Collection of excretory-secretory products

In order to obtain excretory-secretory products (ESP), the tapeworm larvae were removed from the peritoneal cavity of a female ICR mouse 3 months after infection, washed 5 times in sterile PBS, and placed in 75 cm2 culture flasks (Eppendorf) with DMEM (Dulbecco’s Modified Eagle’s Medium – high glucose, Sigma-Aldrich) supplemented with 100 U/ml of penicillin-streptomycin. The number of larvae per flask was roughly 300 cysticerci for T. crassiceps and 2,000 tetrathyridia for M. corti. The tapeworm larvae were then cultured at 37°C and 5% CO2. Every two days, the medium was aspirated, filtered through a 0.22 μm syringe-mounted filter (Sigma-Aldrich), frozen at -80°C and replaced with a new dose for a total of 14 days, with the medium collected after the first two days being always discarded. The collected medium was then concentrated using a centrifuge filter (Merck-Millipore). For in vitro assays with B16F10 cells, the ESPs were separated into fractions according to protein size (<3, 3-10, 10-30, >30 kDa) using centrifuge filters (Merck-Millipore). The concentration of total proteins was determined using a Quant-iT™ Protein Assay Kit (Invitrogen).




2.11 Cell culture

The B16F10 mouse melanoma cells were obtained from ATCC (CRL-6475) and routinely cultured in standard conditions (37°C, humidified atmosphere with 5% CO2) in complete DMEM medium (Life Technologies) with 4.5 g/L L-glucose, L-glutamine, and pyruvate, supplemented with 10% fetal bovine serum (Merck) and 0.1% ciprofloxacin (Sigma-Aldrich).




2.12 In vitro effects of tapeworm ESP on B16F10 melanoma cells



2.12.1 Toxicity

The in vitro cytotoxicity of the ESP fractions (<3, 3-10, 10-30, >30 kDa) was assessed by an Alamar Blue assay (Invitrogen) for ESP concentration of 50 µg/ml. Briefly, B16F10 cells were seeded in 96-well plates (2,500 cells per well). The next day, ESP fractions in complete medium (DMEM supplemented with 10% fetal bovine serum (FBS) and antibiotics) were prepared from stock solutions and added to the cells (100 µl per well). A complete medium without ESP was used as a positive control. After 3 days, the medium was aspirated, and the cells were incubated with 50 µl of Alamar Blue solution per well (10% Alamar Blue reagent in DMEM) for 4 hours. The fluorescence (excitation/emission wavelengths of 560/590 nm) was measured using an Infinite M200 PRO fluorescent plate reader (TECAN). The average results of four independent experiments of the treated cells were plotted relative to the positive control (100% cell viability).




2.12.2 Proliferation

The kinetic measurement of cell growth was performed using holographic microscopy. B16F10 cells were seeded in 96-well plates (Lumox multiwell, Sarstedt; 5,000 cells per well). The next day, ESP fractions (final concentration 50 µg/ml) in complete medium (DMEM supplemented with 10% FBS and antibiotics) were prepared from stock solutions and added to the cells (170 µL per well). A complete medium without ESP was used as a positive control, and two concentrations of Vincristine (VCR) were used as negative controls. The wells were covered with HoloLid (PHI AB). Cell count measurement was performed on a HoloMonitor microscope (PHI AB) using App Suite Imaging Software (PHI AB). Each time point in each condition represents the mean of cell counts of four positions. Two independent experiments were performed.




2.12.3 Wound healing

A suspension of 1×105 B16F10 cells was added to each well of a 24-well plate. The next day, a scratch was made using a pipette tip. The cells were washed two times, upon which ESP fractions in complete medium (DMEM supplemented with 10% FBS and antibiotics) were added (final ESP concentration 50 µg/mL). A complete medium without ESP was used as a positive control. After two days, images of four different fields were acquired for every condition using phase contrast microscopy on a Leica DMi8 microscope under 10× magnification. The percentage of the cell-free area was calculated using the Wound_healing_size_tool plugin (31) for ImageJ. The healed area was subsequently calculated and is shown as the mean of four fields for two biological replicates.




2.12.4 Gelatin degradation assay

A gelatin degradation assay was performed according to manufacturer instructions (QCM Gelatin Invadopodia Assay, Merck-Millipore). B16F10 cells were resuspended in complete medium (DMEM supplemented with 10% FBS and antibiotics) with diluted ESP fractions (final concentration 50 µg/mL), seeded on gelatin for 16 hours, fixed, and stained for actin with Alexa Fluor 488 Phalloidine (ThermoFisher Scientific) and for nuclei with DAPI. Fluorescent images were acquired on a Leica DMi8 equipped with a Leica 100×/1.44 NA oil objective. Gelatin degradation was quantified by measuring the area of degradation and scoring it as a percentage of the total cell area. At least 40-50 cells per condition were scored.





2.13 Statistical analysis

The statistical analysis of cytotoxicity, proliferation, gelatin degradation and wound healing of ESPs-affected B16F10 cells was performed by ordinary one-way ANOVA with Dunnett’s multiple comparisons test. The growth of peritoneal tumors, titration of melanoma antigen and the production of cytokines by restimulated splenocytes was analyzed by the Kruskal-Willis test with Dunn’s multiple comparisons test. The growth curves of tapeworms in the peritoneal cavity were analyzed by a two-way ANOVA. Cytometric data were analyzed by one-way ANOVA with Šíďák post-hoc test. Statistical analysis was performed in GraphPad Prism 9. Significance level p <0.05.





3 Results



3.1 Melanoma suppression in mouse models

Both the Taenia crassiceps and Mesocestoides corti infections significantly improved the survival of C57BL/6J mice with intraperitoneally administered B16F10 melanoma cells compared to those injected with melanoma only. While only 2 out of 10 melanoma-only mice survived after 26 days, all the mice also infected with M. corti, and 9 out of 10 infected with T. crassiceps survived until the end of the observation period (Figure 1A).
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Figure 1 | The suppressive effect of tapeworm infection on melanoma. The overall survival of C57BL/6J mice infected with T. crassiceps and M. corti (each at n = 10) shows significant improvement in both cases of tapeworm infection compared to mice injected with only melanoma when analyzed with the Log-rank test (A). The weight of peritoneal tumors reveals a trend of suppression on their growth (n = 7), showing a greater decrease of peritoneal tumors in M. corti infections of C57BL/6J mice after analysis with Kruskal-Willis test with Dunn’s multiple comparisons (B). *** (p ≤ 0.001), ns (no significance).

The tumor-suppressive effect (Figure 2) was also quantified by weighing the melanoma tumors found within the peritoneal cavity of infected mice and comparing these weights with those from melanoma-only mice. The results show only a trend in the reduction of melanoma growth in the peritoneal cavity, as due to high variability of the data, the results were not significant. The burden of tumors tended to be lower in C57BL/6J mice infected with M. corti larvae when compared with the T. crassiceps infection (Figure 1B). The results were not as pronounced in ICR mice, as the intraperitoneal melanoma burden was very low even in mice without any tapeworm larvae (Supplementary Figure 2, Supplementary Table 2).

[image: Images labeled A to F show internal views of an animal with annotations. A and D highlight a dark mass labeled 1. B and C point to intestines labeled 2 and 3. C and F also highlight liver areas labeled 5; C also shows intestinal sections labeled 4. E indicates a digestive section labeled 3. F highlights intestines labeled 4. The images depict various organs and tissue states.]
Figure 2 | Suppression of melanoma tumor growth in mice infected with tapeworms. In mice injected with only melanoma (A, D), the entirety of the peritoneal cavity was filled with masses of tumors (1), while only few smaller tumors (2) were found in mice infected with T. crassiceps (B, E) or M. corti (C, F). T. crassiceps cysticerci (3), free M. corti tetrathyridia (4), M. corti tetrathyridia embedded in liver parenchyma (5). (A–C) are C57BL/6J mice, (D–F) are ICR mice.

In the case of the C57BL/6J strain (Figures 2A–C), mice infected with M. corti developed only small tumors in the peritoneal cavity and liver (Figure 2C), but none in the lungs. In particular histological examination of the liver revealed some melanoma cells. Still, they were mostly localized at the margin and not spread throughout the entire tissue, as in mice bearing only melanoma (Supplementary Figure 3). In the case of T. crassiceps, the number of melanoma tumors in the peritoneal cavity was greater compared to M. corti infections (Figure 1B). The tumors were found in the liver and lungs, indicating a weaker anti-tumor effect elicited by T. crassiceps (Supplementary Figure 3).

Most ICR mice did not develop macroscopic melanoma tumors (Figures 2E, F) or exhibit lung or liver metastatic cells when infected with T. crassiceps (Figures 3C, G) or M. corti (Figures 3D, H). In mice injected with melanoma only, the entire peritoneal cavity was usually filled with foci of melanoma tumors surrounding the liver (Figure 2D), and macroscopic tumors formed in the lungs as well. Histological sections revealed metastatic melanoma cells in the liver and lungs of tapeworm-uninfected mice (Figures 3A, B, E, F).
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Figure 3 | Histological evaluation of melanoma metastasis. B16F10 cells (1) were found to invade the liver (A) and lungs (E) of ICR mice without any tapeworm infection, while none were found within the liver (C, D) or lungs (G, H) of ICR mice infected also with T. crassiceps M. corti. Zoomed-in areas of the liver (B) and the lungs (F) with melanoma.




3.2 Tapeworm growth rate

Tapeworm larvae present intraperitoneally were counted throughout five weeks in one-week intervals, and the growth rates of particular tapeworm species in both mouse strains were compared. T. crassiceps cysticerci grew exponentially (Figure 4A), while M. corti tetrathyridia grew more linearly (Figure 4B). When comparing the growth data with 2-way ANOVA, there was no difference in the growth rates of T. crassiceps in C57BL/6J and ICR mice, while the growth rate of M. corti was slower in ICR mice. It does not appear that an increased tapeworm burden would be responsible for the slower growth of melanoma in ICR mice compared to C57BL/6J.
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Figure 4 | The growth of tapeworm larvae in the peritoneal cavity. Graph (A) shows that there is no difference in the growth curves of T. crassiceps between the C57BL/6J and ICR mouse strains, while the growth of M. corti (B) is slower in ICR mice compared to C57BL/6J mice. Each timepoint group consisted of n = 3, at a total of 5 groups per infection and mouse strain. A two-way ANOVA was utilized to compare the growth curves. ns (no significance), * (p ≤ 0.05).




3.3 Antibody response to tapeworm antigens and possible cross-reactivity

The levels of IgM and IgG antibodies, which bind to either TcH, McH, or MelH, were measured in the sera of all mice. The sera of tapeworm-infected mice of both mouse strains showed high levels of specific IgM (Figures 5A, C) and IgG (Figures 5B, D) raised against the antigens of the respective tapeworms. On the contrary, in melanoma-positive mice, the specific anti-MelH IgG was not detected in any of the sera (Figures 5F, H). Only low IgM levels that reacted to MelH antigen were detected, mainly in tapeworm-infected C57BL/6 sera (Figures 5E, G). An antigen titration was performed to investigate these antibodies further, where the MelH concentration was increased up to 20x of the base level of 2.5 ng/µl. The titration did not significantly increase detected MelH-specific IgM at 5x or 10x, but only at the 20x mark, when compared with the base level, showing that the binding is likely non-specific (Supplementary Figure 4). Antibody levels for ICR mice are shown in Supplementary Figure 5.
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Figure 5 | Antibody response to tapeworm and melanoma antigens. C57BL/6J mice infected with T. crassiceps (A, B, E, F) or M. corti (C, D, G, H) (n = 7), are given here as an example. The sera of mice infected with tapeworms contained high levels of specific IgM (A, C) and IgG (B, D) raised against the antigens of the respective tapeworm, while they did not contain any significant amount of IgM (E, G) or IgG (F, H) specific to MelH. The cut-off values were determined according to Frey et al. (29).




3.4 Host immune response in the peritoneal cavity

To better understand the cellular host immune response, which could affect the course of the infection and melanoma growth and spreading, we performed flow cytometry analysis of cells in the peritoneal cavity. We revealed a massive accumulation of leukocytes in the peritoneal cavity of infected mice, especially 2 weeks post infection (w.p.i.) (Figure 6A). Interestingly, infection with M. corti triggered a more pronounced cellular inflammation, and infected ICR mice had 2-fold more leukocytes in the peritoneal cavity. While B lymphocytes were most frequent in the peritoneal cavity of healthy mice, neutrophils prevailed in mice with melanoma, and eosinophils predominated in tapeworm-infected mice, either with or without melanoma (Figures 6B, C). The detailed analysis of lymphoid cell counts (Figure 6D) revealed that the usual anti-tumor suspects, NK cells and CD8+ cytotoxic T lymphocytes, were present in the peritoneal cavity at the time of melanoma inoculation (at 2 weeks) as well as when the experiment was terminated (at 5 weeks). Therefore, we sought to histologically locate both NK and CD8+ cytotoxic T lymphocytes within melanoma tumor tissue. However, none were found in either tumor from mice without a tapeworm infection or those with tapeworms (data not shown). Beyond the leukocyte quantities, we also monitored their functional markers and response in the peritoneal cavity and on the systemic level. As for the expression of immunoregulatory checkpoints PD-1 and PD-L1, the tapeworm infection increased the proportion of PD-1+ cytotoxic T lymphocytes and PD-L1+ eosinophils (data not shown), suggesting active manipulation of the host immune response by the parasites. On the systemic level, we detected tapeworm-specific production of IL-4, IL-10, and IFN-γ by splenocytes isolated from infected mice, but no melanoma-specific cytokine response was observed (Supplementary Figure 6).
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Figure 6 | Host immune response in the peritoneal cavity of mice. (A) Total numbers of leukocytes. Dots represent data from individual mice (n = 7); group medians are shown. (B) Heat maps showing the frequency of major leukocyte populations. (C, D) Total cell counts of major myeloid (C) and lymphoid (D) populations. Medians are shown; error bars are omitted to keep legibility. CD19+, B cells; CD4+, T helper cells; CD8+, cytotoxic T cells; NK+, natural killer cells; Ly6G+, neutrophils; SiglecF+, eosinophils; CD11b+Ly6C+, monocytes; LPM, large peritoneal macrophages. One-way ANOVA with Šíďák post-hoc test was used to analyze the data. * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001).




3.5 Cytotoxicity of ESPs

To explore the possible direct effect of ESPs on cancer cells, we analyzed their effect on B16F10 melanoma cell proliferation, migration in 2D, and the ability of B16F10 cells to degrade extracellular matrix. The cytotoxicity of ESPs was tested by an endpoint assay (Alamar Blue assay) and a holographic microscopy-based kinetic assay. In both settings, ESPs did not affect cell growth (Figures 7A, B). The effect of ESPs on cell migration was analyzed using scratch wound assay. None of the ESP fractions significantly changed the ability of B16F10 cells to heal the wound (Figure 7C). Finally, since B16F10 cells use a mesenchymal type of invasion dependent on the degradation of the extracellular matrix (32, 33), we analyzed the effect of ESPs on the ability of B16F10 cells to degrade gelatin. As in previous analyses, no effect of ESPs was observed (Figure 7D). Altogether, these in vitro experiments indicate that ESPs are unable to directly affect the growth and pro-invasive characteristics of B16F10 cancer cells.
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Figure 7 | The in vitro effect of tapeworm excretory-secretory products on B16F10 cells. Graphs (A, B) show the cytotoxic effect, where (A) shows the overall survival of cells compared to control, while (B) shows the effect on the cells’ ability to grow. Graphs (C, D) focus on their invasive attributes. The ESPs’ effect on their migration capabilities (C) and on their ability to degrade the extracellular matrix (gelatin) (D) (<3, 3-10, 10-30 and >30 denote the fractions of ESPs in kDa, VCR = vincristine). The results were analyzed with a one-way ANOVA with Dunnett’s multiple comparisons test.





4 Discussion

Several studies indicate an ambivalent effect of helminth infections on cancer development. In our case, T. crassiceps and M. corti larvae induced slower B16F10 melanoma tumor growth in mice. Here we aim to explain the interesting effect of tapeworm larvae infection on melanoma tumors in mice.

The experiments were designed to allow us to explore both the melanoma growth suppression and the possible explanations for the effect. First, the number of inoculated B16F10 cells was lowered compared to the survival experiments, to ensure mouse well-being until the point of examination, three weeks post-injection. Second, we have introduced the B16F10 cells intraperitoneally, as the suppressive effect is locked to that site – in our preliminary experiments, the infections did not remotely suppress melanoma introduced intravenously or subcutaneously (data not shown). Third, the B16F10 cells were inoculated 2 weeks after the tapeworms, to allow the larvae sufficient time to establish an infection. Based on this, we have shown the suppressive effect through a significantly improved survival rate in C57BL/6J mice with both tapeworms and melanoma, compared to mice with only melanoma, and by showing a reduction in melanoma tumor weight in mouse peritoneal cavities. We only performed the former with C57BL/6J mice, as a similar dose of B16F10 cancer cells is not lethal to the ICR strain.

Considering the slower tumor growth in ICR mice compared to C57BL/6, we primarily presumed that a greater amount of tapeworm larvae in the ICR mice peritoneal cavity might be responsible for tumor growth suppression, due to a higher amount of released ESPs and/or a stronger immune response. Thus, the growth curves of both tapeworms were measured. However, they have shown no difference in T. crassiceps growth between the mouse strains, and the growth of M. corti is actually slower in ICR mice. Since ICR mice do not bear a higher number of tapeworm larvae than C57BL/6J mice, the slower tumor growth cannot correlate with parasite burden; the difference in tumor growth is, therefore, probably attributable to other factors, such as the variability between mouse strains. The B16F10 melanoma cell line was originally isolated from the C57BL/6 mouse strain (24) and, therefore, is syngeneic for this strain while being allogeneic for the ICR mice. Previous research has also shown that the B16F10 melanoma tumors grow slower in the ICR strain than C57BL/6J (34).

While previous research proved the existence of antibodies that cross-react with antigens from both helminth parasites and tumor cells (35), we have not detected any that would cross-react with antigens from the B16F10 melanoma cell line, and either of the tapeworms. Although both T. crassiceps and M. corti do express the Tk antigen, which is also found in certain types of cancer cells (36), the absence of cross-reactivity in our experiments indicates that the shared antigens are either not expressed in the B16F10 melanoma cells or no specific antibodies are produced in the respective mouse strains. Furthermore, B16F10 cells are known to have low immunogenicity due to a decreased MHC I expression (37). A certain level of IgM binding to MelH was detected; however, the antibody binding did not significantly rise when MelH concentration was increased. We have performed this experiment with C57BL/6J sera only, since per our Western blot experiments (data not shown) antibodies from both mouse strains recognize the same T. crassiceps or M. corti antigens after a tapeworm infection. Furthermore, levels of antibodies are more similar in this inbred strain compared to the outbred ICR (Figure 5, Supplementary Figure 5).The reaction was most likely caused by the greater propensity of IgM to bind non-specifically to the components of MelH due to its lower specificity when compared with IgG (38). We can summarize, therefore, that the presence of antibodies raised against tapeworm antigens is likely not responsible for the suppressive effect these infections have on the subsequently introduced melanoma cells.

Due to the different levels of tumor suppression in ICR and C57BL/6J, we suspected that distinct immunological backgrounds of the mice could play a role. Splenocytes from mice treated with certain peptides isolated from E. granulosus have a cytotoxic effect on pancreatic cancer cells (39). In our experiments, restimulation of splenocytes with B16F10 melanoma antigen did not show any effect in either mouse strain. Therefore, the tumor-suppressing effect is probably not mediated by splenocytes or T cells reacting to potentially shared tapeworm-melanoma antigens. Flow cytometry analysis of peritoneal cavity immune cells revealed a significant increase in leukocytes associated with anti-tumor immunity in infected mice. For example, NK cells are an important part of cancer immunotherapy (40) and were shown to promote protection against melanoma liver metastasis in C57BL/6J mice (41). They are proposed as a possible effector in tapeworm-mediated tumor suppression in E. granulosus infections (42). The numbers of NK cells were elevated in both T. crassiceps- and M. corti-infected mice, mainly in the ICR strain. The CD8+ T cell population was also increased in infected mice and could contribute to tumor growth suppression. These population patterns of particular immune cells do not entirely align with the observed levels of melanoma suppression in different mouse strains. Moreover, the immunohistochemistry of tumors isolated from the peritoneal cavity of infected mice also did not show any NK or CD8+ T cell infiltrates, nonetheless, it is possible that the effect is only capable of destroying solitary cells. The amount of injected cells might overwhelm the immune system, allowing some to escape, develop immune evasion and form tumors, which are more difficult to destroy due to the presence of immunosuppressive cells (43). It could also mean, however, that other cells are responsible for the effect. For example, eosinophils were responsible for tumor growth reduction in Hymenolepis nana-infected mice (44). These cells were the dominant cell population in our experiments, thus, hypothetically, the toxic products excreted by eosinophils and targeted at the tapeworm larvae could also damage the melanoma cells. Eosinophils could also produce extracellular traps primarily used against pathogens (45) that might be used against migrating tumor cells.

Besides the direct effect of the immune cells on tumors, we also admit other immunity-unrelated mechanisms. For example, the strong inflammation at the beginning of the tapeworm infection in the peritoneum could lead to a depletion of nutrients, which could affect the ability of the melanoma cells to survive (46), besides the nutrient consumption by the tapeworms themselves. As tapeworms are known to produce some organic acids due to anaerobic glucose metabolism, e.g., lactate, (47), we indicatively measured the intraperitoneal pH of tapeworm-infected and uninfected mice to ascertain whether the environment into which the cancer cells are introduced is hostile for reasons other than the immune response. The pH, however, was the same in the uninfected mice and both infections, hovering around 7.4 (data not shown).

To evaluate the direct effect of excretory-secretory products on cancer cells, we used B16F10 cells treated with ESPs from both T. crassiceps and M. corti. We used four fractions separated according to molecular weight (<3 kDa, 3-10 kDa, 10-30 kDa, and >30 kDa). First, we tested whether the ESPs have any direct cytotoxic effect on cancer cells by an endpoint assay and kinetic assay. Neither of these methods made a significant difference in cell growth.

The formation of metastases is influenced by the growth of tumor cells and their ability to spread in the body. Since we did not detect any cytotoxicity of ESPs, we wanted to test whether ESPs affect the metastatic potential of tumor cells. Cancer cell invasion is a crucial step in metastasis formation (48, 49), a multistage process composed of phenotypic and biochemical changes. During the first step of metastatic spreading, the malignant tumor cells initiate separation from the primary tumor mass and break contact with neighboring cells. Then, the tumor cells degrade and penetrate the extracellular matrix and enter the bloodstream or lymphatic system, from which they can exit at a new site and proliferate in other organs (50, 51). The scratch wound healing assay is a widely used method for testing the effects of various compounds on cellular migration. Our wound healing tests found no significant change in the migration of cells treated with ESPs compared to control cells. Since tumor cells’ invasive and metastatic potential depends not only on migration but also on their capability to degrade the extracellular matrix, we employed a gelatin degradation assay. Again, no effect of ESPs on gelatin degradation was observed. Thus, we conclude that the ESPs, and probably the infection by tapeworms, most likely do not affect the cancer cells directly.

To sum up, our paper introduces larvae of M. corti as a new model to study the effect of tapeworm infection on cancer development in mice. A B16F10 tumor-suppressing effect of M. corti and T. crassiceps infection upon intraperitoneal application of melanoma cells was demonstrated with a different degree of effectiveness in different strains of mice. Our findings suggest the involvement of the local peritoneal immune system activated by tapeworm infection. However, further studies are required to characterize the local processes (both immunological and immunity-unrelated) facilitating the protective effect of tapeworm infection against melanoma. Overall, the effect seems more preventative, rather than capable of reducing established melanoma. Nonetheless, as we plan to isolate and test particular tapeworm molecules produced and administer them in higher concentrations intraperitoneally or near tumors, we could also reduce their growth.
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Supplementary Figure 1 | Representative gating strategy in the peritoneum with fluorescence minus one (FMO) controls.

Supplementary Figure 2 | Melanoma tumor weight in the peritoneum of ICR mice. The growth and weight of melanoma was very low even in non-infected ICR mice (n = 7) and, therefore, cannot provide suitable results for statistical analysis.

Supplementary Figure 3 | Histological evaluation of melanoma metastasis in C57BL/6J mice. B16F10 cells (1) were found to invade the lungs (A) and the liver (B) of C57BL/6J mice without any tapeworm infection. In T. crassiceps infections, melanoma were also found in the lungs (D) and the liver (E), while in M. corti infections, they were only found in the liver (H), while the lungs were clear of them (G). Zoomed-in areas of the liver metastases (C, F, I).

Supplementary Figure 4 | Titration of MelH antigen. There was significant change in IgM binding to MelH only when the antigen concentration was increased 20x, showing that the IgM probably bound to the antigen only in a non-specific manner, after analysis with Kruskal-Willis test with Dunn’s multiple comparisons. C57BL/6J mouse sera were tested (n = 5), infected with either T. crassiceps or M. corti.

Supplementary Figure 5 | Antibody response to tapeworm and melanoma antigens of ICR mice infected with T. crassiceps and M. corti. Here, the mouse strains and infections are as follows: A – D ICR mice infected with T. crassiceps, E – F ICR mice infected with M. corti. Sera of all infected mice contained high levels of specific IgM (A, E) and IgG (B, F) raised against the antigens of the respective tapeworm. In contrast, they did not contain any significant amount of IgM (C, G) or IgG (D, H) specific to MelH. (n = 7) The cut-off values were determined according to Frey et al. (29).

Supplementary Figure 6 | Cytokines produced by restimulated splenocytes. An example of cytokine production by splenocytes restimulated with tapeworm homogenate or melanoma homogenate, ICR mice infected with T. crassiceps (n = 7) given as example. Values below detection limit and those above the calibration curve are omitted. – represents control, + concanavalin, MelH 1 and MelH 10 represent 1 and 10 μg/ml of melanoma cell homogenate, TcH 1 and TcH 10 then 1 and 10 μg/ml of T. crassiceps homogenate. Statistical analysis was performed with Kruskal-Willis test with Dunn’s multiple comparisons test.
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Background

In vitro studies often use two-dimensional (2D) monolayers, but 3D cell organization, such as in spheroids, better mimics the complexity of solid tumors. To metastasize, cancer cells undergo the process of epithelial-to-mesenchymal transition (EMT) to become more invasive and pro-angiogenic, with expression of both epithelial and mesenchymal markers.





Aims

We asked whether EMMPRIN/CD147 contributes to the formation of the 3D spheroid structure, and whether spheroids, which are often used to study proliferation and drug resistance, could better model the EMT process and the metastatic properties of cells, and improve our understanding of the role of EMMPRIN in them.





Methods

We used the parental mouse CT26 colon carcinoma (CT26-WT) cells, and infected them with a lentivirus vector to knock down EMMPRIN expression (CT26-KD cells), or with an empty lentivirus vector (CT26-NC) that served as a negative control. In some cases, we repeated the experiments with the 4T1 or LLC cell lines. We compared the magnitude of change between CT26-KD and CT26-WT/NC cells in different metastatic properties in cells seeded as monolayers or as spheroids formed by the scaffold-free liquid overlay method.





Results

We show that reduced EMMPRIN expression changed the morphology of cells and their spatial organization in both 2D and 3D models. The 3D models more clearly demonstrated how reduced EMMPRIN expression inhibited proliferation and the angiogenic potential, while it enhanced drug resistance, invasiveness, and EMT status, and moreover it enhanced cell dormancy and prevented CT26-KD cells from forming metastatic-like lesions when seeded on basement membrane extract (BME). Most interestingly, this approach enabled us to identify that EMMPRIN and miR-146a-5p form a negative feedback loop, thus identifying a key mechanism for EMMPRIN activities. These results underline EMMPRIN role as a gatekeeper that prevents dormancy, and suggest that EMMPRIN links EMT characteristics to the process of spheroid formation.





Conclusions

Thus, 3D models can help identify mechanisms by which EMMPRIN facilitates tumor and metastasis progression, which might render EMMPRIN as a promising target for anti-metastatic tumor therapy.





Keywords: spheroids, CT26 cells, EMMPRIN/CD147, dormancy, EMT, angiogenesis, proliferation




1 Introduction

Colorectal cancer (CRC) is a prevalent type of cancer, and CRC metastatic lesions that frequently spread to the liver and lung, are considered the second leading cause of mortality (1). Metastasis is already present in 20% of the patients when they are first diagnosed, and 60% of the patients without metastasis develop it within five years (2). In some cases, primary tumors or metastases can be removed by surgery, whereas in non-operable tumors or metastatic lesions, chemotherapy with or without VEGF inhibitors is employed (3). However, these approaches fail when the metastatic cells develop drug resistance (4). Moreover, some treatment modalities may promote metastatic cells to exit their dormant state and generate active lesions in remote organs (5). Thus, better understanding of the mechanisms promoting the metastatic cascade is needed.

Epithelial cells are tightly attached to their neighboring cells. To start invasion and the metastatic cascade, they must first detach and enhance their motility by activating the epithelial-to-mesenchymal transition (EMT) program. The disseminating cells lose their adhesion to other cells, intravasate into lymph or blood vessel, circulate and then extravasate. The small percentage of cells that survive this journey, lodge themselves in the distant organ, where they can lie dormant for months or years (6, 7). To escape dormancy, the cells must undergo the reverse mesenchymal-to-epithelial transition (MET) process, that allows their proliferation and the generation of macro-metastases (8). Hence, metastatic cells are plastic and at different stages of the process epithelial and mesenchymal markers can be expressed at different degrees (hybrid EMT) (9, 10). E-cadherin is considered an epithelial marker, and its loss of expression together with enhanced expression of vimentin and enhanced expression of the EMT transcription factors (EMT-TFs) Snail/SNAI1, Slug/SNAI2, Zeb1 or Twist1 mark a more mesenchymal phenotype (11). Dormancy is also associated with reduced proliferation and angiogenesis and increased resistance to chemotherapeutic drugs (9, 12). The dormancy marker orphan nuclear receptor N2RF1, which is highly expressed in such cells, also activates the cyclin-dependent kinases p21 and p27, as well as genes related to stemness and cell survival, such as SOX2, NANOG (13–15).

Most in vitro studies still use two-dimensional (2D) monolayers to evaluate tumor cell characteristics, functions, and behavior. However, these conditions do not accurately simulate the complexity, the heterogeneity, and the tumor microenvironment (TME) of solid tumors. Three-dimensional (3D) structures, such as spheroids, are closer to solid tumor in their organization and cell-cell interactions. The spherical structure creates gradients of oxygen and nutrients that generate heterogeneity in the rate of proliferation and metabolism of the spheroid cells, and in their expression of genes (16, 17). Although these 3D structures are only an intermediate model of the tissue and do not fully model the intricate interactions between cells and their neighboring cells or the tissue-specific extracellular matrix (ECM) components (18), spheroids have become a relevant in vitro model to study the development of resistance to chemotherapeutic treatment (19) and a high throughput screening platform for drugs (20). However, other than E-cadherin and integrins, the proteins mediating the cell-cell interactions that form the spheroid structure are still not well characterized (21).

Many studies have revealed that spheroids can acquire EMT phenotypes that allow them to be more aggressive, and exhibit enhanced drug resistance, increased migration and invasion, and increased expression of mesenchymal proteins, such as vimentin, compared to their 2D monolayer counterparts (22–24). Moreover, the EMT program is critical to the formation of spheroids, as demonstrated in ascites-derived cells from ovarian cancer patients (25). However, proteins that mediate the formation of spheroids and form the link to EMT are still not fully identified.

EMMPRIN/CD147 is a multifunctional glycoprotein that is overexpressed in many types of cancers and participates in multiple cellular processes, due to its interactions with a variety of proteins (26). It is known as a pro-angiogenic protein that can induce both VEGF and matrix metalloproteinases (MMPs) (27, 28), as well as an adhesion molecule that can prevent anoikis (29, 30). Moreover, EMMPRIN functions as a hub protein that stabilizes large protein complexes (e.g., CD44, MCT1/4, CD99, integrins, P-gp), and is therefore implicated as a regulator of tumor cell proliferation, metabolism, lactate efflux, metastasis and drug resistance (31, 32). EMMPRIN is also associated with the EMT process and with stemness (33), as it is regulated by Slug (34), and can enhance β-catenin phosphorylation and suppress E-cadherin membranal expression (35). However, we are not aware of any study that directly linked EMMPRIN to the ability to form spheroids.

In this study, we asked whether EMMPRIN participates in the formation of spheroid structures, and whether its expression affects the EMT process and the metastatic outbreak. To this end, using the parental mouse colon carcinoma cell line CT26 (CT26-WT) and its EMMPRIN knocked-down counterpart (CT26-KD), we demonstrate that reduced EMMPRIN expression changed spheroid morphology, inhibited proliferation and angiogenesis, and enhanced drug resistance, invasiveness, the EMT status, and dormancy. All these effects could be better seen in spheroids rather than in monolayers. The reduced EMMPRIN expression also inhibited the ability of cells to form metastatic-like lesions in an in vitro 3D metastatic outbreak assay. We also demonstrate that EMMPRIN and miR-146a-5p form a negative feedback loop, thus identifying a key mechanism for EMMPRIN activities.




2 Materials and methods



2.1 Preparation of the EMMPRIN knocked-down cells

To knock-down EMMPRIN expression, we used the procedure described before (36). Briefly, the lentivirus vector with four mouse EMMPRIN siRNA sequences (CT26-KD) or the empty vector (CT26-NC, both from Applied Biological Materials, Richmond, BC, Canada) were used to infect the parental CT26 (CT26-WT) cell line at a multiplicity of infection (MOI) 135 with polybrene (8 μg/ml, Merck, Rathway, NJ, USA). The four siRNA sequences are given in Supplementary Table S1. After infection, cells were grown for a total of 3 weeks in full medium with puromycin (10 μg/ml) to select for positive cells, and the medium was replaced every 3-4 days. Because the vector did not contain the GFP marker that is known to be immunogenic (37), we used the limiting dilution approach to isolate sub-clones that were similar in respect to EMMPRIN expression. These selected sub-clones were characterized for their EMMPRIN expression at the mRNA levels, membranal and secreted protein expression (Figure 1). The 4T1-KD and LLC-KD cells were generated in the same manner.

[image: A set of six figures displaying the expression levels of EMMPRIN in different CT26 cell lines. (A) Bar graph showing EMMPRIN mRNA levels across CT26-WT, CT26-KD, and CT26-NC, with similar values. (B) Flow cytometry histogram displaying EMMPRIN expression with varying intensity among the three cell lines. (C) Bar graph indicating EMMPRIN protein concentration, showing significant reductions in CT26-KD compared to CT26-WT and CT26-NC, highlighted by p-values. (D) Similar protein expression comparison with focused p-values. (E) Western blot image illustrating EMMPRIN and β-actin bands in CT26-WT and CT26-KD. (F) Bar graph comparing EMMPRIN/β-actin ratio, showing a significant reduction in CT26-KD with a p-value of 0.0004.]
Figure 1 | Validation of EMMPRIN expression in CT26-KD cells. The parental CT26 cells (CT26-WT) were infected with the lentivirus vector carrying EMMPRIN siRNA sequences (CT26-KD), or with the empty vector as negative control (CT26-NC). All three cells were each plated in 24-well plates (8×104 cells/well/300μL) in full medium for 48 h. Total RNA or protein were extracted from the cells and supernatants were collected. (A) EMMPRIN mRNA was amplified and determined by qPCR (n=4). (B) Expression of membranal EMMPRIN was determined by flow cytometry (n=3). Grey line, isotype control; blue line, CT26-WT; light blue, CT26-NC; red line, CT26-KD cells. (C). EMMPRIN protein expression in cell lysates (n=4), and (D) Secreted EMMPRIN levels in supernatants were evaluated by ELISA (n=9). Data are presented as means ± SEM and are analyzed using one-way ANOVA followed by the Bonferroni’s post hoc test. (E) Representative western blot analysis of EMMPRIN expression in CT26-WT and CT26-KD cells, and (F) its quantitation (n=5). Data are presented as means ± SEM, and analyzed using the unpaired two-tailed student t test.




2.2 Cell cultures and preparation of 2D monolayers and 3D monoculture spheroids

The murine colon carcinoma cell line CT26 (ATCC CRL-2638) was cultured in RPMI-1640 medium with 10% fetal calf serum (FCS), 1% penicillin/streptomycin, 1% non-essential amino acids, 1% amphotericin B, 1% pyruvate and 1% L-Glutamine (full medium, all reagents from Biological industries, Beit Ha’emek, Israel). The mouse brain endothelial cell line bEND3 (ATCC CRL-2299) was cultured in high glucose DMEM, with 10% FCS, 1% penicillin/streptomycin, and 1% glutamine. The murine mammary carcinoma 4T1 (ATCC CRL-2539) and the Lewis lung carcinoma (LLC, ATCC CRL-1642) cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FCS, 1% penicillin/streptomycin, 1% amphotericin B, and 1% L-Glutamine. All cells were split every 3–4 days at a ratio of 1:4 using trypsin-EDTA, and were used at passages 3–15. All cells were routinely checked for the presence of mycoplasma.

To form a monolayer, CT26-WT, CT26-KD or CT26-NC cells (8x104 cells/well) were incubated overnight in 300µl full medium in a 24 well plate to allow their adherence. Then the medium was replaced with 300µl serum starvation medium to avoid the masking of signals, and the cells were incubated for 48 hours. To form 3D monoculture spheroids, we used the scaffold-free liquid overlay method, where CT26-WT, CT26-KD or CT26-NC cells (5x103 cells/100 μl) were seeded in full medium in a U-shaped 96-well plate that was previously coated with 1% agarose (50 μl/well in PBS). Cells were incubated for 72 hours in full medium, to allow them to mature and form tight spheroids.




2.3 Cell viability assay and cell proliferation

To assess viability, CT26-WT, CT26-KD and CT26-NC cells were seeded as monolayers in 96-well plates (104 cells/well/100μl of serum starvation medium) for 48 hrs. Viability of the cells was assessed by adding 10µL of the cell counting kit 8 reagent (CCK-8, Abcam, Cambridge, United Kingdom) and incubating for additional 2 hrs. Alternatively, cells were seeded as spheroids (5x103 cells/100μl full medium) and incubated for 72 hrs. Then the spheroids in 100μl medium were moved to another well and 10μl CCK-8 were added. Cell viability was determined according to the absorbance measured at 450 nm with 620 nm reference, resulting from the reduction of the tetrazolium salt WST-8 in the mitochondria of viable cells, and normalized to the CT26-WT cells.

Additionally, to measure cell proliferation we used the BrdU Cell Proliferation Assay kit (Biovision/Abcam, Waltham, MA) according to the manufacturer’s instructions. This kit is based on the detection of the DNA-incorporated pyrimidine analogue using a primary mouse anti-BrdU antibody and an anti-mouse HRP-linked secondary antibody. The color developed by the HRP substrate and read at 450nm is proportional to the BrdU incorporated and to number of proliferating cells.




2.4 Cell morphology

To observe changes in morphology, cells (3x103 cells/well) were seeded in a 96-well plate in 100μL of full medium as monolayers. After 48 h of incubation, cells were fixed with 50μL of cold methanol for 5 min, dried in air for 5 min, and washed three times with PBS. Then cells were stained with 50μL of 0.1% of crystal violet solution (Merck) and incubated for 20 min. in room temperature. Excess of the crystal violet stain was removed with three washes with double distilled water (DDW). Morphological changes were investigated under light microscopy, and the aspect ratio (the ratio between the length and the width of the cells) indicating the extent of cell elongation was determined using the ImagePro Plus 4.5 software (Media Cybernetics, Inc., Rockville, MD, USA). The morphology of cells seeded in the 3D system was determined by taking images of the spheroids and determining the aspect ratio of the spheroid using the ImagePro Plus 4.5 software.




2.5 Real-time PCR

Total RNA was extracted from cells cultured in 2D or in 3D using the Total RNA Purification Kit (Norgen Biotek Corp, Thorold, ON, Canada) according to the manufacturer’s instructions. RNA concentrations were determined using the NanoDrop-One 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Three μg of total RNA were reverse transcribed using the FIREScript RT cDNA synthesis Mix with oligo (dT) and random primers kit (Solis BioDyne, Tartu, Estonia) according to manufacturer’s instructions. Eighty ng of the resulting cDNA were amplified in the StepOne system (Applied Biosystems, Foster City, CA, USA) in triplicates, using the 5X HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne) and 200nM of the primers (Table 1). We used initial activation at 95°C for 12 min followed by 40 cycles of 95°C for 15 sec, 60°C for 20 sec, and 72°C for 20 sec., to determine the mRNA expression level of the different genes or their endogenous reference gene PBGD. Alternatively, 1μg of total RNA were transcribed using the microRNA cDNA synthesis kit (QuantaBio, Beverly, MA, USA) and then the universal primer and the miR-146a-5p or the RNU6B (U6) small RNA that served as endogenous control were used as primers (Table 1) and amplified in triplicates using the Syber green super mix (QuantaBio) kit. The relative levels of gene expression were calculated by the comparative ΔΔCT method, using the non-treated cells as calibrators in each experiment, to compare the relative quantity (RQ) between the samples.

Table 1 | list of primers used for qPCR amplification.


[image: Table listing gene primers with three columns: "Gene amplified," "Forward primer," and "Reversed primer." It includes genes like EMMPRIN, Snail, and others, each with corresponding primer sequences.]



2.6 Sandwich ELISA

Concentrations of the mouse EMMPRIN in cell supernatants (diluted 1:100) were determined using the matched antibody pair kit (Abcam), and those of MMP-9 and VEGF (supernatants diluted 1:100) were evaluated with the DuoSet ELISA kits (R&D Systems, Minneapolis, MN). Phosphorylation of the ERK1/2 and the p38 MAPKs in cell lysates (R&D systems) as well as of EMMPRIN (Abcam) in cell lysates were assessed using their DuoSet ELISA kits and normalized to the total protein. All kits were carried out according to the instructions of their manufacturers.




2.7 Wound assay

The bEND3 mouse microvessel endothelial cells were plated in a 96-well plate (4x104 cells/well/100 μl) in full medium and allowed to reach confluency overnight. A scratch was made with a pipette tip, and detached cells were washed away. Then, conditioned media (CM) obtained from previous experiments with CT26 cells cultured in 2D or in 3D were diluted 1:2 with the full endothelial cell medium and applied onto the scratched bEND3 cells. Images of the scratch at the beginning of the experiment (time 0h) and at the end of the experiment (time 24h) were obtained by an inverted microscope. The length to which cells migrated to was measured using the ImagePro Plus 4.5 software.




2.8 Invasion assay

The upper chamber of inserts (8μM pores size), was coated with 50μL of 0.15 mg/ml liquefied basement membrane extract (Coultrex® BME, R&D systems), and incubated at 37°C for 4 hours to solidify the BME. Then, excess fluid was discarded, and the ECM was equilibrated with 40μL of medium for 1 hour. CT26-WT, CT26-KD or CT26-NC cells (3x104 cells/insert) were seeded as monolayers in the upper chamber in 100μL serum starvation medium. Alternatively, formed spheroids were transferred to the upper chamber of the inserts. The inserts were then transferred to a 24-well plate, where the lower chamber was filled with 500μL of medium with 10% FCS as a chemoattractant. Cells were allowed to migrate to the other side of the insert membrane for 24 h, and were then fixed in 4% formaldehyde for 15 minutes. Cells or spheroids in the upper side of the insert were thoroughly removed using a cotton swab, and cells in the lower part of the membrane were stained with 0.05% Crystal Violet for 20 min. at room temperature. Images of three separate fields were taken of each membrane (Magnification x10). The stained area of the cells that migrated to the other side of the membrane was evaluated using the ImagePro Plus 4.5 software and the area of cells migrating towards serum starvation medium was subtracted from it.




2.9 Immunofluorescence

CT26-WT, CT26-KD or CT26-NC cells (3x104 cells/100μl full medium) were seeded on sterile cover slips and allowed to adhere overnight, after which the medium was replaced with serum starvation medium, and cells were incubated for 48 h. Then, cells were fixed with 300μL of 4% formaldehyde for 10 min following by three washes with PBS. Cells were then blocked in buffer (2% donkey normal serum, 0.1% Triton-X100 in PBS) for 1 hour at room temperature. The primary antibodies rabbit anti-Vimentin (diluted 1:700, Abcam) or rat anti-E-cadherin (diluted 1:200, BioLegend, San Diego, CA, USA) were added and incubated in 120μL of the blocking buffer overnight at 4°C. Next, cells were washed with PBS three times, and the secondary antibodies donkey anti-rabbit Alexa Fluor® 555 (diluted 1:1000) or donkey anti-rat Alexa Fluor® 488 (diluted 1:1000) were incubated for 1 h in the dark at room temperature. Cells were washed again once in PBS, and once with PBS with 10nM DAPI for 5 min. Coverslips were mounted with Fluoromount G on carrying glass, and sealed with a nail polish.




2.10 Immunohistochemistry

Spheroids were formalin fixed and paraffin embedded (FFPE), and then cut into 4μm thick sections. The sections were deparaffinized, with K-clear plus (Kaltek, Saonara, Italy), and rehydrated with decreasing ethanol concentrations. Antigen retrieval was carried out for 15 min in a microwave in citrate buffer pH 6.0, and endogenous peroxidase activity was blocked with 10 min incubation with 3% hydrogen peroxide. Slides were then blocked with 4% BSA with 0.02% triton X100 and incubated at 4°C overnight with the rabbit anti-vimentin antibody diluted 1:1400 (Abcam). After three washes (0.05% Tween 20 in PBS), the HRP-polymer anti-rabbit (Zytomed, Berlin, Germany) was added and incubated for 1 h at room temperature, following three washes and incubation for 40 min with the DAB substrate kit (Zytomed). Sections were counterstained with hematoxylin Gil III (Leica Biosystems, Deer Park, IL) and were imaged in the bright field trinocular microscope (Olympus BX-60, Tokyo, Japan) and acquired with the MS60 camera and the MShot Image Analysis System V1 (MSHOT, Guangzhou Micro-shot Technology Co., Guangzhou, China).




2.11 Flow cytometry

CT26-WT, CT26-KD and CT26-NC cells (106 cells each) were centrifuged and re-suspended in PBS with 1% FCS, and then incubated with 0.5µg of rat anti-mouse FITC-conjugated anti-EMMPRIN or with its isotype control (BioLegend) for 30 min at 4°C. After washing, the cells were fixed in 0.1% formaldehyde and analyzed by flow cytometer, (LSRFortessa, BD Biosciences, San Jose, CA). Dead cells were excluded from the analysis by their forward and sideway light-scattering properties.




2.12 Western blot

Equal amounts of cellular lysates (20 μg/lane) that were extracted in RIPA buffer were loaded on a gradient 4-20% SDS-PAGE, and proteins were separated by electrophoresis and transferred onto a nitrocellulose membrane (Advansta, San Jose, CA, USA). Block-Chemi (Advansta) reagent served to block the membranes for 1 hour. Then the primary antibodies goat anti-EMMPRIN (R&D systems, diluted 1:1000), mouse anti-TRAF6 antibody (Santa Cruz Biotechnology, Dallas, TX, USA, diluted 1:500) or mouse anti-β-actin (ProteinTech, Rosemont, IL, USA, diluted 1:10,000) in blocking solution were added for overnight incubation at 4°C, following 3 washes in TBST buffer (1xTris-buffered saline with 0.1% Tween 20). Then the HRP-conjugated secondary antibodies donkey anti-goat IgG or goat-anti-mouse IgG (Jackson ImmunoResearch Labs, West Grove, PA, USA, diluted 1:5,000) was incubated for 1 hour, and after three more washes, the membranes were incubated with the WesternBright ECL HRP substrate (Advansta). The protein bands were visualized using the Omega Lum G imaging system (Aplegen, Pleasanton, CA, USA).




2.13 Reverse transfection with miR-146-5p mimic

The Lipofectamine RNAi MAX (Thermo Fisher Scientific/Ambion, Austin, TX, USA) was diluted 1:25 in Opti-MEM medium and combined with an Opti-MEM medium containing 150 nM of miRNA-146a-5p mimic (final concentration was 30 nM), or its negative controls (Thermo Fisher Scientific/Ambion). The generated lipid complexes were spread on a well in a 24-well plate for 20 minutes. Then the CT26-WT cells (8x104 cells) were added in full medium without antibiotics. After 24 hours of incubation, cells in monolayers were washed with PBS and starvation medium (300 μl) was added for 48 hours. To generate transfected spheroids, cells were trypsinized and 5x103 cells were plated in a well of 96-well plates coated with 1% agarose in full medium (70μl) for 48 hours. At the end of the incubation cellular lysates, RNA extracts or supernatants were collected for analysis.




2.14 3D metastatic outbreak model on a basement membrane extract system

To simulate metastatic outbreak that relies on the proliferation of metastatic cells in a 3D matrix, we followed the protocol described in (38). Briefly, we coated 96-well plates with 40μl of ice cold Coultrex™, that was solidified by placing the plates in a humidified incubator for 30 min. Cells were then seeded onto the BME-coated plates (103 cells/well/60μl) in CT26 serum-starvation medium supplemented with 2% FCS + 2% BME (assay media). Every 4 days, cells were re-fed with the assay media. Images were taken at different time points. The mean area of the resulting cell structures was quantified using ImagePro Plus 4.5 software.




2.15 Statistical analysis

All experiments were independently repeated at least four times in triplicates, and results are represented as mean ± standard error of mean (SEM). Statistical significance between three groups was determined using one-way ANOVA followed by Bonferroni’s post-hoc multiple comparison test. Statistical significance was determined at P-values less than 0.05 (α<0.05). All statistical analyses were performed using Prism 10.10 software (GraphPad, La Jolla, CA, USA).





3 Results



3.1 EMMPRIN-KD cells have reduced EMMPRIN expression

To study the involvement of EMMPRIN in the formation of spheroids and in their properties, we stably knocked-down its expression in the mouse colon carcinoma cell line CT26, as described in the methods section and in (36). The expression of EMMPRIN was then validated at the RNA and protein levels, and as a secreted protein. Although the levels of EMMPRIN mRNA were not different between the CT26-WT, CT26-KD and CT26-NC cells (Figure 1A), the protein levels at the membrane (Figure 1B), in the cells lysates (Figure 1C) and the secreted levels (Figure 1D) were significantly reduced by about 50-60%. This reduction was also confirmed in western blot analyses (Figures 1E, F). This reduced level of expression in the CT26-KD cells still allowed their proliferation and survival. The lack of change in the EMMPRIN mRNA levels suggests a post-translational regulation of EMMPRIN, and we have previously implicated miR-146a-5p in such a regulation (39).




3.2 Reduced EMMPRIN expression changes cell morphology

The morphology of the cells changed both in monolayers and in spheroids. CT26-WT and CT26-NC monolayers presented a network of elongated cells, indicating their mesenchymal state, whereas the CT26-KD cells were a little more spread on the culture dish (Figure 2A, upper panel). The change in the morphology was reflected by the high aspect ratio (4.04 ± 0.5) that describes the spindle-like morphology of the CT26-WT and CT26-NC cells, which was reduced by 42% in the CT26-KD cells (Figure 2B). Similar results were obtained for the mouse mammary carcinoma 4T1 cells, where the aspect ratio was decreased in the 4T1-KD cells by 18.5%, and for the Lewis lung carcinoma (LLC) cells where the aspect ratio was decreased by 27.5% in the LLC-KD cells (Supplementary Figures S1A, B).

[image: Panel A shows microscopic images of CT26 cell lines: CT26-WT, CT26-KD, and CT26-NC. The monolayer images display cells at a scale of 100 micrometers, and the spheroid images show cellular aggregates at 500 micrometers. Panel B presents a bar graph comparing the aspect ratios of monolayers and spheroids for the three cell lines, with statistically significant differences indicated by p-values less than 0.0001.]
Figure 2 | Reduced EMMPRIN expression changes cell morphology. (A, upper panel) Representative images of CT26-WT, CT26-KD and CT26-NC cells that were seeded (3x103 cells/well/100μL) as monolayers. After 48 h of incubation in serum-starvation medium, cells were stained with 0.1% crystal violet, bar size 100μm. CT26-KD cells are more spread and adhered to the culture dish compared with CT26-WT and CT26-NC. (A, lower panel) Representative images of the cells seeded as spheroids (5x103 cells/well/100μL) on 1% agarose. Cells were allowed to grow for 3 days. Bar size 500μm. CT26-KD form elongated aggregates, in contrast to the spheres generated by CT26-WT and CT26-NC cells. (B) Analysis of the aspect ratio of cells seeded as monolayers or spheroids (n=6 for monolayers, n=48 for spheroids). Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test.

In the 3D model, the CT26-WT and CT26-NC cells formed round, almost perfect spheres when plated on wells coated with 1% agarose, which was manifested by the aspect ratio of 1.18 ± 0.016. These spheroids were large, with a mean diameter of 573 ± 12.56μm (Figure 2A, lower panel). Similarly, the 4T1-WT and the LLC-WT cells also generated round spheroids with an aspect ratio of 1.054 ± 0.005 and 1.046 ± 0.004μm, respectively (Supplementary Figures S1A, B). In contrast, the CT26-KD cells formed non-spherical and more elliptic aggregates (mean of long diameter 706 ± 22, mean of short diameter 416 ± 10.1), resulting in an increase of their aspect ratio by 37%. However, despite the different morphology, the CT26-WT, CT26-KD and CT26-NC cells did not present differences in their area (253,000 ± 11,325 μm), suggesting that their cellular mass was not different. Likewise the 4T1-KD cells and the LLC-KD cells generated non-spherical elliptic aggregates, with an aspect ratio of 1.78 ± 0.17 and 1.42 ± 0.004, respectively (Supplementary Figures S1A, B).




3.3 Reduced EMMPRIN expression and 3D organization as spheroids promote the mesenchymal phenotype and dormancy

To explore the effects of the spatial organization on the EMT status of CT26 cells that express EMMPRIN in high (CT26-WT, CT26-NC cells) or low levels (CT26-KD cells), we evaluated some of the properties that are associated with a mesenchymal phenotype. These include their proliferative capacity, drug resistance, invasiveness, angiogenic potential, and ability to express genes related to the EMT process and to dormancy. However, because monolayers and spheroids were cultured in different conditions, we compared separately the magnitude of the difference between the CT26-WT/CT26-NC and CT26-KD cells in each of the different spatial organizations.

The CT26-KD cells cultured as monolayers and as spheroids presented reduced rates of proliferation relative to their respective CT26-WT and CT26-NC cells, as assessed both by the cell counting kit (CCK-8) and by the DNA incorporation of BrdU (Figures 3A, B). In the monolayers, CT26-KD cells showed a 21% or 27% reduction relative to the CT26-WT cells in the CCK-8 and BrdU assays, respectively, whereas in the spheroids the proliferation was inhibited by 35% and 48%, respectively. Thus, in cells with reduced EMMPRIN expression, proliferation in spheroids is attenuated more than in monolayers.

[image: Graphs showing experimental data on cellular viability and BrdU incorporation. Charts A and B compare WT, KD, and NC groups in monolayer and spheroid formats with specific P-values indicating statistical significance. Charts C and D depict cellular viability against etoposide concentration for CT26 WT, KD, and NC groups, with symbols denoting statistical significance.]
Figure 3 | Reduced EMMPRIN expression inhibits proliferation and enhances drug resistance. CT26-WT, CT26-KD and CT26-NC were seeded as monolayers (104 cells/well/100μL) or as spheroids (5x103 cells/well/100μL), and incubated for 48 hours or 72 hours, respectively. Proliferation of the cells was evaluated by (A) the CCK-8 kit (n=9 for monolayers and for spheroids) and by (B) the incorporation of BrdU into the DNA of proliferating cells (n=7 for monolayers, n=4 for spheroids). Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test. (C, D) Cells were incubated for 48 h as monolayers or as spheroids with increasing concentrations of etoposide as indicated (0-15μM), and the viability of the cells was determined using the CCK-8 kit assay (n=5 for both monolayers and spheroids). Data are presented as means ± SEM, and analyzed by two-way ANOVA followed by Bonferroni’s post-hoc test. **, p<0.01, ***, p<0.001 relative to no addition of etoposide, $$, p<0.01, $$$, p<0.001 relative to the other groups at the same concentration.

To assess the ability of cells to develop drug resistance, we exposed them to the chemotherapeutic drug etoposide, an inhibitor of topoisomerase II that is highly expressed in CT26 cells (40). Only about 50% of both the CT26-WT and CT26-NC cells cultured as monolayers survived upon exposure to low concentrations of etoposide, reaching 18% and 13% survival in the high concentration of 15μM etoposide, respectively (Figure 3C). In contrast, the CT26-KD cells in monolayers exhibited greater resistance to the drug, reaching 55% survival at 15μM etoposide. The 3D organization in spheroids conferred resistance to the drug even in the CT26-WT and CT26-NC cells, which exhibited 52% and 46% survival at 15μM etoposide, respectively, consistent with previous reports of increased drug resistance in spheroids relative to monolayers (41). The CT26-KD cells in spheroids exhibited 77.3% survival at that concentration (Figure 3D). Thus, the reduced EMMPRIN expression together with the spheroid structure conveyed the best protection against etoposide-induced cell death.

Invasiveness is one of the hallmarks of EMT and a mesenchymal phenotype. To explore the invasive abilities of cells, CT26-WT, CT-KD and CT26-NC cells were seeded as monolayers or as spheroids in inserts coated with basement membrane extract (BME), and the area of the cells that migrated and invaded through the extract to the lower side of the insert membrane was evaluated. Relative to their parental CT26-WT or to CT26-NC cells, CT26-KD cells that were seeded as monolayers showed a 2.4-fold increase in their ability to invade the Coultrex®-coated membrane. CT26-KD cells that were seeded as spheroids exhibited a 3.5-fold increase in their invasive abilities compared to their CT26-WT or CT26-NC counterparts (Figures 4A, B).
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Figure 4 | Reduced EMMPRIN expression elevates cell invasiveness. Parental CT26-WT, CT26-KD and CT26-NC cells were seeded (3x104 cells/well/100μL) as monolayers in the upper chamber of a Boyden chamber membrane (pore size 8μn) coated with Coultrex® basement membrane extract (BME), and allowed to migrate to the other side of the insert membrane for 24 h and then fixed and stained with 0.05% Crystal Violet. Alternatively, cells were seeded (5x103 cell/well/100μL) on 1% agarose and after 3 days, spheroids were transferred into the upper chamber of the insert. (A) Representative images, bar size for monolayer is 150μm for monolayers and 200 μm for spheroids, and (B) their quantitation (n=6 for monolayers, n=5 for spheroids). Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test.

The reduced expression of EMMPRIN also affected different aspects of angiogenesis. The wound assay was carried out using conditioned media (CM) derived from either the monolayers or the spheroids that were diluted (1:2) with full medium, and applied onto a scratched monolayer of the bEND3 mouse endothelial cells. Factors secreted from the monolayer CT26-KD cells resulted in a 23% attenuation in the rate of gap closure relative to CM derived from CT26-WT or CT26-NC cells (Figures 5A, C), suggesting that EMMPRIN participates in determining the angiogenic potential. When cells were seeded as spheroids, the attenuation in bEND3 cell migration based on CT26-KD relative to CT26-WT cells was 36.5% (Figures 5B, C). We next examined the levels of pro-angiogenic factors in the CM, and detected that the secretion of VEGF in CT26-KD monolayers and spheroids was reduced by 66% and 57% respectively, relative to their respective CT26-WT counterparts (Figure 5D). Interestingly, no changes were observed in the secretion of MMP-9 in the monolayer cells, probably due to the lack of any stimulus that induces MMP-9. In contrast, MMP-9 secretion was enhanced by the CT26-WT and CT26-NC spheroids, and the CT26-KD cells exhibited a 61% reduction relative to the CT26-WT spheroids (Figure 5E).
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Figure 5 | Reduced EMMPRIN expression inhibits the angiogenic potential. (A) CT26-WT, CT26-KD and CT26-NC cells were seeded in serum starvation medium (8x104 cells/well/300μL) in 24-well plates for 48 h, their supernatants were collected, diluted (1:2) and applied onto a scratched monolayer of the bEND3 mouse endothelial cells. (B) Alternatively, CT26-WT, CT26-KD and CT26-NC cells (5x103 cells/well/100μL) were seeded in 96-well plates coated with 1% agarose, allowed to form spheroids for 3 days, and their collected supernatants were used in the same manner on bEND3 cells. (A, B) Representative images were taken at the start of the experiment (0h) and after 24 hours (24h). Bar size for monolayers and spheroids is 150μM. (C) The distance that the cells migrated to in order to close the gap was measured (n=7 for monolayers, n=8 for spheroids). The concentrations of (D) VEGF (n=7 for monolayers, n=8 for spheroids), and (E) MMP-9 (n=7 for monolayers, n=7 for spheroids) were measured by ELISA. Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test.

The reduced expression of E-cadherin and the increase in the expression of vimentin is a hallmark of epithelial cells undergoing EMT to acquire a more mesenchymal phenotype. CT26 cells do not express E-cadherin (40), and we have validated this by immunofluorescence (data not shown), so they have already acquired a mesenchymal phenotype, as suggested by their morphology. However, relative to their respective CT26-WT cells, CT26-KD cells enhance their vimentin expression by 1.48-folds in monolayers and by 1.86-folds in spheroids (Figures 6A, B). Interestingly, the expression of vimentin in the spheroids is located at the rims in CT26-WT and CT26-NC cells, but penetrates towards the core of the spheroids in CT26-KD cells (Figure 6A, lower panel). This may suggest that the reduction in EMMPRIN expression drives the cells towards an even more mesenchymal phenotype than their parental CT26-WT cells. The activation of the EMT program in these cells is also evident by the increase in the expression of the EMT-TFs snail, slug, twist1 and zeb1, each by about 2-folds in CT26-KD cells relative to CT26-WT cells seeded as monolayers (Figures 6G–J). When the cells were seeded as spheroids, the CT26-KD cells enhanced the expression of snail (2-folds), slug (8-folds), twist1 and zeb1 (3.5-folds) relative to the CT26-WT spheroids (Figures 6G–J).
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Figure 6 | Reduced EMMPRIN expression enhances dormancy. CT26 tumor cells were grown as described before, in monolayers or in spheroids. (A) Representative images of staining for the expression of vimentin in monolayers by immunofluorescence (bar size is 25μm) and in spheroids by immunohistochemistry (bar size is 50μm). (B) Quantitation of vimentin expression (n=7 for monolayers, n=8 for spheroids). (C) Lysates were extracted from the cells, and the concentrations of phosphorylated p38 and ERK1/2 were determined by ELISA. The ratio pERK/pP38 was calculated (n=6 for both monolayers and spheroids). (D-J) Total RNA was extracted from monolayers or spheroids, transcribed to cDNA and amplified using primers for EMT-TFs or dormancy markers (Table 1). (D) NR2F1 (n=5 for monolayers and spheroids). (E) p21 (n=4 for monolayers and spheroids). (F) SOX2 (n=6 for monolayers and spheroids). (G) Snail (n=5 for monolayers and spheroids). (H) Slug (n=5 for monolayers and spheroids). (I) Twist1 (n=4 for monolayers and spheroids). (J) Zeb1 (n=4-5 for monolayers and spheroids). Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test.

We next asked whether CT26-KD cells are more dormant than their parental CT26-WT cells. The ratio of the phosphorylated kinases ERK1/2 and p38 is often used to assess dormancy, as p38 MAPK can inhibit proliferation and ERK1/2 MAPK can promote proliferation (42). We show that relative to the CT26-WT cells, CT26-KD cells in monolayers exhibit a 69% reduction in the ERK/p38 ratio, and a 76% reduction when seeded as spheroids (Figure 6C). Thus, phosphorylation of ERK1/2 is reduced and phosphorylation of p38 is increased, suggesting enhanced dormancy in CT26-KD cells. Likewise, the gene expression of the dormancy markers NR2F1 and p21 in CT26-KD cells was enhanced by about 2-folds in both monolayers and spheroids, and the stemness marker SOX2 mRNA was enhanced by 2-folds in monolayers and by 4.7-folds in spheroids, relative to their respective CT26-WT cells (Figures 6D–F).




3.4 Reduced EMMPRIN prevents a metastatic outbreak

As CT26-KD cells tend to be more mesenchymal and dormant than their parental CT26-WT cells, we asked whether this could be reflected in a functional assay. We evaluated the potential of the cells to escape dormancy and generate a metastatic-like structure using an in vitro system that was previously demonstrated to distinguish between dormant and metastatic cells (38, 43), and is based on the ability of cells to aggregate and form 3D structures. In contrast to spheroids that get more compacted over time and are devoid of contact with ECM proteins, cells in this assay interact with the basement membrane extract (BME), and proliferate over time to generate an irregular 3D structure that resembles a metastatic lesion and simulates the process of the metastatic outbreak. After 13 days in culture, the CT26-WT and CT26-NC cells developed such 3D structures with typical protrusions and a mean area of 83,090 ± 8,730 μm2, thus mimicking the metastatic outbreak. In contrast, the CT26-KD cells remained as very small cellular aggregates, and their mean area was smaller by 81% (Figure 7). Thus, EMMPRIN expression is required for the process of the metastatic outbreak. These results were also confirmed in LLC-WT cells that generated metastatic-like lesions with an average area 143,647 ± 24,810 μm2, compared to the LLC-KD cells that did not generate such structures and their average area was reduced by 98% (Supplementary Figure S1C).
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Figure 7 | Reduced EMMPRIN expression prevents the metastatic outbreak. Wells in 96-well plates were coated with Coultrex® basement membrane extract (40μl/well) that was solidified by 30 min incubation at 37°C. CT26 cells (103 cells/well) were seeded in 60μl of medium with 2% BME and 2% FCS. Every 3-4 days the cells were re-fed with 30μl of the assay medium, and cells were incubated for a total of 13 days. (A) Images were taken at the end of the incubation (bar size 200μm), and (B) the area of the cell aggregates was determined (n=35). Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test.




3.5 EMMPRIN and miR-146a-5p form a negative feedback loop

We have demonstrated that EMMPRIN affects cell morphology, promotes the mesenchymal phenotype and prevents dormancy in spheroids more than in monolayer, raising the question what determines the differences in EMMPRIN expression. Since we have previously linked miR-146a-5p to post-transcriptional regulation on EMMPRIN expression (39), we next evaluated the expression of miR-146a-5p in monolayers and spheroids. Relative to their respective CT26-WT cells, the expression levels of miR-146a-5p were increased in CT26-KD cells by 2-folds in monolayers, and by 5.3-folds in spheroids (Figure 8A), whereas the accumulated levels of EMMPRIN in the supernatants were decreased in CT26-KD cells by 55% in the monolayers and by 82% in the spheroids (Figure 8B). To reconfirm the link between miR-146a-5p and EMMPRIN and to simulate miR-146a-5p overexpression as observed in the CT26-KD cells, we transfected CT26-WT cells with the miR-146a-5p mimic (CT26-WT-mimic) or its negative control (CT26-WT-NC). Relative to the negative control, the accumulation of EMMPRIN in the supernatants was increased by 1.9-folds in both monolayers and spheroids (Figure 8C). Thus, miR-146a-5p positively regulates EMMPRIN and enhances its secretion, whereas EMMPRIN inhibits the levels of miR-146a-5p, generating a negative feedback loop (Figure 8H).

[image: Graphical representation of experimental data showing the effects of gene knockdown and mimic on various biomarkers in monolayer and spheroid cells. Panels A to G display bar graphs and corresponding statistical significance for miR-146a-5p, EMMPRIN, TGFβ, and TRAF6 levels. Western blot images in panels E and G show protein expression levels. Panel H illustrates a pathway diagram linking TGFβ, EMMPRIN-KD, miR-146a-5p, and TRAF6 with arrows indicating regulatory effects.]
Figure 8 | EMMPRIN and miR-146a-5p form a negative feedback loop. CT26-WT, CT26-KD and CT26-NC cells were seeded as monolayers (8x104/300μl) in serum starvation medium for 48 hours, or as spheroids (5x103/100μl) in full medium on 1% agarose-coated wells for 3 days. Total RNA was extracted from the cells and supernatants were collected. (A) Expression of miR-146-5p normalized to CT26-WT, and accumulation of (B) EMMPRIN (n=6-8) and (D) TGFβ (n=6), (E) protein expression of TRAF6 was determined by western blot analysis (n=4-6). Additionally, CT26-WT cells were transfected with the miR-146a-5p mimic or its negative control (NC), supernatants were collected and protein lysates were extracted. The concentrations of (C) EMMPRIN (n=7) and (F) TGFβ (n=7) were determined, and (G) TRAF6 expression was measured by western blot analysis (n=5). Data are presented as means ± SEM, and analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test. (H) A model of the negative feedback loop between miR-146a-5p and EMMPRIN.

We next reasoned that in a negative feedback loop, proteins that are targeted by either miR-146a-5p or EMMPRIN should be affected by the manipulation of any of the regulators. Therefore, we looked first at the secretion of transforming growth factor beta 1 (TGFβ1), that is regulated by EMMPRIN, but not by miR-146a (44, 45). Relative to CT26-WT cells, TGFβ was reduced in CT26-KD cells both in monolayers and in spheroids (Figure 8D). Conversely, TGFβ was increased in CT26-WT-mimic cells relative to CT26-WT-NC cells (Figure 8F). The tumor necrosis factor receptor−associated factor 6 (TRAF6) is a verified target of miR-146a-5p (46), but not of EMMPRIN. TRAF6 expression was reduced in CT26-KD in monolayers relative to the CT26-WT cells (Figure 8E), and in the CT26-WT-mimic cells seeded as monolayers relative to the CT26-WT-NC cells (Figure 8G). However, no TRAF6 protein expression could be detected in any of the cells when seeded as spheroids (Figures 8E, G).





4 Discussion

In this study, we demonstrate that EMMPRIN is an important participant in the formation of spheroids as a spatial organization of tumor cells, and that this organization and the expression of high levels of EMMPRIN promote cellular properties that enhance their ability to metastasize. Spheroids have emerged as a useful tool that more closely simulates the in vivo organization of solid tumors in comparison to the standard in vitro culturing approach of monolayers, and provide a better in vitro platform to study the enhanced metastatic properties of tumor cells (19). We emphasize that in our study the cells seeded as monolayers or spheroids were not stimulated in any other way, allowing us to assess the effects of the spatial organization alone. However, because of differences in the conditions of the cultures (e.g., cell number, plastic dishes vs. agarose-coated dishes, presence of FCS in the spheroids), we did not directly compare monolayers to spheroids, but only the magnitude of change between the CT26-KD and CT26-WT/CT26-NC cells in each condition.

First, we show that the reduced expression of EMMPRIN in the CT26-KD cells changes cell morphology both in 2D monolayers and in 3D spheroids. CT26-KD cells in monolayers spread a little on the dish surface, although they still maintained an elongated mesenchymal appearance. However, when seeded as spheroids, CT26-KD cells formed elliptic structures that were very different from the almost perfect spherical structure generated by the CT26-WT and CT26-NC cells. These phenomena also occurred in the 4T1 and LLC cell lines, indicating a general phenomenon. Spheroids approximately 300–500μm in size have been found to best mimic in vivo tumors, specifically regarding the hypoxic zones and proliferative gradients (16). After calibrating the number of cells, our CT26-WT and CT26-NC spheroids, and even the CT26-KD 3D structures, were still within this range. This suggests the existence of similar gradients of hypoxia and nutrients, and rules out size as a cause for the differences in metastatic properties. Thus, EMMPRIN plays a role in determining cell morphology, probably due to its role as an adhesion molecule, or as a hub protein that binds to other adhesion molecules (30). Adherens junctions, and E-cadherin in particular, are considered necessary in maintaining the columnar epithelial structure, and their reduction is associated with the spindle-like, mesenchymal morphology (47). The parental CT26-WT cells that do not express E-cadherin at all (40), exhibit a spindle-like, mesenchymal morphology, and its spheroids generated an almost perfect sphere, suggesting that other adhesion molecules may compensate for the absence of E-cadherin. This spherical structure was lost in the CT26-KD cells, suggesting that EMMPRIN is a protein that may compensate for the absence of E-cadherin, and may have a supportive role in determining the spatial organization of the cells. This is supported by a study demonstrating that cells with high expression levels of EMMPRIN generated more spheroids than low expressing EMMPRIN cells (33).

Along the epithelial-mesenchymal axis, the CT26-KD cells seem to be even more mesenchymal than the already mesenchymal CT26-WT or CT26-NC cells, and their organization into spheroids accentuates this even further. We show that CT26-KD cells in spheroids have reduced proliferation rates and reduced angiogenic potential, but enhanced drug resistance, invasiveness, and elevated expression of vimentin and EMT-TFs, relative to the spheroids of CT26-WT cells, and the magnitude of change is larger than the change observed in CT26-KD cells vs. CT26-WT cells in monolayers. Likewise, we demonstrate that in cells with reduced EMMPRIN, expression of genes involved in dormancy is enhanced in spheroids more than in monolayers. Therefore, EMMPRIN has a regulatory role in promoting and maintaining a hybrid EMT status, which is considered more aggressive (9), and in acting as a gatekeeper that prevents entry into a dormant state. Others (35, 48) and we (36) have already implicated EMMPRIN in driving the EMT process, and we have shown that EMMPRIN prevents dormancy in CT26 monolayers interacting with monocytes (36). However, these studies were carried out in monolayers, whereas here we demonstrate that in spheroids, EMMPRIN has an even bigger role in driving EMT and preventing dormancy.

We have examined multiple parameters that collectively allow us to determine the EMT status of the cells. First, we used two approaches to determine the proliferative rate of the cells, the CCK-8 assay, which is based on the metabolic activity of the mitochondria, and the BrdU assay, which relies on the incorporation of the nucleotide analogue BrdU in the DNA of the dividing cell. In these assays, the reduced expression of EMMPRIN inhibited cell proliferation in both monolayers and spheroids, demonstrating that EMMPRIN is involved in cell proliferation, as have been reported before in many types of cancer cells (49–51). Cells aggregated into spheroids are heterogeneous and consist of a proliferative outer rim and a quiescent middle layer, whereas the core is composed of necrotic cells (16, 18). While we do not, in general, directly compare monolayers to spheroids, we note that the microenvironmental stress and the large fraction of cells that are located in the quiescent layer of the spheroid could explain the reduced proliferation rate of spheroids in general (52), and in the CT26-KD cells in spheroids in particular, compared to the same cells in monolayers.

Spheroids confer a protective effect and increase drug resistance. This is explained by the activation of HIF-1α in the quiescent layer of the spheroids that increases the expression of the drug resistance protein P-glycoprotein (Pg) and of anti-apoptotic genes (18), as well as the acidic microenvironment that protonates several chemotherapeutic drugs and inhibits their uptake by the tumor cells (18). EMMPRIN is also involved in drug resistance, as it enhances the synthesis of hyaluronan, which then forms a protective cap around cancer cells and inhibits the entry of chemotherapeutic drugs, and due to EMMPRIN interaction with CD44 that activates the PI3K signalling pathway and induces survival genes (53, 54). Several studies show that decreased EMMPRIN expression or its silencing results in increased sensitivity to chemotherapeutic drugs (53), and cells expressing high EMMPRIN levels showed increased drug resistance compared to cells with low levels of EMMPRIN expression (33). In contrast, we show here that reduced EMMPRIN expression enhances the resistance to etoposide in monolayer, and even more so in spheroids. We did not investigate the expression of HIF1α, Pg or Bcl-2 in the CT26-KD cells, nor the extent of hyaluronan synthesis, and we cannot rule out their involvement in conferring drug resistance. However, we suggest that at least in our system, the proliferative capacity of the cells outweighs other mechanisms, and is negatively associated with drug resistance, as chemotherapeutic drugs specifically target proliferative cells. The low proliferative capacity of CT26-KD cells, in monolayers and even more so in spheroids, is manifested in higher resistance to etoposide.

The invasion assay evaluates the ability of individual cells to degrade the ECM proteins and migrate through the matrix to the other side of the separating membrane. When seeding spheroids on the matrix, the spatial 3D organization disintegrates, and individual cells invade the matrix. We show that CT26-KD cells were more invasive than the CT26-WT or CT26-NC cells, and the difference between CT26-KD cells relative to their parental CT26-WT cells was greater in spheroids than in monolayers. This is in contrast to studies that show that EMMPRIN promotes invasiveness, that cells expressing high levels of EMMPRIN are more invasive than cells expressing low levels of EMMPRIN (33, 55), or that cells with knocked-down expression of EMMPRIN exhibit reduced invasiveness (56, 57). In these studies, the effect of EMMPRIN on invasiveness could be explained by the ability of EMMPRIN to disrupt the interaction between E-cadherin and β-catenin, which stabilizes E-cadherin at the membrane. EMMPRIN can promote the degradation of E-cadherin and the translocation of β-catenin to the nucleus, and EMMPRIN siRNA inhibited cell migration (58, 59). However, CT26 do not express E-cadherin (40), and loss of E-cadherin expression promotes EMT and invasiveness (60, 61). Therefore, we suggest that CT26-WT cells present high invasiveness a priory, and the increased invasion exhibited by CT26-KD cells in monolayers or in spheroids is linked to their enhanced mesenchymal phenotype or to another mechanism yet unidentified.

The ability of tumor cells to trigger angiogenesis is critical for their survival, and dormant micro-metastases must induce angiogenesis when they escape dormancy and become macro-metastatic lesions (62). We show here that in CT26-KD cells, the angiogenic potential of both monolayers and spheroids was reduced, as observed by the wound assay and the decrease in VEGF and MMP-9 levels relative to their CT26-WT controls. This coincides with our previous report (36), and other studies (63, 64). Of note, in the wound assay and VEGF secretion, the magnitude of change between CT26-WT and CT26-KD cells in 2D and 3D was similar. In contrast, MMP-9 was not induced in monolayers that received no stimulus, and the spatial organization into spheroids was sufficient to induce MMP-9 secretion, which was reduced in CT26-KD spheroids. The 3D structure of spheroids that induces hypoxia and the HIF-1 transcription factor may contribute to the difference between spheroids and monolayers (18).

The expression of vimentin and the loss of E-cadherin in CT26 cells determines their EMT status as mesenchymal cells, even before EMMPRIN is knocked-down. In CT26-KD cells relative to CT26-WT, the magnitude of change in vimentin expression increases more in spheroids than in monolayers. Similarly, the increase in the expression of the EMT-TFs in CT26-KD cells relative to CT26-WT in spheroids is larger than in monolayers, suggesting that the 3D organization pushes the CT26-KD cells even further towards the mesenchymal end. Thus, EMMPRIN may have a role in keeping the cells in a hybrid epithelial/mesenchymal state that contributes to the aggressiveness of the cells (9, 40).

CT26-KD cells are also more dormant than the CT26-WT or CT26-NC cells. This was evident by the reduction in the pERK/pP38 ratio, that implies that phosphorylated p38 is involved in the inhibited proliferation of these cells (42, 65). Furthermore, the NR2F1, p21 and SOX2 genes that mediate dormancy were enhanced in CT26-KD relative to CT26-WT cells, and spheroids exhibited a greater magnitude of change in p21 and SOX2 gene expression than monolayers. This is in accordance with the ability of cells to co-express markers of dormancy, stemness and EMT simultaneously, as these processes are linked (66).

We also looked at the potential of cells to escape from dormancy and proliferate to form a metastatic-like lesion. Spheroids formation relies on the high hydrophobicity of the agarose that prevents cell interactions with the surface and generates a scaffold-free structure (18), and the intercellular interactions may be maintained by the ability of cells in spheroids to secrete more ECM proteins than monolayers (18). In contrast, during the 3D metastatic outbreak assay, the basement membrane proteins in the extract, that forms a natural scaffold-based hydrogel, allow ECM-cell interactions. Proteins such as collagens, laminin, or fibronectin, can bind to their integrin receptors, activating different signalling pathways (e.g., FAK, ERK, and PI3K pathways) that are linked to proliferation and viability (18, 67). Thus, the 3D metastatic outbreak assay can provide a more accurate in vitro tool than spheroids to model the ability of cells to escape dormancy, as it models both the proliferative and invasive properties of the cells. We show that in contrast to the CT26-WT and CT26-NC cells, CT26-KD cells did not form such metastatic-like structures and remained as small aggregates. The binding of EMMPRIN to the β1 integrins, especially α3β1 and α6β1 integrins, was demonstrated to mediate proliferative signals (68, 69). Thus, reduced EMMPRIN expression in the CT26-KD cells and the lack of integrin-mediated interactions with the ECM proteins may be limiting the ability of cells to outbreak from dormancy, as observed in the 3D metastatic outbreak assay. However, a more detailed investigation into the EMMPRIN-integrin interactions is required to determine this.

As we have implicated EMMPRIN in the change of morphology, in promoting EMT and in preventing dormancy, we asked how its expression is regulated in monolayers and spheroids. First, we established that a negative feedback loop exists between EMMPRIN and miR-146a-5p, where miR-146a-5p enhances EMMPRIN expression and EMMPRIN reduces miR-146a-5p levels. We (39) and others (70) have previously identified EMMPRIN as a target of miR-146a-5p regulation. The finding that miR-146a-5p enhances EMMPRIN is consistent with our previous findings and suggests that the regulation of miR-146a-5p on EMMPRIN may be indirect, involving yet another protein that may represses EMMPRIN expression and may be reduced by miR-146a-5p activity. The increase in EMMPRIN secretion in CT26-WT cells that were transfected with the miR-146a-5p mimic also supports this. On the other hand, we now show for the first time that reduced EMMPRIN expression in CT26-KD cells enhances the expression levels of miR-146a-5p, suggesting that EMMPRIN inhibits the expression of this microRNA. Thus, we suggest that a negative feedback loop exists between EMMPRIN and miR-146a-5p that keeps the system within tolerance limits.

The finding of a negative feedback loop suggests that proteins that are targeted by miR-146a-5p could also be affected by EMMPRIN, and vice versa, proteins regulated by EMMPRIN should be affected by miR-146a-5p. Although Smad4 that mediates TGFβ signaling pathway is regulated by miR-146a-5p, TGFβ itself is not regulated by this microRNA, whereas EMMPRIN can regulate it via β-catenin (44, 45), and we show that reduced EMMPRIN expression reduced TGFβ accumulation in the supernatants, as expected. However, overexpression of miR-146a-5p in mimic transfected cells resulted in increased accumulation of TGFβ, suggesting that miR-146a-5p increases EMMPRIN that in turn enhances TGFβ. Moreover, it also provides a mechanistic explanation to the link previously found between miR-146a-5p and the EMT process (71). Conversely, TRAF6 is a well-known target of miR-146a-5p but not of EMMPRIN, and therefore its reduced expression in CT26-WT-mimic cells relative to the negative control is of no surprise. However, in the CT26-KD cells TRAF6 expression was reduced, suggesting that reduced EMMPRIN expression enhanced miR-146a-5p levels, which in turn inhibited TRAF6.

The difference between the CT26-WT cells seeded in monolayers or spheroids could largely be explained by the hypoxic gradient that is formed only in spheroids. Hypoxia can variably affect miR-146a-5p expression levels, and in some cases it has decreased its levels (72, 73). In our system we did not compare the monolayers to spheroids directly, however we did notice an increase in the average CT in spheroids compared to monolayers (CT=32.1 ± 0.52 and CT=30.4 ± 0.57, respectively), indicating a decreased level of miR-146a-5p in spheroids. According to our model, this should result in decreased EMMPRIN expression, as we have observed. However, contrary to our observations, reduced EMMPRIN should have led to decreased TGFβ levels, and reduced miR-146a-5p levels should have led to increased TRAF6 expression. Therefore, we suggest that the regulation of TGFβ and TRAF6 is more complex, and that miR-146a-5p or EMMPRIN are not their only regulators. For example, hypoxia was shown to enhance TGFβ expression (74), whereas TRAF6 was inhibited by hypoxia (75), explaining the absence of TRAF6 in all cells seeded as spheroids. Thus, it is possible that for some target proteins such as TGFβ and TRAF6, the effects of hypoxia outweigh the effects of EMMPRIN and miR-146a-5p, indicating that the net effect of all microenvironmental components should be considered.

In conclusion, we have demonstrated how spheroids enable us to better delineate the role of EMMPRIN on tumor progression. By knocking down EMMPRIN expression, we demonstrated that the many processes of metastatic tumor cells that EMMPRIN is involved in are more pronounced in spheroids. EMMPRIN reduced proliferation and angiogenesis, and increased drug resistance, invasion, EMT and dormancy. We also demonstrated that EMMPRIN contributes to the determination of cell morphology. The reduced expression of EMMPRIN in CT26-KD cells reveals that EMMPRIN is a gatekeeper that prevents entry of cells into dormancy, and helps maintain their hybrid EMT status, as we have shown before (36). Interestingly, we identified a negative feedback loop between miR-146a-5p and EMMPRIN, which may partly explain how miR-146a-5p is affecting EMT and metastasis. Thus, we recommend using the spheroids 3D platform for the study of the different mechanisms of tumor progression and especially of metastatic outbreak, and the continued study of EMMPRIN as a potential therapeutic target that can, both directly and via its effects on miR-146a-5p, push cells towards dormancy and prevent the metastatic outbreak.
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Brain metastatic cancer poses a significant clinical challenge, with limited treatment options and poor prognosis for patients. In recent years, immunotherapy has emerged as a promising strategy for addressing brain metastases, offering distinct advantages over conventional treatments. This review explores the evolving landscape of tumor immunotherapy in the context of brain metastatic cancer, focusing on the intricate interplay between the tumor microenvironment (TME) and immunotherapeutic approaches. By elucidating the complex interactions within the TME, including the role of immune cells, cytokines, and extracellular matrix components, this review highlights the potential of immunotherapy to reshape the treatment paradigm for brain metastases. Leveraging immune checkpoint inhibitors, cellular immunotherapies, and personalized treatment strategies, immunotherapy holds promise in overcoming the challenges posed by the blood-brain barrier and immunosuppressive microenvironment of brain metastases. Through a comprehensive analysis of current research findings and future directions, this review underscores the transformative impact of immunotherapy on the management of brain metastatic cancer, offering new insights and opportunities for personalized and precise therapeutic interventions.
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1 Introduction

Recent advancements in diagnostic and therapeutic modalities have significantly improved survival rates in patients with malignant tumors. However, the development of symptomatic brain metastases (BM) presents a considerable challenge and remains a leading cause of mortality in these patients. Brain metastatic carcinoma, characterized by the metastasis of malignant tumors from other parts of the body to the skull, represents one of the most prevalent intracranial tumors encountered in clinical practice (1, 2). This condition infiltrates various intracranial tissues, including the brain parenchyma, spinal cord membranes, nerves, and capillaries, with brain parenchymal metastasis being the most frequent. Consequently, patients often experience epilepsy, cognitive dysfunction, sensory impairment, motor dysfunction, and cranial nerve damage, leading to a significant decline in their overall quality of life (3). The primary treatment options for metastatic brain tumors currently encompass surgical resection and radiation therapy. While conventional chemotherapeutic agents have shown limited efficacy in the central nervous system (CNS), the emergence of targeted small molecule tyrosine kinase inhibitors has revolutionized therapeutic approaches by effectively crossing the BBB and displaying activity within the CNS (4). Additionally, immunotherapy has emerged as a promising treatment modality for brain metastatic carcinoma, overcoming the traditional challenges associated with pharmacotherapy by demonstrating intracranial activity. Notably, two major factors impeding pharmacotherapy efficacy in BM include the unpredictable molecular profiles of BM relative to the primary tumor and their variable responsiveness to drugs, alongside the constraints posed by limited drug penetration through the human BBB and blood-tumor barrier (BTB) (5).

The tumor immune microenvironment (TME) plays a crucial role in tumor development, progression, and metastasis. It consists of tumor-associated immune cells and associated cytokines (6, 7). Tumor cells are a prime component of the immune microenvironment and can hinder immune responses by releasing various molecules and cytokines, allowing them to escape immune surveillance (8). Meanwhile, diverse immune cells play essential roles in mounting an effective immune response. Additionally, fibroblasts, vascular endothelial cells, and other cell types contribute to the construction of the TME and influence tumor cell growth and metastasis. Interleukins (ILs), tumor necrosis factors (TNFs), and transforming growth factors (TGFs) are pivotal in regulating immune responses and tumor growth (9). Immunotherapy, the manipulation of the body’s immune system to enhance its ability to target and eliminate tumor cells, intimately links with the tumor immune microenvironment (10). On one hand, the tumor immune microenvironment greatly influences the effectiveness and response rates of immunotherapy. For instance, certain tumor cells employ the upregulation of programmed death-ligand 1 (PD-L1) to evade attacks from immunotherapy by inhibiting T cell activation and cytotoxicity. On the other hand, immunotherapy actively influences tumor growth and metastasis by modulating the immune microenvironment. For instance, targeting the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) molecule promotes T cell activation and cytotoxicity, thereby inhibiting tumor growth and metastasis.

In recent years, rapid advancements in biomedical science have led to novel ideas for immunotherapy in the treatment of malignant brain metastases. This article provides a comprehensive summary of research pertaining to various immunotherapies for brain metastatic cancer. Additionally, it outlines recent advances in immunotherapy for brain metastatic cancer in conjunction with the specific tumor immune microenvironment found in brain metastatic foci.




2 Brain-specific structures and microenvironment



2.1 BBB

The BBB consists of a heterogeneous composition of cell types, including microvascular endothelial cells, the basement membrane, and adjacent astrocytes Among these cell types, microvascular endothelial cells serve as the primary constituents of the BBB, which are interconnected by tight junction proteins such as TJP-1 (ZO-1), claudin, and occludin, forming a cohesive barrier (Figure 1) (11).
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Figure 1 | The structure and feature of the blood brain barrier (BBB). (A) Claudins and occludin compress two neighboring endothelial cells together. These proteins are connected to cytoskeletal proteins through auxiliary proteins such as ZO, which promote the formation of TJs. The blood-brain barrier is formed by endothelial cells connected by tight junction proteins (TJs) and separates the brain from components of the circulating blood. (B, C) The capillary lumen of the blood-brain barrier is surrounded by endothelial cells, and TJs are located between the endothelial cells of the brain thus preventing the flow of most substances from the blood into the brain. TJs allow essential nutrients to enter the brain parenchyma by simple diffusion, passive diffusion between cells, and transport proteins that transport essential macromolecules, but they limit the entry of potentially harmful molecules from the blood into the brain.Endothelial and pericytes are surrounded by a common basement membrane. The ends of astrocytes surround the endothelium and pericytes and provide the connection between neurons and the blood-brain barrier. (Created with BioRender.com).

These tight junction proteins are crucial for maintaining cellular interconnectivity and preventing the entry of macromolecules into the neural tissue Moreover, the basement membrane plays a vital role in the establishment and maintenance of the BBB by establishing adhesive connections between microvascular endothelial cells and astrocytes via proteins, polyamines, and sugars (12, 13). The adjacent astrocytes, being a specialized subtype of glial cells, not only provide structural support but also influence neuronal activity (14). Functionally, the BBB selectively filters substances from the bloodstream, permitting the passage of only small, specific molecules. This “selective permeability” feature of the BBB is crucial for the stable functioning of neural tissue (15). However, after the onset of brain metastases, the integrity of the BBB is disrupted to various extents, leading to the formation of what is referred to as the BTB. Experimental models of brain metastases have revealed that the BTB tends to be more permeable to drugs and contrast media than the BBB.

The BBB, on the other hand, is the barrier between plasma and brain cells formed by the walls of brain capillaries and glial cells, and between plasma and cerebrospinal fluid formed by the choroid plexus (16, 17). During tumor treatment, circulating tumor cells may enter the brain and form brain metastases. However, because of the presence of the BBB, most circulating tumor cells cannot pass through, limiting the occurrence of BM to some extent (18). Recent studies have shown that circulating tumor cells disrupt the integrity of the BBB, thereby promoting the development of brain metastases (19). Circulating tumor cells may disrupt the BBB by interacting with endothelial and pericyte cells of the BBB and releasing substances such as VEGF that alter the permeability of the BBB (20). Circulating tumor cells can also directly invade the endothelial and pericyte cells of the BBB, thereby inducing BBB disruption (21). In addition, circulating tumor cells can further promote the development of BM by interacting with glial cells and inducing their activation, thereby releasing substances that alter the permeability of the BBB, such as interleukin-8 (IL-8) (22, 23). There is growing evidence that MMPs play a role in disrupting tight junctions and promoting tumor brain metastasis. During cerebral ischemia, MMP2 and MMP9 are activated and degrade tight junction proteins such as claudin-5, occludin, and ZO-1 in brain microvascular endothelial cells, increasing the permeability of the blood-cerebrospinal fluid barrier and causing brain edema and hemorrhage (24).

Treatment options for encephalopathy often involve the use of lipid-soluble drugs with low polarity. Studies have demonstrated that the rate at which different drugs enter the brain and cerebrospinal fluid from the blood can vary greatly. Drugs that have a high binding affinity to plasma encounter difficulties in traversing the BBB and reaching brain tissue. Under normal physiological conditions, drugs that exist in a non-dissociated form are more likely to pass through the BBB, while drugs with a high oil-water partition coefficient tend to have easier access to the CNS. In normal circumstances, the presence of the BBB provides a protective effect for the CNS, limiting the entry of certain substances from the bloodstream into the brain. The restrictive properties of the BBB are more pronounced in comparison to the capillaries of other organs. The BBB acts as a barrier, allowing essential substances for brain metabolism to pass through while preventing the entry of foreign matter, such as bacteria and viruses, thereby safeguarding the brain tissue from potential harm. The invasion of viruses and bacteria into the central nervous system typically occurs through dissemination via the bloodstream, necessitating passage through the BBB. Thus, the integrity of the BBB contributes to determining the occurrence and severity of CNS infections. Moreover, the existence of the BBB reinforces the stability of brain cells and enhances the resistance of brain tissue to environmental changes, thereby promoting the organism’s adaptive capacity. In pathological conditions, the functioning of the BBB becomes compromised. For instance, in cases of brain tumors, substances such as 32P or other fluorescent materials that normally have limited BBB permeability can penetrate the brain tissue. This principle is applied in radiological diagnoses of brain tumors. Notably, more than 89% of experimental brain metastatic lesions exhibit some disruption in BBB permeability, varied in terms of significance, with only 10% achieving therapeutic drug concentrations. Therefore, increasing BBB permeability to peripheral immune cells and antitumor drugs has become a crucial area of focus within therapeutic research for brain metastatic cancer.




2.2 Immune microenvironment of metastatic brain tumors

The TME is a complex and intricately coordinated system consisting of multiple components. These include tumor cells, immune cells, inflammatory cells, tumor-associated fibroblasts (TAMs), neighboring mesenchymal tissue, microvasculature, as well as various cytokines and chemokines (25). The TME can be further divided into two distinct compartments: the immune microenvironment, predominantly governed by immune cells, and the non-immune microenvironment, primarily controlled by fibroblasts. Within the TME, there exist intricate interactions and regulatory relationships among its diverse constituents, which exert considerable influence on numerous processes such as tumorigenesis, metastasis, and drug resistance. Furthermore, these complex components contribute to the metabolic heterogeneity of the TME and dictate the behavior of immune cells. Tumor metastasis represents a significant hurdle in tumor management and is a leading cause of mortality in many cancer patients. One key driver of tumor metastasis is the establishment of pre-metastatic niches (PMNs), which are specific locations where a microenvironment conducive to tumor metastasis forms. Remarkably, certain tumor cells exhibit organ-specific tropism, suggesting the selective nature of tumor metastasis. The formation of PMNs is mediated by a tripartite interplay involving tumor-derived secreted factors (TDSFs), extracellular vesicles (EVs), and bone marrow-derived cells (BMDCs). Specifically, TDSFs and EVs derived from primary tumors induce the recruitment of BMDCs to target organs, thereby facilitating the creation of an inflammatory microenvironment conducive to tumor metastasis. Consequently, this inflammatory milieu promotes tumor cell colonization, survival, and growth within PMNs. 

Brain metastasis shares similarities with metastasis in other organs, as it follows a highly selective, nonrandom, multistep process. Tumor cells act as the “seeds” of metastasis, with the microenvironment of the metastatic site serving as the “soil” for their growth (26). The genetic and biological heterogeneity of tumor cells from different subclones within a primary tumor influences their metastatic potential, with only subclones possessing strong invasive properties capable of crossing the blood-cerebrospinal fluid (BSF) barrier to establish brain metastases (27, 28). The brain provides a unique microenvironment featuring astrocytes, stromal cells, cytokines, vascular networks, and metabolic components that either promote or inhibit tumor growth, influencing the development and progression of brain metastasis. Upon hematogenous dissemination, tumor cells interact with brain endothelial cells, secreting cytokines like vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs) that modify the brain microenvironment to support tumor growth (29, 30). Additionally, some researchers suggest that tumor cells may carry activated tumor-associated fibroblasts, acting as part of the microenvironment for brain metastasis initiation, survival, and proliferation. The dynamic interplay between tumor cells and the brain microenvironment ultimately leads to the rapid and irreversible growth of brain metastases. For a detailed illustration of the TME characteristics in brain metastasis, refer to Figure 2.
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Figure 2 | The characteristics of tumor microenvironment of brain metastases. Microglia are resident macrophages in the tumor microenvironment of brain metastases and are not of bone marrow origin. Only when the blood-brain barrier is disrupted can bone marrow-derived macrophages reach the CNS and act as a response to CNS disturbances. These cells are known as tumor-associated macrophages (TAMs), in which M1-like macrophages are usually pro-inflammatory and are stimulated by Toll-like receptor ligands as well as IFN-g and TNF-a. They exert tumor suppressor functions by producing factors such as IL-1, IL-12 and nitric oxide. M2-like macrophages are anti-inflammatory and can be activated by IL-4 and IL-13 to produce molecules such as =TGF-b, arginase, IL-10, and pro-fibrotic factors. M2-like macrophages can also be associated with tumor-promoter functions by inhibiting the proliferation of CD8+ T-cells.M2-like macrophages can also be associated with tumor-promoter functions by inhibiting CD8+ T-cell proliferation.M1-like macrophages are usually pro-inflammatory and stimulated by Toll-like receptor ligands as well as IFN-g and TNF-a. (Created with BioRender.com).

The immune microenvironment of brain metastatic lesions is notably distinct from that of metastatic or primary lesions in other anatomical sites. The brain harbors distinctive microenvironmental characteristics, such as the BBB, specialized environmental cells (including microglia, astrocytes, oligodendrocytes, and neurons), a lymphoid system draining to the neck, and an extracellular matrix. Furthermore, the brain exhibits a unique immunological profile (31, 32). Despite the limited presence of immune cells in the normal brain microenvironment, there is documentation of CNS immune surveillance through CD4+ T lymphocytes and CD8+ T lymphocytes in healthy individuals. Notably, astrocytes assume a crucial role in the microenvironment of brain metastatic lesions (33). In the initial phases of brain metastatic lesion development, astrocytes predominantly participate in inhibiting the survival of metastatic tumor cells. However, upon the establishment of metastatic tumor cells in the brain, they release a multitude of cytokines that facilitate the polarization of astrocytes from type M1 (tumor suppressor) to type M2 (tumor activator), thereby leading to a significant involvement of astrocytes in promoting tumor cell proliferation (34).




2.3 Drivers of brain metastasis development and treatment challenges

The development of brain metastases is influenced by various factors, including tumor cell invasive and metastatic potential, as well as oncogenes and genetic factors (35). The invasive and metastatic potential of tumor cells plays a crucial role in this process. Malignant tumor cells, with their high proliferative and invasive capabilities, are able to breach the cerebral vascular wall and cerebrospinal fluid barrier. Subsequently, they enter the cerebrospinal fluid circulation and establish metastatic foci within the brain. Moreover, tumor cells secrete specific proteins that facilitate their adhesion to brain tissue, enabling their passage through the cerebral vascular wall and successful infiltration into brain tissue via the bloodstream. In addition to tumor cell behavior, the impact of oncogenes and genetic factors on the development of brain metastasis should not be overlooked. Overexpression of cancer genes leads to the emergence of tumors. If primary tumors in other parts of the body are not effectively controlled, cancer genes can be disseminated to the brain via systemic circulation, resulting in intracranial metastases. Certain patients, such as those with neurofibromatosis, retinoblastoma, and angioretinoblastoma, possess a higher susceptibility to familial intracranial metastases. Treatment of brain metastases is complicated by several challenges, including the BBB, drug resistance of tumor cells, and the phenotypic heterogeneity of tumor cells. The BBB serves as a major impediment, preventing many drugs from entering the brain and hampering the efficacy of treatment. Furthermore, tumor cells can acquire resistance to drugs following repeated therapies, thus diminishing the therapeutic impact. The individualized treatment of brain metastases is necessitated by the distinct gene expression profiles and biological properties of various tumor cells. Consequently, an in-depth understanding of tumor cell invasion and metastasis mechanisms, along with a comprehensive comprehension of the physiological and pathological aspects of the BBB, is imperative for the development of more effective treatment strategies and therapeutic agents that can successfully address brain metastasis.





3 Immunotherapy for metastatic brain tumors



3.1 Immune checkpoint inhibitors

The immune system is known to fulfill a crucial role in safeguarding against cancer (36, 37). This function is commonly referred to as the immune surveillance of tumors, attributing to the immune system’s capacity to recognize and eliminate tumor cells through the recognition of tumor-specific antigens and molecular specificity induced by cell activation (38, 39). The concept of “cancer immune editing” elucidates the dual role of the immune system during tumor pathogenesis, encompassing both host-protective and tumor-sculpting functions (40, 41). The emergence of immune checkpoint inhibitors marks a significant advancement in the realm of tumor therapy, as these inhibitors obstruct autologous tumor antigens, bolster zvex-induced T cell responses, and enhance antitumor effects (42). ICIs are pharmaceutical agents designed to stimulate or augment the immune system’s assault on tumor cells by intervening with specific immune checkpoint molecules. The utilization of immune checkpoint inhibitors necessitates careful consideration of various aspects including the patient’s overall health and ability to manage potential adverse reactions associated with immunotherapy. It is vital to note that not all tumor types are amenable to treatment with immune checkpoint inhibitors, highlighting the importance of selecting the appropriate tumor type for this therapeutic approach. Additionally, understanding the patient’s genetic mutation status is essential, as certain genetic variations may impact the efficacy of immunotherapy. Combining ICIs with other treatment modalities like chemotherapy and radiation therapy can enhance therapeutic outcomes. It is imperative to remain vigilant for potential adverse reactions such as immune-related adverse events, skin issues, and gastrointestinal disturbances, necessitating close monitoring and prompt intervention. Clinical trials with ICIs are shown in Table 1.

Table 1 | Current cancer brain metastasis clinical trials with immune checkpoint inhibitors therapy.
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3.1.1 Adrebrelimab

Adrebrelimab is a high-affinity humanized monoclonal antibody against PD-L1 that has demonstrated efficacy and safety in advanced esophageal squamous cell carcinoma (ESCC) (43), extensive SCLC (SCLC) (44), and resectable non-small cell lung cancer (NSCLC) (45). Lung cancer is currently one of the most common malignancies in the world, and its morbidity and mortality are increasing year by year. Local recurrence and metastasis are the main causes of poor prognosis for many lung cancer patients, among which the incidence of brain metastasis reaches 30%~50% (46, 47). NSCLC 20%~50% of patients develop brain metastasis during the course (48, 49) and survive more than 2 years. SCLC The incidence of brain metastasis in patients with SCLC is as high as 60% to 80% (50). The main treatment modalities for BM are whole brain radiotherapy (WBRT), stereotactic radiosurgery (SRS), surgery, and chemotherapy (51). The mechanism of brain metastasis of lung cancer is shown in Figure 3. Wang et al (44), evaluated the efficacy and safety of adrebrelimab (SHR-1316) versus standard chemotherapy in the primary treatment of extensive SCLC (ES-SCLC). The main inclusion criteria were age 18-75 years, ES-SCLC patients without a previously confirmed histologic or cytologic diagnosis, and Eastern Cooperative Oncology Group (ECOG) grade 0-1. Ultimately, 230 patients received adrebrelimab combination chemotherapy (adrebrelimab arm) and 232 patients received placebo combination chemotherapy (placebo arm). Patients received carboplatin and etoposide for 4-6 cycles, with concurrent adrebrelimab or corresponding placebo. Adrebrelimab or placebo was administered as maintenance therapy. Results of the research demonstrated a significant improvement in median overall survival in the adrebrelimab group in comparison with the placebo group and an acceptable safety profile, suggesting that this combination treatment may be a new first-line therapy for ES-SCLC.
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Figure 3 | The mechanism of brain metastasis of lung cancer. Primary lung cancer cells can escape from the primary tumor site to invade and circulate in blood vessels, called circulating tumor cells (CTC). In response to chemokines, CTCs can reach the brain and cross the blood-brain barrier by rolling, adherence and extravasation in response to E-ligands and integrins, undergo mesenchymal epithelial transformation (MET) thereby restoring primary tumor properties and generating and adapting to the new tumor microenvironment. Angiogenesis is necessary for the growth of brain metastases. When pure oxygen diffusion is insufficient for the tumor, the tumor can gradually develop a hypoxic microenvironment and promote angiogenesis by overexpressing angiogenesis-stimulating factors. (Created with BioRender.com).




3.1.2 Atezolizumab

Atezolizumab is a humanized IgG1 anti-PD-L1 drug approved for the treatment of breast cancer (52), SCLC (53), and NSCLC (54). Lin et al (55), reported a case of poorly differentiated adenocarcinoma of the right lobe of the lung treated with atezolizumab monotherapy. The patient was diagnosed in April 2016 with stage IV poorly differentiated adenocarcinoma of the right lobe of the lung and had no driver gene mutations. The primary tumor remained enlarged after 6 cycles of nedaplatin and paclitaxel, and on October 14, 2016, the patient started atezolizumab monotherapy, which showed significant reduction in both primary tumor and mediastinal lymph nodes. Subsequently, the patient developed headaches, and on May 11, 2018, right parietal lobe metastasis of the tumor was confirmed. On May 23, 2018, the patient underwent brain X-knife stereotactic radiotherapy. One month later, the patient developed cough and shortness of breath, a new nodule in the right inferior lung basement area, a mild subpleural large lesion in the left inferior lobar area, a small right-sided A small pleural effusion was noted on the right side. Continued treatment with atezolizumab resulted in a decrease in the number of nodules in the basal right lower lobe, a decrease in the number of subpleural lesions in the basal left lower lobe, and a decrease in the number of mediastinal lymph nodes. This indicates significant efficacy of atezolizumab monotherapy in the treatment of lung adenocarcinoma. IMpower130 reported an evaluation of the efficacy and safety of atezolizumab plus chemotherapy versus chemotherapy alone as primary treatment for nonsquamous non-SCLC (56). Patient inclusion criteria were age 18 years or older, histologically or cytologically confirmed diagnosis of stage IV non-squamous non-SCLC, Eastern Cooperative Oncology Group performance status of 0 or 1, and no prior stage IV chemotherapy. Patients were randomized to receive either atezolizumab plus chemotherapy (carboplatin [area under the curve 6 mg/mL/min IV every 3 weeks] plus nab-paclitaxelor chemotherapy alone. Patients were randomized in a 2:1 ratio to receive either chemotherapy alone (four or six 21-day cycles, followed by maintenance therapy). The primary endpoints were progression-free survival and overall survival in the intention-to-treat wild-type population. The results of this study showed that atezolizumab plus chemotherapy significantly improved overall and progression-free survival compared with chemotherapy alone as a primary treatment option for stage IV non-squamous non-SCLC without ALK or epidermal growth factor receptor mutations.




3.1.3 Camrelizumab

Camrelizumab is a human IgG4-κ monoclonal antibody with high affinity for PD-1. Kamrelizumab binds to PD-1 with a binding affinity of up to 3 nM and has an inhibitory effect on PD-1/PD-L1 with an IC50 of 0.70 nM. Camrelizumab has antitumor activity and is well-tolerated in experimental cancers such as NSCLC (57), Hodgkin lymphoma (58) and HCC (59). The safety and efficacy of immune checkpoint inhibitors (including durvalumab, atezolizumab, nivolumab, tripalimumab, tisulizumab, cintilizumab, and camrelizumab) in patients with BMfrom SCLC were evaluated (60). The group retrospectively reviewed the medical records of patients with SCLC who received chemotherapy and radiation therapy for BMwith or without immune checkpoint inhibitors from January 2019 to January 2021 at our institution. Patients were divided into two groups: Group A received chemotherapy and radiation therapy for brain metastases; Group B received chemotherapy, radiation therapy for brain metastases, and immunotherapy for at least four cycles. Overall survival and intracranial progression-free survival were evaluated using Kaplan-Meier estimation and Cox regression modeling. The analysis showed that the intracranial objective response rate was higher in group B than in group A, but the intracranial disease control rate was similar in both groups, indicating that immunotherapy plus chemotherapy plus radiation therapy was favorably effective in patients with BM from SCLC.




3.1.4 Durvalumab

Durvalumab is a humanized antibody that affects the immune response by binding to PD-L1. Durvalumab fights tumors by inhibiting the binding of PD-L1 to PD-1 and enhances the killing of tumor cells by T cells. Currently, durvalumab is FDA-approved for the treatment of lung cancer (61), esophageal cancer (62), stomach cancer (63), and prostate cancer (64). Researcher describes the therapeutic efficacy of durvalumab in a patient with stage III SCLC (65). The patient developed lung and BM after concurrent chemoradiation therapy (cCRT) and achieved complete radiologic local regression after whole brain irradiation (WBI) using the simultaneous integrated boost (SIB) technique. Durvalumab was then used as maintenance therapy. After the second dose of durvalumab, the patient developed an asymptomatic multifocal brain tumor recurrence. In contrast, with the combination of durvalumab and amlotinib, the myeloma regressed almost completely without severe toxicity. This suggests that the combination of durvalumab and amlotinib may have a synergistic effect on myeloma in previously treated SCLC patients.




3.1.5 Ipilimumab

Ipilimumab is an IgG1 kappa immunoglobulin with a molecular weight of approximately 148 kDa. Ipilimumab binds to CTLA-4 and blocks the interaction of CTLA-4 with its ligand CD80/CD86. blockade of CTLA-4 increases T cell activity and proliferation, including tumor-infiltrating effector T cells, and increases growth. inhibition of CTLA-4 signaling similarly decreases regulatory T cell function and may contribute to a general increase in T cell responsiveness, including anti-tumor immune responses. Ipilimumab is used primarily for the treatment of unresectable or metastatic melanoma and for adjuvant therapy in patients with cutaneous melanoma who have undergone total lymphadenectomy, including total lymph node excision, and have localized lymph node lesions greater than 1 mm. Adjuvant therapy. Metastatic malignant melanoma has a poor prognosis and lacks effective treatment. Patients with this disease have a median survival of only 6-9 months for stage IV and a 5-year survival rate of only 10-20% (66, 67). Once the tumor has spread to the brain, only conservative treatment is available (68). Surgery and radiation therapy are effective but often cause other lesions (69). Radiation therapy, now commonly used to treat many types of brain metastases, can palliate but not eliminate lesions (4). Chemotherapy has also been applied to treat brain metastases, but with poor efficacy and short median survival (70). Chen et al (71), investigated the impact of concurrent SRS-SRT and immune checkpoint inhibitors on the prognosis and safety of patients with BM (metastatic non-SCLC, melanoma, and renal cell carcinoma). Patients receiving SRS-SRT treatment with anti-cytotoxic T lymphocyte-related protein 4 (ipilimumab) and anti-programmed cell death protein 1 receptor (nivolumab and pembrolizumab) were included. Patients using immune checkpoint inhibitors in ongoing or unreported clinical trials were excluded, and concomitant use of ICIs was defined as ICI use within 2 weeks of SRS-SRT treatment. Patients were treated with SRS-SRT, SRS-SRT without ICI, or SRS-SRT with ICI. The results of this study suggest that ICI concurrent with SRS-SRT may reduce the incidence of new BM without increasing the incidence of adverse events and may result in favorable survival outcomes. Long et al (72), evaluated the efficacy and safety of nitolizumab alone or in combination with ibritumomab in patients with active melanoma brain metastases. They randomized asymptomatic patients with BM who had never received local brain therapy to group A (nivolumab plus ibritumomab) or group B (nivolumab), while patients with BM who were refractory to local therapy and had neurological symptoms or meningeal lesions were enrolled in a non-randomized subgroup C (nivolumab). The treatment regimen consisted of nivolumab 1 mg/kg plus ibritumomab 3 mg/kg every 3 weeks for a total of 4 doses, followed by nivolumab 3 mg/kg intravenously every 2 weeks for patients in group A and nivolumab 3 mg/kg intravenously every 2 weeks for patients in group B or C. The primary endpoint was intracranial response from week 12. The primary and safety analyses were performed on an intention-to-treat basis for all patients who received at least one treatment. The results of this study showed that both the combination of nivolumab and ipilimumab and nivolumab monotherapy had a favorable effect on melanoma BM and that the combination of nivolumab and ipilimumab is applicable to asymptomatic untreated brain metastasis patients. Amaral et al (73), also reported that asymptomatic and symptomatic Amaral et al. also evaluated the efficacy of nituzumab plus ibritumomab alone or in combination with local therapy in patients with asymptomatic and symptomatic melanoma BM(MBM). Results showed no difference in OS between patients treated with BRAF and MEK inhibitors or nivolumab plus ibritumomab, and no difference in OS between initial and subsequent treatment with nituzumab plus ibritumomab in BRAF wild-type patients. In contrast, patients who received stereotactic radiosurgery or surgical local therapy had improved OS compared to patients who did not receive local therapy. Thus, the combination of nivolumab plus ibritumomab immunotherapy and stereotactic radiosurgery or surgery was found to improve OS in both asymptomatic and symptomatic MBM. Borzillo et al (74), used the CyberKnife® system to compare SRT/SRS with ibritumomab (IPI) to evaluate the association and timing. They tested the correlation in 53 patients treated with RT+IPI and 10 patients treated with RT alone. Results showed that IPI combined with SRS/SRT improved LC in the treatment of MBM, but the impact and timing of both therapies on patient prognosis is unknown. Tawbi et al (75), tested the efficacy of nivolumab and ibritumomab combination therapy in patients with symptomatic MBM. The study protocol consisted of nivolumab 1 mg/kg and ipilimumab 3 mg/kg IV every 3 weeks for 4 doses, followed by nivolumab 3 mg/kg IV every 2 weeks for up to 2 years until disease progression or unacceptable toxicity. The primary endpoint was to assess the intracranial clinical response rate in all patients treated. Secondary endpoints were intracranial progression-free survival and overall survival. The results of this study showed that the combination of nituzumab and ibritumomab improved progression-free survival in patients with symptomatic MBM without causing serious side effects. A multivariate predictive model of response and survival to anti-programmed cell death protein-1 (anti-PD-1) monotherapy or in combination with anti-cytotoxic T-cell lymphocyte-4 (ipilimumab [IPI]; anti-PD-1 + IPI) was developed in metastatic melanoma (76). Study endpoints were objective response rate (ORR), progression-free survival (PFS), and overall survival (OS). And the area under the curve of the final model predicting ORR for immunotherapy-treated patients was 0.71, indicating that the model can predict response and survival outcomes for metastatic melanoma patients receiving immunotherapy.




3.1.6 Nivolumab

Nivolumab is an immunotherapeutic drug that targets PD-1 and inhibits the interaction between PD-1 and its ligand PD-L1, thereby restoring immune cell activity and strengthening the body’s defense against cancer. Nivolumab is widely used to treat a variety of cancers and has shown good efficac (77). Unresectable or metastatic melanoma, melanoma as adjuvant therapy, resectable or metastatic non-SCLC, SCLC, advanced renal cell carcinoma, classical Hodgkin lymphoma, head and neck squamous cell carcinoma, urothelial carcinoma, metastatic colorectal cancer with high microsatellite instability or defective mismatch repair, liver cell carcinoma, esophageal cancer, and others with high microsatellite instability or defective mismatch repair. Chen et al (71), investigated the impact of concurrent administration of SRS-SRT and immune checkpoint inhibitors on prognosis and safety in patients with BM (metastatic non-SCLC, melanoma, and renal cell carcinoma). Patients receiving SRS-SRT treatment with anti-cytotoxic T lymphocyte-related protein 4 (ipilimumab) and anti-programmed cell death protein 1 receptor (nivolumab and pembrolizumab) were included. Patients using immune checkpoint inhibitors in ongoing or unreported clinical trials were excluded, and concomitant use of ICIs was defined as ICI use within 2 weeks of SRS-SRT treatment. Patients were treated with SRS-SRT, SRS-SRT without ICI, or SRS-SRT with ICI. The results of this study showed that ICI concurrent with SRS-SRT may reduce the incidence of new BM without increasing the incidence of adverse events and may result in favorable survival outcomes. Crinò et al (78), reported the efficacy and safety of nivolumab in nonsquamous NSCLC. In their study, nivolumab was indicated for patients with stage IIIB/IV non-squamous NSCLC whose disease had progressed after at least one prior therapy. Patients with brain metastases, on the other hand, were included as long as they were asymptomatic, neurologically stable, had discontinued corticosteroids, or their prednisone dose was stable or reduced to less than 10 mg per day. The results of this study suggest that patients with BMfrom non-squamous NSCLC are asymptomatic or have controlled brain metastases. Renal cell carcinoma accounts for approximately 4% of all solid tumors, with an incidence of approximately 16.1 per 100,000 population; approximately 1/3 of RCC patients are in an advanced stage at diagnosis (79, 80). The first-line treatment for advanced renal cell carcinoma is targeted therapy combined with immunotherapy, and metastasectomy, radiofrequency ablation, and targeted therapy are the preferred treatment for patients with oligometastatic or low tumor burden trans metastatic renal cell carcinoma (mRCC) (81). Although these therapies help prolong OS in patients with mRCC, the side effects of drug therapy affect patients’ quality of life. An overview of the challenges of brain metastasis in renal cell carcinoma is shown in Figure 4. Flippot et al (82), evaluated the activity of nivolumab in patients with brain metastatic clear cell renal cell carcinoma (ccRCC) after failure of angiogenic therapy. The study population consisted of patients with previously treated or untreated brain metastases. The primary endpoint was intracranial response efficiency in patients. Study results showed limited activity of nivolumab in patients with untreated ccRCC brain metastases. Brain imaging and treatment of the lesion should be considered before using immune checkpoint inhibitors in patients with metastatic ccRCC. Reardon et al (83) examined the role and value of bevacizumab and nivolumab monotherapy in improving survival in patients with recurrent glioblastoma. The study recruited 439 patients (369 of whom were randomized) with first recurrence of glioblastoma after treatment with standard radiation therapy and temozolomide. Patients were randomized 1:1 to either nivolumab 3 mg/kg or bevacizumab 10 mg/kg every 2 weeks until disease progression, unacceptable toxicity, or death was confirmed. The primary endpoint was OS. The results of this study suggest that overall mOS values for nivolumab and bevacizumab in patients with recurrent glioblastoma are similar, and the safety profile of nivolumab in patients with glioblastoma is consistent with that of other tumor types. The CheckMate 920 trial investigated the safety and efficacy of nivolumab plus ipilimumab in patients with advanced renal cell carcinoma (aRCC) and brain metastases. The study revealed a 32% objective response rate (ORR) in response-evaluable patients, with a median duration of response (DOR) of 24.0 months and a median time to response (TTR) of 2.8 months. Some patients experienced intracranial progression, and the safety profile of the treatment regimen, including immune-mediated adverse events, was assessed (83). 
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Figure 4 | The overview of the challenges of brain metastasis from renal cell carcinoma. In the microenvironment of renal cancer brain metastases, the BBB can limit the permeability of therapeutic agents. The number of efflux transporters is significantly reduced during metastasis and radiotherapy thereby increasing the permeability of peripheral molecules. In addition, tight junctions are impaired by metastatic development leading to increased permeability of the blood-brain barrier. Gap junctions may allow metabolite transfer between renal cancer cells and astrocytes and induce secretion of INF-α and TNF by astrocytes, leading to chemoresistance. The molecular characteristics of renal cancer cells, including highly angiogenic features, molecular inconsistencies between primary and brain metastases, and inherent radio resistance also affect the outcome of renal cancer brain metastases. (Created with BioRender.com).




3.1.7 Pembrolizumab

Pembrolizumab exerts its antitumor effects by inhibiting the binding of PD-1 receptors on immune cells to PD-L1 on tumor cells, thereby restoring the ability of immune cells to attack tumors. pembrolizumab has been used in the treatment of many different Nasopharyngeal carcinoma (84) with broad indications for the treatment of many different types of malignancies. Studies have shown that pembrolizumab is an alternative to cytotoxic chemotherapy as first-line therapy in patients with PD-L1 tumor percentage scores of 50% or greater. The study reported the use of pembrolizumab in patients with giant cell lung cancer (85). A 69-year-old female patient with giant cell lung cancer, clinically classified as IVB (T2bN0M1c, BRA) and with a high percentage of tumors expressing PD-L1, received stereotactic radiotherapy targeting two cerebellar metastases, followed by immunotherapy with an anti-PD-1 antibody (pembrolizumab) for four treatment cycles. The tumor shrank significantly after 4 cycles of treatment. However, treatment was discontinued due to renal dysfunction. This suggests that pembrolizumab combined with radiotherapy also has a favorable therapeutic effect in giant cell lung cancer. reported the management of a patient with multiple metastases of NSCLC with exon 19 deletion and PD-L1 deletion. Pembrolizumab plus chemotherapy and SBRT were then initiated for the supraclavicular metastases and spinal cord lesions; examination after four cycles showed resolution of adenopathy, reduction in lung mass, liver and spinal cord lesions, and no lesions or new metastases were detected on brain MRI. The patient then continued treatment with pembrolizumab plus pemetrexed for almost a year and is now in good disease control. A study was conducting a phase II trial of pembrolizumab in untreated NSCLC or melanoma patients with BM to investigate the activity of PD-1 blocking agents in the central nervous system (86). Cohort 1 consisted of patients with PD-L1 ≥1% and cohort 2 consisted of patients with PD-L1 <1% or not evaluable. The primary endpoint was the proportion of patients who achieved a response in brain metastases. The results of this study showed that pembrolizumab is effective for NSCLC BM with PD-L1 expression of 1% or greater and is safe in some untreated patients with brain metastases. Breast cancer is the most common malignancy in women worldwide, and the incidence of BM from breast cancer is on the rise, ranging from 5% to 21% (87, 88), as new therapeutic agents and imaging techniques advance (Figure 5). The incidence of BM from breast cancer is highest in HER2-positive types, accounting for about 30% to 55% (89, 90). There are mainly parenchymal and meningeal metastases, with parenchymal metastases being more common (91, 92). The prognosis for BM from breast cancer is usually very poor because the BBB severely limits the entry of most chemotherapeutic agents into the nervous system (93, 94). Local radiation therapy and surgical treatment can slow the progression of the disease, but it is difficult to completely kill the cancer cells in the body (95, 96). Therefore, the development of systemic therapeutics and the selection of new therapies are crucial for the treatment of brain metastasis of breast cancer. Wu et al (97),. reported on the combination of anti-estrogenic drugs and immunotherapy in patients with HR-positive metastatic breast cancer. The first patient was a patient with recurrent breast cancer with ovarian and BM after endocrine therapy. After surgery for the ovarian lesions and three cycles of chemotherapy, a high degree of T-cell receptor (TCR) complexes were observed in the tumor. The patient then received a combination of trazodone and pembrolizumab. The patient achieved a partial response and had a PFS of more than 21 months; the second patient was a breast cancer patient with multiple bone metastases. The second patient had multiple bone metastases and was treated with a combination of tamoxifen and pembrolizumab because the combination of radiation and chemotherapy was ineffective. Another patient with BM from lung cancer underwent local resection of two BM by SRS and received systemic immunochemotherapy consisting of four cycles of cisplatin, pemetrexed, and pembrolizumab. The patient then underwent left posterolateral thoracotomy, left lower lobe expansion resection, segment 1 wedge resection, and systematic clearance of hilar, mediastinal, and interlobar lymph nodes. Maintenance therapy with pembrolizumab was resumed postoperatively and was uneventful for 2 years. Thirty-five months after the initial diagnosis, CT scan of the chest and abdomen and MRI of the cranium showed no signs of local recurrence or metastasis. The ORR (objective response rate) of brain metastasis when using pembrolizumab was found to be 28.6%. The PFS (progression-free survival) was reported to be 4.0 months. These outcomes suggest that pembrolizumab may have some efficacy in the treatment of brain metastasis. However, further research and clinical trials are needed to establish its effectiveness and safety in this specific patient population (98).

[image: Diagram illustrating the process of brain metastasis from a primary tumor. It shows progression from epithelial-mesenchymal transition (EMT) to invasion, intravasation, circulation, adhesion, extravasation, and outcomes like death, dormancy, or growth of cancer cells.]
Figure 5 | The mechanism of brain metastasis of breast cancer. A small population of breast cancer cells at the primary site acquires stem cell-like properties and, through epithelial-mesenchymal transition (EMT), invasive properties. Invasive breast cancer cells infiltrate the surrounding tissue through ECM remodeling and become circulating tumor cells (CTCs) with the help of perivascular macrophages and interactions with vascular endothelial cells (ECs).CTCs spread throughout the body through the bloodstream and cross the BBB through extravasation after adhering to endothelial cells in the brain. The majority of the cells die or become dormant, while a small number of cells proliferate in this new microenvironment. this new microenvironment proliferate. In addition, dormant cells are often reawakened under certain conditions and participate in colonization, leading to tumor recurrence. (Created with BioRender.com).




3.1.8 Sintilimab

Sintilimab is a novel immunotherapeutic agent that is a humanized monoclonal antibody. Sintilimab is widely used to treat a variety of malignancies, including but not limited to non-SCLC, melanoma, ESCC, renal cell carcinoma, and bladder cancer (99, 100). It is considered an innovative therapy that has the potential to change the landscape of conventional tumor treatment. Nong et al. Nong et al (101), reported the diagnosis and treatment with sintilimab in a patient with lung adenocarcinoma with brain metastases. The patient had an in-frame insertion of epidermal growth factor receptor exon 20 and was treated with pemetrexed and carboplatin plus the programmed cell death-1 inhibitor sintilimab After six cycles of treatment, the patient received sintilimab plus pemetrexed for patients received maintenance therapy every 3 weeks with sintilimab plus pemetrexed, which was effective without toxicity. This suggests an important role for sintilimab in patients with brain metastatic NSCLC who have an insertional mutation in exon 20 of the epidermal growth factor receptor.




3.1.9 Tisulizumab

Tislelizumab is a new generation targeted immunotherapy drug widely used to treat many malignancies. It is a humanized monoclonal antibody that strengthens a patient’s own immune system to fight tumor cells by targeting the immune checkpoint PD-1. It has shown excellent antitumor activity in a wide range of cancer types (102), including non-SCLC, melanoma, renal cell carcinoma, esophageal cancer, and nasopharyngeal cancer. The use of tislelizumab can further improve survival and quality of life for patients. Fu et al (103),. reported the progress of tislelizumab in a patient with invasive lung adenocarcinoma with brain metastases. The patient underwent right upper lung lobectomy and lymph node dissection. Postoperative pathology revealed invasive adenocarcinoma (alveolar, papillary, and enhancing) with pleural invasion, staged cT0N0M1c, stage IVC. POLE and TP53 mutations were found. The patient then received two cycles of combination therapy with pemetrexed + carboplatin + bevacizumab + tislelizumab. After two cycles of treatment, the patient’s intracranial metastases became smaller; after four cycles of combination therapy, the patient’s metastases completely resolved After four cycles of combination therapy, the patient’s metastases had completely disappeared. The patient then received two cycles of consolidation therapy with tislelizumab, pemetrexed, and bevacizumab. 6 cycles of treatment later, the patient felt fatigue and anorexia. Treatment was then switched to tislelizumab and bevacizumab for six cycles to date. The patient responded well and had no treatment-related adverse events 11 months after starting the combination.




3.1.10 Toripalimab

Toripalimab is a PD-1 antibody that inhibits the immune escape mechanism of melanoma cells by targeting the immune checkpoint PD-1, a membrane surface receptor that regulates immune response homeostasis and prevents over-activated immune cells from attacking normal tissue. In melanoma, tumor cells normally overexpress PD-L1, which binds to PD-L1 to inhibit immune cell function and evade immune attack. Reported on the diagnosis and treatment with toripalimab in a patient with SCLC with brain metastases (104). The patient was diagnosed with localized stage small cell carcinoma of the left lower lung and received 6 cycles of initial chemotherapy with etoposide and nedaplatin followed by adaptive intensity modulated radiation therapy (IMRT) to the thorax and prophylactic brain radiation therapy to achieve CR. Approximately 3 months after completion of radiotherapy, chest CT and brain-enhanced MRI confirmed that CR was sustained. Approximately 6 months after completion of radiotherapy, a cranial-weighted MRI showed metastasis in the left cerebellar hemisphere. The patient was then treated with IMRT and anlotinib; at the end of IMRT, irinotecan and lopressor were added to anlotinib. Due to grade 3 adverse events, patients received 3 cycles of maintenance therapy with sindilizumab plus anlotinib (104). However, 2.5 months after achieving CR, the BM recurred. Because the recurrent lesion was small and asymptomatic, treatment with sindilizumab in combination with erlotinib was continued for 3 more cycles. A skull-weighted MRI showed no change in the target lesion. The physician then switched from sindilizumab to toripalimab. After two cycles of treatment with toripalimab in combination with anlotinib, the recurrent BM reached CR and were maintained for 6 months. In conclusion, the safety profile of toripalimab in combination with erlotinib was favorable and no serious adverse events were observed during treatment.





3.2 Immune cell therapy

Lymphocytes that possess cytotoxic abilities in vivo encompass natural killer cells and cytotoxic T cells, both of which can effectively counteract tumor cell proliferation. Empirical evidence suggests that several hundred lymphocytes are required to combat a single tumor cell. Hence, a larger population of lymphocytes confers a greater capacity for tumor cell elimination and inhibition of tumor cell production. This fundamental principle forms the basis of cellular immunotherapy. Presently, cellular biopharmacotherapy, exemplified by cellular immunotherapy, represents a significant advancement in the field of tumor biotherapy. Adoptive cellular immunotherapy (ACI) is the accepted nomenclature for this modality and entails the infusion of immune cells with antitumor properties (both specific and nonspecific) into tumor patients, either for direct tumor eradication or to induce the patient’s immune response to target tumor cells (105). Clinically, ACI entails the administration of autologous or allogeneic immune effector cells that have been activated in vitro, thereby inducing tumor cell death within the patient’s body (106, 107). In recent years, cellular immunotherapy has emerged as a vibrant domain within tumor biotherapy, specifically suited for patients with compromised cellular immunity, particularly those afflicted with hematologic and immune system malignancies, such as those arising after intense chemotherapy, radiotherapy, bone marrow transplantation, or viral infections leading to depletion and dysfunction of immune cells (108, 109). Cellular immunotherapy possesses the ability to selectively suppress and eliminate tumor cells, independent of the patient’s inherent immune function, and can be effectively combined with radiation therapy and chemotherapy. The efficacy, specificity, overall therapeutic effectiveness, and side effect profile of this approach have shown progressive enhancements during the evolutionary stages of LAK, TIL, CD3AK, CIK, DC-CIK, and EAAL (110, 111).




3.3 Tumor vaccine

Tumor vaccines have gained significant attention in recent years as a focal point of research in the medical field. The fundamental concept behind tumor vaccines involves the administration of tumor antigens into the patient’s system by various means, such as tumor cells, tumor-related proteins and peptides, and genetic material encoding tumor antigens. This approach is aimed at counteracting the immune-suppressive environment induced by the tumor, enhancing immunogenicity, and stimulating the patient’s endogenous immune response. Activation and stimulation of both cellular and humoral immune responses in the body are crucial components in achieving the ultimate goal of controlling or eradicating tumors (112, 113). There are three primary classifications of tumor vaccines: prophylactic tumor vaccines, therapeutic tumor vaccines, and immuno-cellular therapy vaccines (114). Prophylactic tumor vaccines are primarily utilized to prevent the development of specific malignancies, such as cervical and liver cancer vaccines. In contrast, therapeutic tumor vaccines are designed for the treatment of patients with existing tumors. Examples of therapeutic tumor vaccines encompass tumor cell vaccines and tumor-associated antigen vaccines. Finally, immuno-cellular therapeutic vaccines involve the manipulation of the patient’s immune cells to combat tumors, including tumor-infiltrating lymphocyte vaccines and dendritic cell vaccines.

As scientific knowledge and technological capabilities continue to progress, the categorization of tumor vaccines is evolving, presenting new possibilities and optimism for tumor prevention and treatment. Current research predominantly concentrates on the advancement and assessment of tumor vaccines as a potential therapeutic modality for a range of malignancies. In recent times, there have been significant advancements in comprehending the mechanisms through which tumors evade the immune system and devising strategies to overcome these challenges. Various types of tumor vaccines, such as peptide-based, dendritic cell-based, and whole tumor cell-based vaccines, are undergoing scrutiny in preclinical and clinical trials. These vaccines are designed to provoke a targeted immune response against tumor antigens, with the objective of facilitating the specific destruction of tumor cells, averting tumor recurrence, and enhancing patient outcomes.

While early-phase trials have shown promise, further exploration and refinement of vaccine design, delivery modalities, and patient selection are imperative to amplify their effectiveness and delineate their role in cancer management. Consequently, ongoing research in this domain holds substantial promise for introducing novel therapeutic avenues to combat malignancies and elevate the quality of patient care.

In summary, immune checkpoint inhibitors, such as CTLA-4 inhibitors (e.g., Ipilimumab), PD-1 inhibitors (e.g., Pembrolizumab, Nivolumab), PD-L1 inhibitors (e.g., Atezolizumab, Durvalumab), LAG-3 inhibitors (e.g., Relatlimab), and TIM-3 inhibitors (e.g., Sabatolimab), have distinct characteristics and mechanisms of action. These inhibitors target specific receptors on T cells or ligands on cancer cells, aiming to enhance the immune response against cancer by restoring T cell activity, promoting anti-tumor immune responses, and potentially reversing T cell exhaustion. Immune checkpoint inhibitors play a vital role in cancer immunotherapy, offering potential in improving the body’s ability to combat cancer (Table 2). Immune checkpoint inhibitors are pivotal in modulating the immune response directed towards cancer cells through the targeting of specific regulatory checkpoints governing T cell functionality. Integral to cancer immunotherapy, these agents exhibit significant potential in bolstering the host’s anti-cancer defenses.

Table 2 | Immune checkpoint inhibitors along with the biological characteristics.


[image: A table listing cancer immunotherapy drugs classified by mechanisms and representatives. CTLA-4 Inhibitors: Ipilimumab blocks CTLA-4 receptor, enhancing immune response. PD-1 Inhibitors: Pembrolizumab and Nivolumab target PD-1 receptor, restoring T cell activity. PD-L1 Inhibitors: Atezolizumab and Durvalumab target PD-L1 ligand, promoting anti-tumor responses. LAG-3 Inhibitors: Relatlimab enhances T cell function. TIM-3 Inhibitors: Sabatolimab blocks TIM-3 receptor, improving anti-tumor responses.]




4 Discussion

The tumor microenvironment (TME) is a complex and dynamic system that plays a crucial role in tumor development and growth. It consists of four major components: non-tumor cells, extracellular matrix, vasculature, and soluble products (115, 116). Non-tumor cells in the TME include immune cells, fibroblasts, endothelial cells, and neurons. The extracellular matrix provides structural support for cells and regulates their functions through a network of proteins. The vasculature supplies oxygen and nutrients to tumor cells, often forming a dense network around tumors. Soluble products, such as chemokines, within the TME significantly influence cellular activities (117). The interactions among these components have profound effects on tumorigenesis, metastasis, and drug resistance, ultimately impacting the metabolic patterns and immune responses within the TME. Brain metastases (BM) are a common and challenging complication in cancer patients, affecting over 10% of patients at diagnosis and escalating to 30-40% during disease progression (118, 119). Patients with BM have a grim prognosis, marked by high mortality rates, poor quality of life, and a median overall survival of merely 4-6 months. The blood-brain barrier (BBB) poses challenges for the treatment of BM by limiting the efficacy of systemic chemotherapy. Current treatment options for BM include surgical resection, stereotactic radiosurgery, and whole-brain radiation therapy. However, their effectiveness varies depending on the number and size of metastatic brain lesions, with whole-brain radiation therapy typically yielding response rates between 50% and 75%, and survival rates ranging from 4 to 9 months Recent advances in tumor immunology research have led to the development of targeted therapies, such as CTLA-4 and PD-1/PD-L1 inhibitors, which have shown promising efficacy rates compared to traditional chemotherapeutic agents (120, 121). However, the effectiveness of immunotherapy alone may be limited due to immunosuppressive factors in tumor patients. Therefore, combination therapies involving tumor immunotherapy and other treatment modalities have become a future direction in cancer treatment (122, 123). Although immunotherapy has demonstrated significant benefits in treating advanced tumors, its efficacy is limited to certain tumor types, and individual differences may result in poor response rates. Immune-related complications are also common. Therefore, efforts to improve the efficiency and reduce the risk of tumor recurrence of immunotherapy, particularly PD-1/PD-L1 inhibitors, are needed (124, 125). Predictive markers and an understanding of drug resistance mechanisms are crucial for treatment selection and prognostic assessment.

The presence of the BBB poses a challenge for conventional chemotherapeutic agents to effectively reach brain metastases. The successful application of immune checkpoint inhibitors (ICIs) in patients with brain metastatic cancer has raised expectations for the potential of immunotherapy in the treatment of primary and metastatic brain cancer. However, the clinical implementation of immunotherapy in patients with brain metastases faces substantial obstacles due to the lack of robust predictors and appropriate animal models for evaluating efficacy. A comprehensive understanding of the biological underpinnings and specific mechanisms of immunosuppression in brain metastatic cancer is imperative for the development of novel immunological interventions. Clinical trials are needed to establish the effectiveness of immunotherapy in treating brain metastatic cancer and to identify precise biomarkers for patient selection. Furthermore, the heterogeneity of brain metastases and the limited infiltration of immune cells present challenges for effective immunotherapy. Strategies to enhance the penetration of immunotherapeutic agents through the BBB and to increase immune cell recruitment and infiltration into brain metastases are being explored. Resistance mechanisms, such as immune checkpoint upregulation and alterations in antigen presentation, can also develop in brain metastases. Combination therapies that target multiple resistance mechanisms and immunotherapies are necessary to overcome resistance and improve treatment outcomes. Managing immune-related adverse events and developing more targeted and selective immunotherapies are essential for the safe and effective use of immunotherapy in brain metastases. Combination therapies, targeted delivery systems, and personalized immunotherapies are being investigated to improve the efficacy and safety of immunotherapy for brain metastases.

In conclusion, immunotherapy holds promise as a treatment approach for brain metastases. However, challenges related to the BBB, tumor heterogeneity, limited immune cell infiltration, resistance mechanisms, and immune-related adverse events need to be addressed to optimize the efficacy and safety of immunotherapy in patients with brain metastases. Various strategies, such as enhanced BBB penetration, combination therapies, and personalized immunotherapies, are being explored to overcome these challenges and improve treatment outcomes.
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NK cells, Natural killer cells; ILs, interleukins; TNF, tumor necrosis factor; TGF, transforming growth factor; BBB, blood-brain barrier; TJP1, tight junction protein 1; TME, tumor microenvironment; PMN, pre-metastatic niche; TDSFs, tumor-derived secreted factors; EVs, extracellular vesicles; BMDCs, bone marrow-derived cells; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase; CTCs, circulating tumor cells; ICI, immune checkpoint inhibitor; NSCLC, non- small cell lung cancer; SCLC, small cell lung cancer; WBRT, whole brain radiotherapy; SRS, stereotactic radiosurgery; ORR, objective response rate; PFS, progression-free survival; OS, overall survival; mRCC, metastatic renal cell carcinoma; ccRCC, clear cell renal cell carcinoma; EGFR, epidermal growth factor receptor; TCR, T cell receptor; ACI, adoptive cellular immunotherapy; ECM, extracellular matrix; CTLA – 4, cytotoxic T-lymphocyte - associated antigen 4; PD-1, programmed cell death protein 1; PD - L1, programmed cell death 1 ligand 1.


References
	1. Tabor, JK, Onoichenco, A, Narayan, V, Wernicke, AG, D'Amico, RS, and Vojnic, M. Brain metastasis screening in the molecular age. Neuro-oncology advances. (2023) 5:vdad080. doi: 10.1093/noajnl/vdad080
	2. Luo, T, Kang, Y, Liu, Y, Li, J, and Li, J. Small extracellular vesicles in breast cancer brain metastasis and the prospect of clinical application. Front Bioeng Biotechnol. (2023) 11:1162089. doi: 10.3389/fbioe.2023.1162089
	3. Brozos-Vázquez, EM, Rodríguez-López, C, Cortegoso-Mosquera, A, Lopez-Landrove, S, Muinelo-Romay, L, García-González, J, et al. Immunotherapy in patients with brain metastasis: advances and challenges for the treatment and the application of circulating biomarkers. Front Immunol. (2023) 14:1221113. doi: 10.3389/fimmu.2023.1221113
	4. Alsabbagh, R, Ahmed, M, Alqudah, MAY, Hamoudi, R, and Harati, R. Insights into the molecular mechanisms mediating extravasation in brain metastasis of breast cancer, melanoma, and lung cancer. Cancers (Basel). (2023) 15(8). doi: 10.3390/cancers15082258
	5. Nakhjavani, M, and Shigdar, S. Natural blockers of PD-1/PD-L1 interaction for the immunotherapy of triple-negative breast cancer-brain metastasis. Cancers (Basel). (2022) 14(24). doi: 10.3390/cancers14246258
	6. Aili, Y, Maimaitiming, N, Qin, H, Ji, W, Fan, G, Wang, Z, et al. Tumor microenvironment and exosomes in brain metastasis: Molecular mechanisms and clinical application. Front Oncol. (2022) 12:983878. doi: 10.3389/fonc.2022.983878
	7. Yue, M, Hu, S, Sun, H, Tuo, B, Jia, B, Chen, C, et al. Extracellular vesicles remodel tumor environment for cancer immunotherapy. Mol Cancer. (2023) 22:203. doi: 10.1186/s12943-023-01898-5
	8. Cui, Z. Transitioning cancer cells and the surrounding tumor environment in pancreatic cancer. Nat Genet. (2022) 54:1269–70. doi: 10.1038/s41588-022-01162-4
	9. Huang, X, Li, L, Ou, C, Meiling, S, Xinchao, L, Miaomiao, Z, et al. Tumor environment regression therapy implemented by switchable prune-to-essence nanoplatform unleashed systemic immune responses. Adv Sci (Weinh). Dec. (2023) 10:e2303715. doi: 10.1002/advs.202303715
	10. Gao, Y, Chen, S, Wang, H, Chenghao, W, Rui, A, Guoli, L, et al. Liver metastases across cancer types sharing tumor environment immunotolerance can impede immune response therapy and immune monitoring. J Adv Res. (2023) 61(0):151–64. doi: 10.1016/j.jare.2023.08.011
	11. Gong, X, Ma, Y, Deng, X, Aiqing, L, Xingjie, L, Xueying, K., et al. Intestinal dysbiosis exacerbates susceptibility to the anti-NMDA receptor encephalitis-like phenotype by changing blood brain barrier permeability and immune homeostasis. Brain behavior immunity. (2023) 116(0):34–51. doi: 10.1016/j.bbi.2023.11.030
	12. Le Guennec, L, Balcerac, A, and Weiss, N. A letter concerning a role for blood-brain barrier dysfunction in delirium following noncardiac surgery in older adults. Ann neurology. (2024) 95(2):410–1. doi: 10.1002/ana.26837
	13. Tang, J, Kang, Y, Zhou, Y, Nianying, S, Xinnan, L, Hongyue, W, et al. TIMP2 ameliorates blood-brain barrier disruption in traumatic brain injury by inhibiting Src-dependent VE-Cadherin internalization. J Clin Invest. (2023) 115:705–17. doi: 10.1172/JCI164199
	14. Weng, Y, Chen, N, Zhang, R, Jian, H, Xukai, D, Guo, C, et al. An integral blood-brain barrier in adulthood relies on microglia-derived PDGFB. Brain behavior immunity. (2024) 115:705–17. doi: 10.1016/j.bbi.2023.11.023
	15. Chagnot, A, and Montagne, A. Connexins and blood-brain barrier: Beyond the gap. Neuron. Nov 15. (2023) 111:3499–501. doi: 10.1016/j.neuron.2023.10.032
	16. Sun, ZW, Wang, X, Zhao, Y, Sun, ZX, Wu, YH, Hu, H, et al. Blood-brain barrier dysfunction mediated by the EZH2-Claudin-5 axis drives stress-induced TNF-alpha infiltration and depression-like behaviors. Brain behavior immunity. Jan. (2024) 115:143–56. doi: 10.1016/j.bbi.2023.10.010
	17. Wang, K, Zhao, B, Ao, Y, Zhao, J, Zhao, C, Wang, W, et al. Super-small zwitterionic micelles enable the improvement of blood-brain barrier crossing for efficient orthotopic glioblastoma combinational therapy. J Control Release. Dec. (2023) 364:261–71. doi: 10.1016/j.jconrel.2023.10.019
	18. Manuel, TJ, Sigona, MK, Phipps, MA, Huiwen, J, Kusunose, L, Pai Feng, Y, et al. Small volume blood-brain barrier opening in macaques with a 1 MHz ultrasound phased array. J Control Release. (2023) 363:707–20. doi: 10.1016/j.jconrel.2023.10.015
	19. Grasso, G, Torregrossa, F, Noto, M, Eleonora, B, Paola, F, Felice, B, et al. MR-guided focused ultrasound-induced blood-brain barrier opening for brain metastasis: a review. Neurosurgical focus. (2023) 55:E11. doi: 10.3171/2023.5.FOCUS23227
	20. Chhichholiya, Y, Ruthuparna, M, Velagaleti, H, and Munshi, A. Brain metastasis in breast cancer: focus on genes and signaling pathways involved, blood-brain barrier and treatment strategies. Clin Transl Oncol May. (2023) 25:1218–41. doi: 10.1007/s12094-022-03050-z
	21. Rehman, AU, Khan, P, Maurya, SK, Siddiqui, JA, Santamaria-Barria, JA, Batra, SK, et al. Liquid biopsies to occult brain metastasis. Mol Cancer. (2022) 21:113. doi: 10.1186/s12943-022-01577-x
	22. Burn, L, Gutowski, N, Whatmore, J, Giamas, G, and Pranjol, MZI. The role of astrocytes in brain metastasis at the interface of circulating tumour cells and the blood brain barrier. Front Biosci (Landmark Ed). (2021) 26:590–601. doi: 10.52586/4969
	23. Doron, H, Pukrop, T, and Erez, N. A blazing landscape: neuroinflammation shapes brain metastasis. Cancer Res. (2019) 79:423–36. doi: 10.1158/0008-5472.CAN-18-1805
	24. Masmudi-Martín, M, Zhu, L, Sanchez-Navarro, M, Priego, N, Casanova, AM, Ruiz, RV, et al. Brain metastasis models: What should we aim to achieve better treatments? Adv Drug Delivery Rev Feb. (2021) 169:79–99. doi: 10.1016/j.addr.2020.12.002
	25. Miller, CR, and Hjelmeland, AB. Breaking the feed forward inflammatory cytokine loop in the tumor microenvironment of PDGFB-driven glioblastomas. J Clin Invest. (2023) 133(22). doi: 10.1172/JCI175127
	26. Maas, RR, Soukup, K, Fournier, N, Massara, M, Galland, S, Kornete, M, et al. The local microenvironment drives activation of neutrophils in human brain tumors. Cell. (2023) 186:4546–4566.e27. doi: 10.1016/j.cell.2023.08.043
	27. Chen, Q, Zhou, S, Ding, Y, Chen, D, Dahiru, NS, Tang, H, et al. A bio-responsive, cargo-catchable gel for postsurgical tumor treatment via ICD-based immunotherapy. J Control Release. (2022) 346:212–25. doi: 10.1016/j.jconrel.2022.04.015
	28. Shi, Y, Jiang, J, Cui, Y, Chen, Y, Dong, T, An, H, et al. MSH6 aggravates the hypoxic microenvironment via regulating HIF1A to promote the metastasis of glioblastoma multiforme. DNA Cell Biol. (2021) 40:93–100. doi: 10.1089/dna.2020.5442
	29. Zhang, Q, Wang, Y, and Liu, F. Cancer-associated fibroblasts: Versatile mediators in remodeling the tumor microenvironment. Cell Signal. (2023) 103:110567. doi: 10.1016/j.cellsig.2022.110567
	30. Ben-Shlomo, A. Exploring the role of the tumor microenvironment in refractory pituitary tumor pathogenesis. Pituitary. (2023) 26:263–5. doi: 10.1007/s11102-023-01301-y
	31. Messiaen, J, Jacobs, SA, and De Smet, F. The tumor micro-environment in pediatric glioma: friend or foe? Front Immunol. (2023) 14:1227126. doi: 10.3389/fimmu.2023.1227126
	32. Li, Y, Wang, J, Song, SR, Lv, SQ, Qin, JH, and Yu, SC. Models for evaluating glioblastoma invasion along white matter tracts. Trends Biotechnol. (2023) 42(3):293–309. doi: 10.1016/j.tibtech.2023.09.005
	33. Nguyen, DT, Liu, R, Ogando-Rivas, E, Pepe, A, Pedro, D, Qdaisat, S, et al. Bioconjugated liquid-like solid enhances characterization of solid tumor - chimeric antigen receptor T cell interactions. Acta Biomater. (2023) 172:466–79. doi: 10.1016/j.actbio.2023.09.042
	34. Wang, Y, Liu, W, Geng, P, Du, W, Guo, C, Wang, Q, et al. Role of crosstalk between glial cells and immune cells in blood-brain barrier damage and protection after acute ischemic stroke. Aging Dis. (2023). doi: 10.14336/AD.2023.1010
	35. Deshpande, K, Buchanan, I, Martirosian, V, and Neman, J. Clinical perspectives in brain metastasis. Cold Spring Harbor Perspect Med. (2020) 10(6). doi: 10.1101/cshperspect.a037051
	36. Yong, T, Li, X, Wei, Z, Gan, L, and Yang, X. Extracellular vesicles-based drug delivery systems for cancer immunotherapy. J Control Release. (2020) 328:562–74. doi: 10.1016/j.jconrel.2020.09.028
	37. Allais, BS, Fay, CJ, Kim, DY, Semenov, YR, and LeBoeuf, NR. Cutaneous immune-related adverse events from immune checkpoint inhibitor therapy: Moving beyond "maculopapular rash". Immunol Rev. (2023) 318:22–36. doi: 10.1111/imr.13257
	38. Berner, F, and Flatz, L. Autoimmunity in immune checkpoint inhibitor-induced immune-related adverse events: A focus on autoimmune skin toxicity and pneumonitis. Immunol Rev. (2023) 318:37–50. doi: 10.1111/imr.13258
	39. Goodman, RS, Jung, S, Balko, JM, and Johnson, DB. Biomarkers of immune checkpoint inhibitor response and toxicity: Challenges and opportunities. Immunol Rev. (2023) 318:157–66. doi: 10.1111/imr.13249
	40. Song, R, Liu, F, Ping, Y, Zhang, Y, and Wang, L. Potential non-invasive biomarkers in tumor immune checkpoint inhibitor therapy: response and prognosis prediction. biomark Res. (2023) 11:57. doi: 10.1186/s40364-023-00498-1
	41. Zhang, C, Zhang, C, and Wang, H. Immune-checkpoint inhibitor resistance in cancer treatment: Current progress and future directions. Cancer Lett. (2023) 562:216182. doi: 10.1016/j.canlet.2023.216182
	42. Tan, S, Day, D, Nicholls, SJ, and Segelov, E. Immune checkpoint inhibitor therapy in oncology: current uses and future directions: JACC: cardioOncology state-of-the-art review. JACC CardioOncology. Dec. (2022) 4:579–97. doi: 10.1016/j.jaccao.2022.09.004
	43. Mu, L, Song, Y, Zhao, K, Liu, Y, Fan, Q, Wang, X, et al. SHR-1316, an anti-PD-L1 antibody, plus chemotherapy as the first-line treatment for advanced esophageal squamous cell carcinoma: A multicentre, phase 2 study. Thorac cancer. (2021) 12:1373–81. doi: 10.1111/1759-7714.13913
	44. Wang, J, Zhou, C, Yao, W, Han, S, and Li, D. Adebrelimab or placebo plus carboplatin and etoposide as first-line treatment for extensive-stage small-cell lung cancer (CAPSTONE-1): a multicentre, randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. (2022) 23:739–47. doi: 10.1016/S1470-2045(22)00224-8
	45. Yan, W, Zhong, WZ, Liu, YH, Chen, Q, Xing, W, Zhang, Q, et al. Adebrelimab (SHR-1316) in combination with chemotherapy as perioperative treatment in patients with resectable stage II to III NSCLCs: an open-label, multicenter, phase 1b trial. J Thorac Oncol. (2023) 18:194–203. doi: 10.1016/j.jtho.2022.09.222
	46. Pan, K, Concannon, K, Li, J, Zhang, J, Heymach, JV, and Le, X. Emerging therapeutics and evolving assessment criteria for intracranial metastases in patients with oncogene-driven non-small-cell lung cancer. Nat Rev Clin Oncol. (2023) 20:716–32. doi: 10.1038/s41571-023-00808-4
	47. Gillespie, CS, Mustafa, MA, Richardson, GE, Alam, AM, Lee, KS, Hughes, DM, et al. Genomic alterations and the incidence of brain metastases in advanced and metastatic NSCLC: A systematic review and meta-analysis. J Thorac Oncol. (2023) 18:1703–13. doi: 10.1016/j.jtho.2023.06.017
	48. Passaro, A, Mok, TSK, Attili, I, Wu, YL, Tsuboi, M, de Marinis, F, et al. Adjuvant treatments for surgically resected non-small cell lung cancer harboring EGFR mutations: A review. JAMA Oncol. (2023) 9:1124–31. doi: 10.1001/jamaoncol.2023.0459
	49. O'Dowd, EL, Lee, RW, Akram, AR, Bartlett, EC, Bradley, SH, Brain, K, et al. Defining the road map to a UK national lung cancer screening programme. Lancet Oncol. (2023) 24:e207–18. doi: 10.1016/S1470-2045(23)00104-3
	50. Nardone, V, Romeo, C, D'Ippolito, E, Pastina, P, D'Apolito, M, Pirtoli, L, et al. The role of brain radiotherapy for EGFR- and ALK-positive non-small-cell lung cancer with brain metastases: a review. La Radiologia medica. (2023) 128:316–29. doi: 10.1007/s11547-023-01602-z
	51. Ozcan, G, Singh, M, and Vredenburgh, JJ. Leptomeningeal metastasis from non-small cell lung cancer and current landscape of treatments. Clin Cancer Res. (2023) 29:11–29. doi: 10.1158/1078-0432.CCR-22-1585
	52. Liu, HC, Capuani, S, Badachhape, AA, Di, TN, Davila, GD, Vander, PR, et al. Intratumoral nanofluidic system enhanced tumor biodistribution of PD-L1 antibody in triple-negative breast cancer. Bioeng Transl Med. (2023) 8:e10594. doi: 10.1002/btm2.10594
	53. Rudin, CM, Liu, SV, Soo, RA, Lu, S, Hong, MH, Lee, JS, et al. SKYSCRAPER-02: tiragolumab in combination with atezolizumab plus chemotherapy in untreated extensive-stage small-cell lung cancer. J Clin Oncol. (2024) 42(3):324–35. doi: 10.1200/JCO.23.01363
	54. Wang, Y, Zhu, J, Zhou, N, Wang, Y, and Zhang, X. Changes in T lymphocyte subsets predict the efficacy of atezolizumab in advanced non-small cell lung cancer: a retrospective study. J Thorac Dis. (2023) 15:5669–79. doi: 10.21037/jtd-23-1169
	55. Lin, X, Lu, T, Xie, Z, Qin, Y, Liu, M, Xie, X, et al. Extracranial abscopal effect induced by combining immunotherapy with brain radiotherapy in a patient with lung adenocarcinoma: A case report and literature review. Thorac cancer. (2019) 10:1272–5. doi: 10.1111/1759-7714.13048
	56. West, H, McCleod, M, Hussein, M, Morabito, A, Rittmeyer, A, Conter, HJ, et al. Atezolizumab in combination with carboplatin plus nab-paclitaxel chemotherapy compared with chemotherapy alone as first-line treatment for metastatic non-squamous non-small-cell lung cancer (IMpower130): a multicentre, randomised, open-label, phase 3 trial. Lancet Oncol. (2019) 20:924–37. doi: 10.1016/S1470-2045(19)30167-6
	57. Jin, Y, Xu, J, Zhuang, D, Dong, L, Sun, Y, Zhao, L, et al. Hepatic cavernous hemangioma developed in non-small cell lung cancer patients after receiving Camrelizumab treatment: two case reports. Front Oncol. (2023) 13:1221309. doi: 10.3389/fonc.2023.1221309
	58. Wu, J, Song, Y, Chen, X, Tang, Y, Zheng, W, Liu, W, et al. Camrelizumab for relapsed or refractory classical Hodgkin lymphoma: Extended follow-up of the multicenter, single-arm, Phase 2 study. Int J Cancer. (2022) 150:984–92. doi: 10.1002/ijc.33852
	59. Xiao, Y, Zhu, G, Xie, J, Luo, L, Deng, W, Lin, L, et al. Pretreatment neutrophil-to-lymphocyte ratio as prognostic biomarkers in patients with unresectable hepatocellular carcinoma treated with hepatic arterial infusion chemotherapy combined with lenvatinib and camrelizumab. J hepatocellular carcinoma. (2023) 10:2049–58. doi: 10.2147/JHC.S432134
	60. Chang, J, Jing, X, Hua, Y, Geng, K, Li, R, Lu, S, et al. Programmed cell death 1 pathway inhibitors improve the overall survival of small cell lung cancer patients with brain metastases. J Cancer Res Clin Oncol. (2023) 149:1825–33. doi: 10.1007/s00432-022-04121-y
	61. Terashima, Y, Hakozaki, T, Uehara, Y, Miyanaga, A, Kasahara, K, Seike, M, et al. Prognostic significance of initial tumor shrinkage in patients with stage III non-small cell lung cancer treated with durvalumab following chemoradiotherapy. Int J Clin Oncol. (2023). doi: 10.1007/s10147-023-02436-5
	62. Park, S, Oh, D, Choi, YL, Chi, SA, Kim, K, Ahn, MJ, et al. Durvalumab and tremelimumab with definitive chemoradiotherapy for locally advanced esophageal squamous cell carcinoma. Cancer. Jun 1. (2022) 128:2148–58. doi: 10.1002/cncr.34176
	63. Cathomas, R, Rothschild, SI, Hayoz, S, Bubendorf, L, Özdemir, BC, Kiss, B, et al. Perioperative chemoimmunotherapy with durvalumab for muscle-invasive urothelial carcinoma: primary analysis of the single-arm phase II trial SAKK 06/17. J Clin Oncol. (2023) 41:5131–9. doi: 10.1200/JCO.23.00363
	64. Gao, P, Li, T, Zhang, K, and Luo, G. Recent advances in the molecular targeted drugs for prostate cancer. Int Urol nephrology. (2023) 55(4):777–89. doi: 10.1007/s11255-023-03487-3
	65. Wu, Y, Zhang, T, Liu, Y, Wang, J, and Bi, N. Anlotinib combined with durvalumab in a patient with recurrent multifocal brain metastases of small cell lung cancer after definitive concurrent chemoradiotherapy and palliative radiotherapy of the lung and brain: a case report. Ann palliative Med. (2021) 10:2379–86. doi: 10.21037/apm-20-2390
	66. Wohlfeil, SA, and Géraud, C. Endothelial and tumor-intrinsic mechanisms of hepatic melanoma metastasis. J der Deutschen Dermatologischen Gesellschaft = J German Soc Dermatol JDDG. (2024) 22(1):18–21. doi: 10.1111/ddg.15233
	67. Nowacka, A, Fajkiel-Madajczyk, A, Ohla, J, Kamila, W, browska, D, Sara, L, et al. Current treatment of melanoma brain metastases. Cancers (Basel). (2023) 15(16). doi: 10.3390/cancers15164088
	68. Steininger, J, Gellrich, FF, Engellandt, K, Matthias, M, Dana, W, Stefan, B, et al. Leptomeningeal metastases in melanoma patients: an update on and future perspectives for diagnosis and treatment. Int J Mol Sci. (2023) 24(14). doi: 10.3390/ijms241411443
	69. Boutros, C, Belkadi-Sadou, D, Marchand, A, Roy, S, Routier, E, and Robert, C. Cured or not? Long-term outcomes of immunotherapy responders. Focus Melanoma. Curr Oncol Rep. (2023) 25:989–96. doi: 10.1007/s11912-023-01429-x
	70. Tracz, JA, Donnelly, BM, Ngu, S, Vojnic, M, Wernicke, AG, and D'Amico, RS. The abscopal effect: inducing immunogenicity in the treatment of brain metastases secondary to lung cancer and melanoma. J Neurooncol. (2023) 163:1–14. doi: 10.1007/s11060-023-04312-8
	71. Chen, L, Douglass, J, Kleinberg, L, Kenneth, B, Douglas, K, Ajay, N, et al. Concurrent immune checkpoint inhibitors and stereotactic radiosurgery for brain metastases in non-small cell lung cancer, melanoma, and renal cell carcinoma. Int J Radiat Oncol Biol Phys. (2018) 100:916–25. doi: 10.1016/j.ijrobp.2017.11.041
	72. Long, GV, Atkinson, V, Lo, S, Shahneen, S, Alexander, DG, Michael, PB, et al. Combination nivolumab and ipilimumab or nivolumab alone in melanoma brain metastases: a multicentre randomised phase 2 study. Lancet Oncol. (2018) 19:672–81. doi: 10.1016/S1470-2045(18)30139-6
	73. Amaral, T, Kiecker, F, Schaefer, S, Henner, S, Katharina, K, Patrick, T, et al. Combined immunotherapy with nivolumab and ipilimumab with and without local therapy in patients with melanoma brain metastasis: a DeCOG* study in 380 patients. J Immunother Cancer. (2020) 8(1). doi: 10.1136/jitc-2019-000333
	74. Borzillo, V, Di Franco, R, Giannarelli, D, Cammarota, F, Scipilliti, E, D'Ippolito, E, et al. Ipilimumab and stereotactic radiosurgery with cyberKnife((R)) system in melanoma brain metastases: A retrospective monoinstitutional experience. Cancers (Basel). (2021) 13(8). doi: 10.3390/cancers13081857
	75. Tawbi, HA, Forsyth, PA, Hodi, FS, Alain, PA, Omid, H, Christopher, D, et al. Long-term outcomes of patients with active melanoma brain metastases treated with combination nivolumab plus ipilimumab (CheckMate 204): final results of an open-label, multicentre, phase 2 study. Lancet Oncol. (2021) 22:1692–704. doi: 10.1016/S1470-2045(21)00545-3
	76. Pires da Silva, I, Ahmed, T, McQuade, JL, Caroline, AN, John, JP, Judith, MV, et al. Clinical models to define response and survival with anti-PD-1 antibodies alone or combined with ipilimumab in metastatic melanoma. J Clin Oncol. (2022) 40:1068–80. doi: 10.1200/JCO.21.01701
	77. Mullick, N, and Nambudiri, VE. Relatlimab-nivolumab: A practical overview for dermatologists. J Am Acad Dermatol. (2023) 89:1031–7. doi: 10.1016/j.jaad.2023.06.024
	78. Crino, L, Bronte, G, Bidoli, P, Paola, C, Elisa, M, Enrico, C, et al. Nivolumab and brain metastases in patients with advanced non-squamous non-small cell lung cancer. Lung Cancer. (2019) 129:35–40. doi: 10.1016/j.lungcan.2018.12.025
	79. Guo, T, Zhang, X, Chen, S, Wang, X, and Wang, X. Targeting lipid biosynthesis on the basis of conventional treatments for clear cell renal cell carcinoma: A promising therapeutic approach. Life Sci. (2023) 336:122329. doi: 10.1016/j.lfs.2023.122329
	80. Sofia, D, Zhou, Q, and Shahriyari, L. Mathematical and machine learning models of renal cell carcinoma: A review. Bioengineering (Basel Switzerland). (2023) 10(11). doi: 10.3390/bioengineering10111320
	81. Huang, C, Esfani Sarafraz, P, Enayati, P, Mortazavi Mamaghani, E, Babakhanzadeh, E, and Nazari, M. Circular RNAs in renal cell carcinoma: from mechanistic to clinical perspective. Cancer Cell Int. (2023) 23:288. doi: 10.1186/s12935-023-03128-w
	82. Flippot, R, Dalban, C, Laguerre, B, Delphine, B, Gwénaelle, G, Sylvie, N, et al. Safety and efficacy of nivolumab in brain metastases from renal cell carcinoma: results of the GETUG-AFU 26 NIVOREN multicenter phase II study. J Clin Oncol. (2019) 37:2008–16. doi: 10.1200/JCO.18.02218
	83. Emamekhoo, H, Olsen, MR, Carthon, BC, Alexandra, D, Ivor, JP, Ana, MM, et al. Safety and efficacy of nivolumab plus ipilimumab in patients with advanced renal cell carcinoma with brain metastases: CheckMate 920. Cancer. (2022) 128:966–74. doi: 10.1002/cncr.34016
	84. Stark, MC, Joubert, AM, and Visagie, MH. Molecular farming of pembrolizumab and nivolumab. Int J Mol Sci. (2023) 24(12). doi: 10.3390/ijms241210045
	85. Kakimoto, T, Sasaki, M, Yamamoto, T, Arifumi, I, Kentaro, O, Ko, L, et al. A histologically complete response to immunotherapy using pembrolizumab in a patient with giant cell carcinoma of the lung: an additional report and literature review. Case Rep Oncol Med. (2019) 2019:1763625. doi: 10.1155/2019/1763625
	86. Goldberg, SB, Schalper, KA, Gettinger, SN, Amit, M, Roy, SH, Anne, CC, et al. Pembrolizumab for management of patients with NSCLC and brain metastases: long-term results and biomarker analysis from a non-randomised, open-label, phase 2 trial. Lancet Oncol May. (2020) 21:655–63. doi: 10.1016/S1470-2045(20)30111-X
	87. Kong, X, Song, J, Gao, P, Ran, G, Lin, Z, Yi, F, et al. Revolutionizing the battle against locally advanced breast cancer: A comprehensive insight into neoadjuvant radiotherapy. Med Res Rev. (2020) 21(5):655–63. doi: 10.1002/med.21998
	88. Thakur, C, Qiu, Y, Pawar, A, and Chen, F. Epigenetic regulation of breast cancer metastasis. Cancer Metastasis Rev. (2024) 44(2):606–31. doi: 10.1007/s10555-023-10146-7
	89. Adam-Artigues, A, Arenas, EJ, Arribas, J, Prat, A, and Cejalvo, JM. AXL - a new player in resistance to HER2 blockade. Cancer Treat Rev. (2023) 121:102639. doi: 10.1016/j.ctrv.2023.102639
	90. Zhang, J, Wu, J, Zhou, XS, Shi, F, and Shen, D. Recent advancements in artificial intelligence for breast cancer: Image augmentation, segmentation, diagnosis, and prognosis approaches. Semin Cancer Biol. (2023) 96:11–25. doi: 10.1016/j.semcancer.2023.09.001
	91. Criscitiello, C, Corti, C, De Laurentiis, M, Giampaolo, B, Barbara, P, Saverio, C, et al. Tucatinib's journey from clinical development to clinical practice: New horizons for HER2-positive metastatic disease and promising prospects for brain metastatic spread. Cancer Treat Rev. (2023) 120:102618. doi: 10.1016/j.ctrv.2023.102618
	92. Gil-Henn, H, Girault, JA, and Lev, S. PYK2, a hub of signaling networks in breast cancer progression. Trends Cell Biol. (2023) 120:102618. doi: 10.1016/j.tcb.2023.07.006
	93. Pasquier, D, Bidaut, L, Oprea-Lager, DE, Nandita, M, deSouza Krug, D, Collette, L, et al. Designing clinical trials based on modern imaging and metastasis-directed treatments in patients with oligometastatic breast cancer: a consensus recommendation from the EORTC Imaging and Breast Cancer Groups. Lancet Oncol. (2023) 24:e331–43. doi: 10.1016/S1470-2045(23)00286-3
	94. Medford, AJ, Moy, B, Spring, LM, Hurvitz, SA, Turner, NC, and Bardia, A. Molecular residual disease in breast cancer: detection and therapeutic interception. Clin Cancer Res. (2023) 29:4540–8. doi: 10.1158/1078-0432.CCR-23-0757
	95. Epaillard, N, Bassil, J, and Pistilli, B. Current indications and future perspectives for antibody-drug conjugates in brain metastases of breast cancer. Cancer Treat Rev. (2023) 119:102597. doi: 10.1016/j.ctrv.2023.102597
	96. Yoshimura, T, Li, C, Wang, Y, and Matsukawa, A. The chemokine monocyte chemoattractant protein-1/CCL2 is a promoter of breast cancer metastasis. Cell Mol Immunol. (2023) 20:714–38. doi: 10.1038/s41423-023-01013-0
	97. Wu, D, Tang, S, Ye, R, Li, DM, Gu, DJ, Chen, RR, et al. Case report: long-term response to pembrolizumab combined with endocrine therapy in metastatic breast cancer patients with hormone receptor expression. Front Immunol. (2021) 12:610149. doi: 10.3389/fimmu.2021.610149
	98. Lemery, S, Keegan, P, and Pazdur, R. First FDA approval agnostic of cancer site - when a biomarker defines the indication. N Engl J Med. (2017) 377:1409–12. doi: 10.1056/NEJMp1709968
	99. Zhang, L, Lin, W, Tan, F, Li, N, Xue, Q, Gao, S, et al. Sintilimab for the treatment of non-small cell lung cancer. biomark Res. (2022) 10:23. doi: 10.1186/s40364-022-00363-7
	100. Zhang, L, Mai, W, Jiang, W, and Geng, Q. Sintilimab: A promising anti-tumor PD-1 antibody. Front Oncol. (2020) 10:594558. doi: 10.3389/fonc.2020.594558
	101. Nong, J, Gu, Y, Yao, S, and Zhang, Y. Durable response to immunotherapy plus chemotherapy in a patient with untreated, brain-metastatic, EGFR exon 20 insertion mutation lung adenocarcinoma: A case report. Med (Baltimore). (2021) 100:e26650. doi: 10.1097/MD.0000000000026650
	102. Lee, A, and Keam, SJ. Tislelizumab: first approval. Drugs. (2020) 80:617–24. doi: 10.1007/s40265-020-01286-z
	103. Fu, Y, Zheng, Y, Wang, PP, Chen, YY, and Ding, ZY. Immunotherapy for a POLE mutation advanced non-small-cell lung cancer patient. Front Pharmacol. (2022) 13:817265. doi: 10.3389/fphar.2022.817265
	104. Chen, Q, Zheng, K, Xu, M, Yan, N, Hai, G, and Yu, X. Anlotinib combined with radiotherapy and chemotherapy for recurrent pelvic osteosarcoma treatment: a case report and literature review. Front Oncol. (2023) 13:1283932. doi: 10.3389/fonc.2023.1283932
	105. Zhao, D, Zhu, D, Cai, F, Jiang, M, Liu, X, Li, T, et al. Current situation and prospect of adoptive cellular immunotherapy for Malignancies. Technol Cancer Res Treat. (2023) 22:15330338231204198. doi: 10.1177/15330338231204198
	106. Liu, Q, Li, J, Zheng, H, Yang, S, Hua, Y, Huang, N, et al. Adoptive cellular immunotherapy for solid neoplasms beyond CAR-T. Mol Cancer. (2023) 22:28. doi: 10.1186/s12943-023-01735-9
	107. Biederstädt, A, and Rezvani, K. How I treat high-risk acute myeloid leukemia using preemptive adoptive cellular immunotherapy. Blood. (2023) 141:22–38. doi: 10.1182/blood.2021012411
	108. Zhu, Y, Qian, Y, Li, Z, Li, Y, and Li, B. Neoantigen-reactive T cell: An emerging role in adoptive cellular immunotherapy. MedComm. (2021) 2:207–20. doi: 10.1002/mco2.41
	109. Etxebeste-Mitxeltorena, M, Del Rincón-Loza, I, and Martín-Antonio, B. Tumor secretome to adoptive cellular immunotherapy: reduce me before I make you my partner. Front Immunol. (2021) 12:717850. doi: 10.3389/fimmu.2021.717850
	110. Taborska, P, Stakheev, D, Bartunkova, J, and Smrz, D. Thapsigargin-stimulated LAD2 human mast cell line is a potent cellular adjuvant for the maturation of monocyte-derived dendritic cells for adoptive cellular immunotherapy. Int J Mol Sci. (2021) 22(8). doi: 10.3390/ijms22083978
	111. Chen, H, Fan, Y, Hao, X, Yang, C, Peng,, Guo, R, et al. Adoptive cellular immunotherapy of tumors via effective CpG delivery to dendritic cells using dendrimer-entrapped gold nanoparticles as a gene vector. J Mater Chem B. (2020) 8:5052–63. doi: 10.1039/D0TB00678E
	112. Guo, L, Ding, J, and Zhou, W. Converting bacteria into autologous tumor vaccine via surface biomineralization of calcium carbonate for enhanced immunotherapy. Acta Pharm Sin B Dec. (2023) 13:5074–90. doi: 10.1016/j.apsb.2023.08.028
	113. Ma, G, Li, F, Wang, X, Li, Q, Hong, Y, Wei, Q, et al. A bionic yeast tumor vaccine using the co-loading strategy to prevent post-operative tumor recurrence. ACS Nano. (2023) 17:21394–410. doi: 10.1021/acsnano.3c06115
	114. Wang, X, Zhang, Y, Chung, Y, Tu, C, Zhang, W, Mu, X, et al. Tumor vaccine based on extracellular vesicles derived from γδ-T cells exerts dual antitumor activities. J Extracell Vesicles. (2023) 12:e12360. doi: 10.1002/jev2.12360
	115. Zeng, F, Fan, Z, Li, S, Li, L, Sun, T, Qiu, Y, et al. Tumor microenvironment activated photoacoustic-fluorescence bimodal nanoprobe for precise chemo-immunotherapy and immune response tracing of glioblastoma. ACS Nano. (2023) 17:19753–66. doi: 10.1021/acsnano.3c03378
	116. Tobin, JWD, Bednarska, K, Campbell, A, and Keane, C. PD-1 and LAG-3 checkpoint blockade: potential avenues for therapy in B-cell lymphoma. Cells. (2021) 10(5). doi: 10.3390/cells10051152
	117. Chen, M, Bie, L, and Ying, J. Cancer cell-intrinsic PD-1: Its role in Malignant progression and immunotherapy. BioMed Pharmacother. (2023) 167:115514. doi: 10.1016/j.biopha.2023.115514
	118. Filippone, A, Lanza, M, Mannino, D, Raciti, G, Colarossi, C, Sciacca, D, et al. PD1/PD-L1 immune checkpoint as a potential target for preventing brain tumor progression. Cancer Immunol Immunother. (2022) 71:2067–75. doi: 10.1007/s00262-021-03130-z
	119. Zhao, J, Roberts, A, Wang, Z, Savage, J, and Ji, RR. Emerging role of PD-1 in the central nervous system and brain diseases. Neurosci bulletin. (2021) 37:1188–202. doi: 10.1007/s12264-021-00683-y
	120. Kreidieh, FY, and Tawbi, HA. The introduction of LAG-3 checkpoint blockade in melanoma: immunotherapy landscape beyond PD-1 and CTLA-4 inhibition. Ther Adv Med Oncol. (2023) 15:17588359231186027. doi: 10.1177/17588359231186027
	121. Khasraw, M, Reardon, DA, Weller, M, and Sampson, JH. PD-1 Inhibitors: Do they have a Future in the Treatment of Glioblastoma? Clin Cancer Res. (2020) 26:5287–96. doi: 10.1158/1078-0432.CCR-20-1135
	122. Villacampa, G, Cresta Morgado, P, Navarro, V, Viaplana, C, and Dienstmann, R. Comprehensive evaluation of surrogate endpoints to predict overall survival in trials with PD1/PD-L1 immune checkpoint inhibitors plus chemotherapy. Cancer Treat Rev. (2023) 116:102542. doi: 10.1016/j.ctrv.2023.102542
	123. Hao, Y, and Cook, MC. Inborn errors of immunity and their phenocopies: CTLA4 and PD-1. Front Immunol. (2021) 12:806043. doi: 10.3389/fimmu.2021.806043
	124. Chen, RY, Zhu, Y, Shen, YY, Xu, QY, Tang, HY, Cui, NX, et al. The role of PD-1 signaling in health and immune-related diseases. Front Immunol. (2023) 14:1163633. doi: 10.3389/fimmu.2023.1163633
	125. Relecom, A, Merhi, M, Inchakalody, V, Uddin, S, Rinchai, D, Bedognetti, D, et al. Emerging dynamics pathways of response and resistance to PD-1 and CTLA-4 blockade: tackling uncertainty by confronting complexity. J Exp Clin Cancer Res. (2021) 40:74. doi: 10.1186/s13046-021-01872-3




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Li, Sun, Li, Zhang and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 01 August 2024

doi: 10.3389/fimmu.2024.1436973

[image: image2]


HSP90 multi-functionality in cancer


Zarema Albakova 1,2*


1 Department of Biology, Lomonosov Moscow State University, Moscow, Russia, 2 Chokan Limited Liability Partnership, Almaty, Kazakhstan




Edited by: 

Julia Schueler, Charles River Discovery Research Services GmbH, Germany

Reviewed by: 

Wolfgang Sommergruber, Medical University of Vienna, Austria

Yusuf Tutar, University of Health Sciences, Türkiye

*Correspondence: 

Zarema Albakova
 zarema.albakova14@gmail.com 


Received: 22 May 2024

Accepted: 18 July 2024

Published: 01 August 2024

Citation:
Albakova Z (2024) HSP90 multi-functionality in cancer. Front. Immunol. 15:1436973. doi: 10.3389/fimmu.2024.1436973



The 90-kDa heat shock proteins (HSP90s) are molecular chaperones essential for folding, unfolding, degradation and activity of a wide range of client proteins. HSP90s and their cognate co-chaperones are subject to various post-translational modifications, functional consequences of which are not fully understood in cancer. Intracellular and extracellular HSP90 family members (HSP90α, HSP90β, GRP94 and TRAP1) promote cancer by sustaining various hallmarks of cancer, including cell death resistance, replicative immortality, tumor immunity, angiogenesis, invasion and metastasis. Given the importance of HSP90 in tumor progression, various inhibitors and HSP90-based vaccines were developed for the treatment of cancer. Further understanding of HSP90 functions in cancer may provide new opportunities and novel therapeutic strategies for the treatment of cancer.
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1 Introduction

Heat shock protein 90 (HSP90) chaperone machinery plays a critical role in protein folding, unfolding, degradation and maturation processes (1, 2). HSP90 chaperones interact with a large and diverse group of client proteins, many of which are important regulators of tumorigenesis, immune suppression, invasion and metastasis (3). HSP90s are primarily located in cytosol, endoplasmic reticulum, and mitochondria (4), but also have been found in the extracellular space associated with tumor progression and unfavorable clinical outcome (5). Overexpression of HSP90s has been implicated in survival and proliferation of tumor cells (6), which was further supported by the finding that HSP90s are upregulated in response to apoptotic stimuli, such as UV, sodium arsenite and doxorubicin (6–8). In addition, Kruta et al. demonstrated that ex vivo culture stress and aging also induce heat shock response by activating heat shock factor -1 (HSF-1) (9–11).

HSP90 family is composed of several members, including cytosolic stress-inducible HSP90α/HSP90AA1 and constitutive HSP90β/HSP90AB1, mitochondrial HSP90 called tumor necrosis factor receptor-associated protein 1 (TRAP1) and HSP90 member in endoplasmic reticulum (ER) called glucose-regulated protein 94 (GRP94/HSP90B1/gp96/ERp99/Endoplasmin) (4, 12). Different HSP90 homologs have distinct intracellular functions. For example, GRP94 is primarily responsible for the unfolded protein response whereas TRAP1 is involved in mitochondrial bioenergetics [reviewed in (12)].

In this Review, we focus on the role of HSP90 chaperone machinery in sustaining various hallmarks of cancer and exploring the potential of HSP90 as anti-cancer therapeutic targets.




2 The HSP90 structure and conformational cycle

Each HSP90 monomer consists of amino-terminal domain (NTD) that is connected to a middle domain (MD) by a linker, and a C-terminal domain (CTD) (Figure 1) (13). In the absence of ATP, HSP90 mainly adopts an open V-shaped conformation (13). ATP binding leads to the conformational change in NTD involving closure of the lids, which is followed by the NTD dimerization and twisting of HSP90 monomers for the efficient ATP hydrolysis (closed conformation) (Figure 1) (13–16). Various co-chaperones assist HSP90 throughout conformational cycle (13). HSP70/HSP90-organizing protein (HOP), also known as stress-inducible phosphoprotein 1 (STIP1) and cell division cycle 37 homologue (CDC37) inhibit HSP90 structural changes, whereas activator of HSP90 ATPase homologue 1 (Aha1) accelerates the formation of closed ATP-bound conformation (13, 16). Prostaglandin E synthase 3 (PTGES3/p23) acts as a co-chaperone slowing the ATPase cycle by stabilizing the closed conformation that is committed to ATP hydrolysis (13, 17) (Figure 1).
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Figure 1 | The HSP90 conformational cycle. HSP90 homodimer mainly adopts an open V-shaped conformation. ATP binding to the N-terminal domain (NTD) shifts HSP90 from an open conformation to a ‘closed and twisted’ conformation. Co-chaperones, such as p23, HSP70/HSP90-organizing protein (HOP/STIP1) and cell division cycle 37 homologue (CDC37) associate with specific HSP90 conformations. NTD, N-terminal domain; MD, middle domain; CTD, C-terminal domain; Pi, inorganic phosphate; p23, Prostaglandin E synthase 3.




3 HSP90 post-translational modifications

One of the main challenges in studying the function of HSP90 chaperone machinery in cancer is to understand the consequences of HSP90 and co-chaperone post-translational modifications (18). Indeed, HSP90s undergo various post-translational modifications, including phosphorylation, acetylation, oxidation, ubiquitination, SUMOylation, S-nitrosylation and methylation (18). Tyrosine phosphorylation was shown to increase HSP90 interaction with endothelial nitric oxide synthase and ionotropic P2X7 receptors (19). Double-stranded DNA protein kinase (20), B-Raf (21), Akt (22), c-Src kinase (23), protein kinase A (PKA) (24), CK2 protein kinase (25, 26) have been shown to phosphorylate HSP90s, however the functional consequences of HSP90 phosphorylation are not yet fully determined (18). Kurokawa and colleagues demonstrated that by contrast to untransformed cells the HSP90β phosphorylation at Ser 226/Ser 255 was not identified in leukemic cells (26). The functions of HSP90 are also impacted by co-chaperone post-translational modifications. Several investigators showed that PP5/Ppt1 dephosphorylates Cdc37, affecting its interaction with HSP90 and its protein kinase clients (27, 28).

The chaperone activity of HSP90 is also modulated by histone deacetylase 6 (HDAC6) (18, 29–31). HDAC inhibitor depsipeptide (Romidepsin) induced acetylation of HSP90 and destabilized HSP90 interaction with several clients, including ErbB2, Raf-1, and mutant p53 in in non-small cell lung cancer cells (32). Interestingly, HDAC6 deficiency also associated with the degradation of another HSP90 client, the hypoxia-inducible factor 1α (HIF-1α) (18, 33). Additionally, HDAC6 reduction increases the acetylation of FOXP3 and HSP90, enhancing suppressive functions of T regs (34, 35). Apart from HDAC6, other HDACs are also able to deacetylate HSP90. For example, HDAC1 has been shown to deacetylate HSP90 in human breast cancer cells (36), HDAC9 in T regs (34), while both HDAC6 and HDAC10 are involved in HSP90-mediated regulation of vascular endothelial growth factor receptors (37). Thiol oxidation of HSP90 and HSP70 associates with the degradation of HSP90 client proteins, such as Cdk4, Raf-1, Akt, mutant p53 and cyclin D1 (38). Oxidative stress also causes lipid peroxidation leading to the accumulation of reactive aldehydes which in turn affect HSP90 chaperone function (12, 18, 39). HSP90 has also been reported to be ubiquitinated by CHIP (12, 40), leading to the degradation of HSP90 clients (41). In addition, S-nitrosylation, SUMOylation and methylation also affect HSP90 chaperone activity (38, 42–44).




4 HSP90 secretion into the extracellular milieu

Elevated HSP90 level was detected in plasma/serum in patients with cancer, including liver cancer (45), advanced staged colorectal cancer (46, 47), lung cancer (48), acute myeloid leukemia (49), hepatocellular carcinoma (50). Extracellular HSP90s may affect other cells by modulating intercellular signaling when released via EVs (51). EVs play important roles in intercellular communication, regulating a range of biological processes. Given the ability of EVs to carry and transfer tumorigenic factors between cells, EVs have been explored as therapeutic targets, novel drug delivery vehicles, biomarkers and standalone therapeutics in cancer research (52). HSP90s and their co-chaperones have been found in EVs isolated from patients with melanoma (53–55), glioblastoma (56), pancreatic cancer (57), prostate cancer (58), bladder cancer (59), lung cancer (60) and papillary thyroid cancer (61) [reviewed in (62)]. Lauwers and colleagues demonstrated that HSP90 in Drosophila regulates the membrane deformation and exosome release (63). Subsequent study demonstrated that HSP90α is located on the surface of exosomes and the monoclonal antibody against HSP90α inhibits the pro-motility activity of tumor-secreted exosomes (64).




5 HSP90 functions in the hallmarks of cancer

Being abundantly expressed in cancer, HSP90s promote growth and survival of tumor cells by regulating a wide range of processes. Here, we will explore HSP90 involvement in the hallmarks of cancer – a model of multi-step cancer development established by Hanahan and Weinberg (65, 66) (Figure 2).
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Figure 2 | HSP90 in the Hallmarks of Cancer [modified from (67)]. HSP90s regulate cell death mechanisms, replicative immortality, tumor immunity, angiogenesis and metastasis. EMT, epithelial-mesenchymal transition; CDK, cyclin-dependent kinase; HIF-1α, hypoxia-inducible factor 1α; MIF, macrophage migration inhibitory factor; MMP-2, matrix metalloproteinase 2.



5.1 HSP90 and tumor immunity

In 1986 Ullrich and colleagues identified HSP90 as a highly abundant cytosolic and surface tumor-transplantation antigen in methylcholanthrene-induced tumors (Meth A) (68). At the same time Srivastava et al. isolated tumor rejection antigens from the membrane and cytosol fractions of Meth A and CMS5 which was later recognized as ER HSP90 homolog, glucose-regulated protein 94 (GRP94/HSP90B1/gp96/ERp99/Endoplasmin) (69, 70). HSP90s isolated from tumors have been shown to elicit potent anti-tumor response (3, 71–73). Mechanistically, tumor-isolated HSP90-peptide complexes interact with scavenger receptor expressed by endothelial cells (SREC-I) on APCs, leading to their cross-presentation via MHC class I or more standard MHC class II antigen presentation pathway (2, 74). This is also supported by the finding that downregulation of heat shock factor (HSF-1) or HSP90 associates with a defective cross-presentation by DCs (75). Furthermore, it has been shown that HSP90 inhibitor reduces the translocation of antigens into the cytosol whereas HSP90AA1 knockdown leads to a loss of proteolytic intermediates and reduced presentation of peptide-MHC I complexes on the cell surface (76, 77). Subsequent studies demonstrated that low-level inhibition of HSP90 diversifies the peptide MHC class I repertoire on tumor cells (78). HSP90 inhibitor also showed to decrease MHC II antigen presentation by IFNγ-treated APCs (79). Altogether, these data show that HSP90 is critical for MHC I and MHC II class antigen presentation.

Apart from antigen presentation, HSP90 is also critical for the phenotype and functional activity of immune cells. In this regard, Bae and colleagues demonstrated that HSP90 inhibitor downregulates CD3, CD8, CD25, CD28, CD40L and αβ on the surface of T cells and activating receptors, including CD2, CD11a, CD94, NKp30, NKp44, NKp46, KARp50.3 on NK cells (80). We and others show that HSP90 deficiency impairs NK and T cell proliferation, cytotoxicity and IFNγ production (80–83). By contrast, HSP90 ER homolog GRP94 stimulates NK cells indirectly via APCs (84). On DCs, GRP94 acts via Toll-like receptor 2 (TLR-2) and TLR-4 inducing the expression of CD86 and IL-12 and TNF-α production (85, 86). In T regs, GRP94 upregulates Foxp3, IL-10 and TGF-β1 via TLR-2/4-mediated NF-κB activation (87). Interaction of GRP94 with TLR is critical for the activation of cytotoxic T cells response (88). Additionally, GRP94 also induces NLRP3 inflammasome activation and IL-1β production in murine APCs via K+ efflux (89). HSP90α on the tumor-cell released autophagosomes (TRAPs) stimulate IL-6 release by CD4+ T cells via TLR2-MyD88-NF-κB pathway (90). Autocrine IL-6 further promotes the production of IL-10 and IL-21 by CD4+ T cells via STAT3, enhancing metastasis (90). It has also been shown that the production of HSP90α, IL-8 and IL-6 by macrophages induces JAK2-STAT3 pathway, supporting invasion and migration in pancreatic ductal epithelial cells (91). On the other hand, cytokines may also induce HSP90 expression, which further enhance their pro and anti-inflammatory activities (Figure 3) (92). Unlike HSP90AA1, HSP90AB1 and HSP90B1, TRAP1 could only be induced by IL-18 in NK cells and IL-3 in conventional DC2 (cDC2) cells (92). Collectively, these studies show that there is an important interplay between HSP90 and cytokines, which should be further explored in the context of cancer.
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Figure 3 | HSP90 gene expression in response to cytokines in murine lymph nodes in vivo from an independent dataset (92), with the mean log2 fold change. HSP90AA1 – cytoplasmic stress-inducible HSP90 homolog; HSP90AB1-cytoplasmic constitutive HSP90; HSP90B1 – ER-resident HSP90; Mϕ, macrophages; pDC, plasmacytoid dendritic cells; B, B cell; T reg, T regulatory cells; NK, natural killer cells; Mo, monocytes; ILC, innate lymphoid cells.

HSP90 family members also play important roles in the regulation of immune checkpoints. Zavareh and colleagues demonstrated that HSP90 inhibitors downregulate PD-L1 mRNA level and surface expression by suppressing HSP90 clients c-Myc and signal transducer and activator of transcription 3 (STAT3) (93). Another HSP90 client nucleophosmin/anaplastic lymphoma kinase (NPM/ALK) showed to induce PD-L1 via STAT3 activation in T cell lymphoma cells (94). It has been also shown that the spliced isoform of HSP90 co-chaperone FKBP51 regulates the expression of glycosylated PD-L1 in glioma cells (95). Combination of HSP90 inhibitor ganetespib and anti-CTLA-4 associated with an increase in the frequency of CD8+ T cells in mice and decrease in T regs (96). Mechanistically, HSP90 inhibitor upregulates interferon response genes, leading to T cell-mediated killing of melanoma cells (96).

Using mass spectrometry-based proteome profiling several studies showed that various types of immune cells, including NK, T, dendritic cells, platelets, and neutrophils can secrete HSP90s and their cognate co-chaperones in EVs (summarized in Figure 4) (62). Overexpression of HSP90 in hypoxic macrophage-derived exosomes inhibited Hippo signaling pathway, leading to colorectal cancer progression (102). Heat shock and anti-cancer drugs significantly upregulate exosomes release (103). Exosomes secreted by mouse B cell lymphoma cells after heat shock showed elevated expression of HSP90, HSP60 and MHC I, MHC II, CD40, CD86, RANTES and IL-1β (104, 105). These exosomes stimulate DC maturation and more potently induce CTL responses (104). It has also been shown that HSP-bearing exosomes secreted by human hepatocellular carcinoma cells stimulate NK cell cytotoxicity and granzyme B secretion (103). Triple deletion of CDC37, HSP90α and HSP90β diminished EV-driven malignancy progression and macrophage M2 polarization (106).

[image: Diagram depicting extracellular vesicles (EVs) from five cell types: NK cell, T cell, mDC, platelet, and neutrophil. Each EV contains various proteins labeled with names like HSP90, FKBP, and others. The vesicles are color-coded and connected by dotted lines to their respective cells, illustrating the presence of specific proteins within the vesicles.]
Figure 4 | HSP90s and their co-chaperones in extracellular vesicles secreted by different types of immune cells. Extracellular vesicles secreted by NK cells (97), T cells (98), mDCs (99), platelets (100) and neutrophils (101) isolated from healthy donors. EVs, extracellular vesicles; mDCs, monocyte-derived dendritic cells.




5.2 HSP90 in tumor resistance to cell death

HSP90 regulates both intrinsic and extrinsic apoptotic pathways. In intrinsic pathway, HSP90 is implicated in the conformational change of Bax and the release of cytochrome c (107, 108). Moreover, HSP90 also interacts with Apaf-1, inhibiting pro-caspase-9 and pro-caspase-3 activation (6). HSP90 inhibition downregulates STAT3, survivin, cyclin D1 and upregulates cytochrome c, caspase-9 and caspase-3 (109). Results also showed that TRAP1 inhibitor gamitrinib containing triphenylphosphine induces cyclophilin D-dependent mitochondrial permeability transition in tumor cells, leading to apoptosis (108, 110, 111). In extrinsic pathway, FLICE-like inhibitory proteins (c-FLIP) is required for inhibiting apoptosis at the death inducing signaling complex (DISC) (108, 112). HSP90 inhibitors induced c-FLIPL degradation in human lung cancer cells mediated by C-terminus of HSP70-interacting protein (CHIP) (112).

HSP90 is also involved in the modulation of another form of regulated cell death necroptosis (108, 113). Jacobsen and co-workers demonstrated that HSP90 inhibitors block necroptosis by downregulating MLKL expression and membrane translocation (113). Several studies reported that HSP90 inhibitors impact RIP1 stability and function (114–117). A complex consisting of HSP90 and CDC37 is required for RIP3 activation during necroptosis (118).

Apart from apoptosis and necroptosis, HSP90 is implicated in autophagy. HSP90 is essential for the lysosome-associated membrane protein type 2A (LAMP-2A) stability (119). Moreover, HSP90 inhibition leads to the IκB kinase (IKK) degradation by autophagy while Atg5 or autophagy inhibition can reverse IKK degradation, suggesting that there is a molecular link between HSP90, NF-κB and autophagy (108, 120). In addition, HSP90/CDC37 stabilizes and activates ULK1, which is required for Atg13 phosphorylation and release. Subsequently, Atg13 is recruited to damaged mitochondria for efficient clearance (121). HSP90 inhibition downregulates Atg7 and upregulates caspase 9 in KRAS- mutant non-small cell lung cancer cells (122). HSP90 inhibition also leads to Beclin 1 proteasomal degradation, suppressing TLR3- and TLR4-mediated autophagy (123).

In addition, HSP90 is involved in ferroptosis facilitating the degradation of glutathione peroxidase 4 (GPX4) by chaperone-mediated autophagy (117, 124). It is interesting to note that HSP90 inhibitor 2-amino-5-chloro-N,3-dimethylbenzamide (CDDO) can block both necroptosis and ferroptosis, suggesting that HSP90 may be a common regulatory mechanism in necroptosis and ferroptosis (117). HSP90 is also implicated in pyroptosis by regulating priming and activation of NLRP3 inflammasome and subsequent IL-1β production (125–127).




5.3 HSP90 in sustained proliferation

Recent studies have reported that HSP90 regulates the activity of tumor suppressor p53 by interacting with its DNA binding domain (128). HSP90 stabilizes mutant p53 in cancer cells leading to uncontrolled proliferation of tumor cells (129, 130). HSP90 also stabilizes the epidermal growth factor receptor (EGFR) in tumor cells (129). HSP90 inhibition decreases total and phosphorylated EGFR and suppresses the proliferation of resistant cancer cells (131). In addition, HSP90 activity is essential for ErbB2/HER, v-Src, c-Src, BCR-ABL, Raf1, and other kinases which are known to promote proliferation and survival of cancer cells (132).




5.4 HSP90 in the deregulation of cellular energetics

HSP90 homolog TRAP1 is a critical regulator of mitochondrial bioenergetics (12). TRAP1 interacts and suppresses the activity of succinate dehydrogenase (SDH), promoting Warburg phenotype (133). Results also showed that TRAP1 decreases cell oxygen consumption rate and OXPHOS-dependent ATP synthesis (133). Furthermore, TRAP1 deficiency enhances mitochondrial respiration and inhibits glycolysis (134). These TRAP1-deficient cells also express increased levels of ATP, ROS and cytochrome c oxidase (complex IV) (134). Mitochondrial HSP90 homolog TRAP1, but not cytosolic HSP90, binds and stabilizes succinate dehydrogenase-B (SDHB) contributing to HIF-1α-mediated cancer progression in patients carrying SDHB mutations (135).




5.5 HSP90 in replicative immortality

Holt and colleagues demonstrated that HSP90 and its co-chaperone p23 associate with human telomerase reverse transcriptase and are required for efficient assembly of functional telomerase (136). HSP90 inhibitor geldanamycin inhibited the assembly of active telomerase in vitro and in vivo (136). Further biochemical studies demonstrated that HSP90 is critical for hTERT folding and stabilization of the assembled telomerase complex (137). HSP90 is also important for the maintenance of telomere length as overexpression of HSP90 associates with telomere shortening (138). In addition, HSP90 promotes telomerase DNA binding (139). Telomere dysfunction may also induce senescence (140). Indeed, Zhong and colleagues demonstrated that an increase in extracellular HSP90α promotes fibroblast senescence by activating TGFβ (141). HSP90 inhibitors downregulate phosphorylated form of AKT, leading to apoptosis of senescent cells (142). These data suggest that HSP90 favors tumor growth by modulating telomerase and senescence.




5.6 HSP90 in angiogenesis

Song and colleagues reported that HSP90α promotes angiogenesis via stabilizing activated matrix metalloproteinase 2 (MMP-2) (143). Further studies showed that HSP90 also stabilizes macrophage migration inhibitory factor (MIF), which acts as an angiogenesis promoting factor during neoplastic transformation (144, 145). Dong et al. demonstrated that breast cancer cells secrete HSP90α to survive under hypoxia (146). HSP90 inhibitor AT-533 has been reported to inhibit growth and angiogenesis by suppressing the HIF-1α/VEGF pathway in hypoxic breast cancer cells (147). These cells also secrete a splice variant VEGF90K which binds HSP90 on the surface of microvesicles further promoting angiogenesis (148). HSP90/phosphorylated IKK-rich extracellular vesicles from hypoxic melanoma activate pro-angiogenic melanoma-associated fibroblasts (MAFs) via the NF-κB/CXCL1 axis (149). Furthermore, C-terminal HSP90 inhibitor SL-145 has been shown to inhibit growth and angiogenesis by dysregulating JAK2/STAT3 signaling pathway in triple negative breast cancer cells (150).




5.7 HSP90 in invasion and metastasis

Extracellular HSP90 interacts with LRP1 (also known as CD91) to induce ERK and MMP-2/9 activation, leading to E-cadherin inhibition and the initiation of EMT in prostate cancer cells (51, 151). Furthermore, extracellular HSP90 secreted by these cells upregulates the expression of stem-like markers, promoting self-renewal (152). HSP90 interaction with LRP1 leads to the increased expression of phosphorylated IKKα/β and NF-κB resulting in the induction of TCF12, which in turn decreases E-cadherin and promotes colorectal cancer EMT, migration and invasion (153). HSP90β also associates with LRP5, promoting EMT via Akt and Wnt/β-catenin signaling (12, 154). In metastatic breast cancer cells, HIF-1α downregulation inhibits HSP90α secretion and invasion (155). GRP94, an ER paralog of HSP90 may also promote invasion and metastasis via the regulation of its client GARP, which is critical for the membrane expression of TGFβ (156).





6 HSP90 therapies targeting cancer



6.1 HSP90 inhibitors in cancer clinical trials

Owing to the importance of HSP90 in cancer, it has become an attractive target for anti-cancer therapies. HSP90 inhibitors in clinical trials are summarized in Table 1. Several clinical trials assessed HSP90 inhibitor-linked to verteporfin (HS-201, NCT03906643) or near infrared red probe (HS-196, NCT03333031) for imaging and detection of solid tumors. Currently, there are no FDA-approved HSP90 inhibitors. The low effectiveness of HSP90 inhibitors in clinical trials may be attributed to drug-related toxicity and limited efficacy. Insufficient isoform selectivity has been considered as one of the main reasons for these failures.

Table 1 | HSP90 inhibitors in cancer clinical trials.
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6.2 HSP90 vaccines

The ability of HSP90-peptide complexes to activate both CD8+ and CD4 +T cells led to the development of HSP90-based vaccines (3, 157). Innovative approach was proposed by Yamazaki and colleagues who generated a secretory form of ER HSP90 where HSP90 ER (gp96) KDEL retention signal was deleted and replaced with the Fc portion of IgG1, thus imitating necrotic cell death release of HSPs (158). Immunization of mice with tumor cells secreting gp96-Ig resulted in tumor rejection in vivo which was primarily dependent on CD8+ T cells (158, 159). Gp96-Ig vaccine, also called Viagenpumatucel-L or HS-110 was further assessed in phase I (NCT00503568) and phase II (NCT02117024) clinical trials in patients with non-small cell lung carcinoma. Gp96-Ig was also assessed in combination with anti-PD-1inhibitor Nivolumab (NCT02439450) and has shown to be well-tolerated and improve overall survival of PD-L1+ patients with advanced lung cancer (160, 161).

Crane and colleagues prepared autologous gp96-peptide complexes to immunize patients with recurrent glioblastoma in phase I trial (162). Re-stimulation of peripheral blood leukocytes with autologous gp96 led to increase in IFNγ (162). Autologous gp96 prepared from resected tumors in combination with standard radiation and chemotherapy improved overall survival in glioblastoma patients with low expression of PD-L1+ on peripheral myeloid CD45+ CD11b+ cells (163). Interestingly, dendritic cells (DCs) pulsed with tumor-derived gp96 showed anti-tumor effect which was significantly dependent on NK and CD8 T cells (164). Multi-chaperone vaccine called “chaperone-rich cell lysate” (CRCL) contains several chaperones, including HSP70, HSP90, gp96 and calreticulin showed to activate DCs and upregulate the expression of CD40, MHC II, IL-12, CD70, iNOS and NF-κB and enhance the phosphorylation of STAT1,STAT5, ERK1/2 and AKT (165, 166). CRCL-stimulated DCs and macrophages resisted the suppressive activity of T regulatory cells (167). Notably, depletion of chaperones from CRCL led to the decrease in IFNγ production by splenocytes (165). Similar to T cells, CRCL has also been shown to stimulate IFNγ, TNFα, RANTES production and the activation of STAT1 and NF-κB by NK cells (168).

Immunization of mice with another multi-chaperone vaccine purified from the mouse sarcoma cell line S180 containing the mixture of HSP60, HSP70, HSP110 and gp96 (mHSP/peptide vaccine) in combination with cyclophosphamide and IL-12 suppressed tumor growth and improved long-term survival (169). Further studies have shown that mHSP/peptide vaccine containing HSP70, HSP90 and gp96 showed superior anti-tumor effect than gp96/peptide vaccine (170). PD-L1 inhibitor in combination with tumor-derived mHSP/peptide vaccine induced the section of IFNγ, TNFα, IL-10 and IL-2 on day 14th whereas on day 28th combinational treatment led to decrease production of IFNγ, IL-2 and IL-10 (170).





7 Conclusion

HSP90 molecular chaperones are abundantly expressed in cancer, leading to tumor growth and survival via the modulation of various hallmarks of cancer, including sustained proliferation, deregulation of cellular energetics, unlimited replicative potential, tumor immunity, angiogenesis, metastasis and invasion. Given HSP90 ability to promote growth and survival of tumor cells by regulating a wide range of processes and enabling hallmarks of cancer, various HSP90 inhibitors entered clinical trials. Based on the ability of HSP90 to elicit anti-tumor response, several HSP90-based immunotherapies were developed. Further elucidating the complex role of HSP90 in cancer may provide new opportunities for the diagnosis and treatment of cancer patients.
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Introduction

Myeloid sarcomas (MS) comprise rare extramedullary manifestations of myeloid neoplasms with poor patients’ outcome. While the clinical relevance of the tumor microenvironment (TME) is well established in many malignancies, there exists limited information in MS. 





Methods

The expression of the human leukocyte antigen class I (HLA-I) antigens, HLA-I antigen processing and presenting machinery (APM) components and the composition of the TME of 45 MS and paired bone marrow (BM) samples from two independent cohorts were assessed by immunohistochemistry, multispectral imaging, and RNA sequencing (RNAseq).





Results

A significant downregulation of the HLA-I heavy chain (HC; 67.5%) and ß2-microglobulin (ß2M; 64.8%), but an upregulation of HLA-G was found in MS compared to BM samples, which was confirmed in a publicly available dataset. Moreover, MS tumors showed a predominantly immune cell excluded TME with decreased numbers of tissue infiltrating lymphocytes (TILs) (9.5%) compared to paired BM (22.9%). RNAseq analysis of a subset of 10 MS patients with preserved and reduced HLA-I HC expression revealed 150 differentially expressed genes and a significantly reduced expression of inflammatory response genes was found in samples with preserved HLA-I expression. Furthermore, low HLA-I expression and low TIL numbers in the TME of MS cases were linked to an inferior patients’ outcome.





Discussion

This study demonstrated a high prevalence of immune escape strategies in the pathogenesis and extramedullary spread of MS, which was also found in patients without evidence of any BM pathology, which yields the rational for the development of novel individually tailored therapies for MS patients.





Keywords: myeloid sarcoma (MS), immune evasion, HLA, survival, TME (tumor microenvironment)
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Graphical Abstract | Tumor samples of 45 patients from two centers with a diagnosis of myeloid sarcoma (MS) and paired bone marrow biopsies (BMBs) were stained for components of the human leukocyte antigen class I (HLA-I), antigen processing and presenting machinery (APM) and tissue infiltrating lymphocytes (TILs) using conventional immunohistochemistry (IHC) and multispectral imaging (MSI). The publicly available RNA expression dataset GSE103344 originating from human AML cells with the in vitro and in vivo ability to form solid tumor mass served as an external reference for APM component expression. In addition, bulk RNA sequence analysis was performed from MS samples with preserved and decreased HLA-I expression. Higher APM expression and TIL infiltration was correlated with a superior survival of MS patients.







Introduction

Myeloid sarcomas (MS) encompass a heterogeneous group of tumor mass forming clonal hematologic diseases with an extramedullary manifestation that is usually associated with poor patients’ outcome. Frequently skin, lymph nodes, gastrointestinal tract, bone, soft tissue, central nervous system and testes are affected. MS can develop in context with an acute myeloid leukemia (AML), myeloproliferative neoplasm (MPN), myelodysplastic neoplasm (MDS) or at relapse, particularly following allogeneic hematopoietic stem cell transplantation (1–4). Indeed, about 70% of patients exhibit concordant molecular alterations in both MS and bone marrow (BM) disease implying a potential origin from a shared hematopoietic stem cell or precursor (5, 6), although approximately 25% of the disease occurs without BM involvement (4, 7). Furthermore, prevalence for males over females and a mean onset in the 4th and 5th decade has been shown (4, 8). The outcome of the vast majority of patients is poor and an influence of the underlying myeloid neoplasm (MN) has been controversially discussed (1, 8, 9). Due to its rarity and lack of randomized controlled studies, the diagnosis of MS is challenging and might result in misdiagnosis as lymphoma (7, 8). MS express myeloid markers like myeloperoxidase, lysozyme, CD33 or CD68, as well as T cell surface markers, such as CD3, CD4 and/or CD5, but frequently negative for immature markers like CD34 (10, 11). Recently, various genetic aberrations have been identified in MS samples (12), which were also of prognostic relevance (13). Radiotherapy, surgery and allogeneic stem cell transplantation are currently used for the treatment of MS patients (14). Furthermore, low-dose therapy with hypomethylating agents (HMA) after stem cell transplantation has shown an improved overall survival (OS) due to the activation of an anti-tumor immune response (14), while recent advances in genetic profiling of MS samples may also enable the implementation of targeted therapies in these patients (15).

Next to genetic abnormalities, different immune escape mechanisms including an altered expression of HLA-I HC and ß2M, soluble and metabolic factors as well as an increased expression of inhibitory immune checkpoint (ICP) molecules have been identified in myeloid malignancies, which also might play an important role in MS (16–18). In order to uncover the role of the immune evasion strategies in MS pathophysiology, this study analyzed the tumor microenvironment (TME) with special focus on the composition and function of the immune cell infiltrate as well as the expression of immune-relevant markers in MS and/or paired BM samples. In addition, 10 selected MS cases with distinct HLA-I expression levels were subjected to RNAseq analysis.





Materials and methods



Patient samples and ethics approval

Formalin-fixed and paraffin-embedded (FFPE) MS samples and bone marrow biopsies (BMB) (n=83) from 45 patients (38 MS samples with paired BMBs and further 7 MS cases without paired BMB) were collected in the period from 2011 to 2022 and archived at the Institutes of Pathology of the Martin-Luther University Halle-Wittenberg, Germany (n=29) and the University of Leipzig, Germany (n=16), respectively. The use of the FFPE BMB was approved by the Ethical Committee of the Medical Faculty in Halle, Germany (2017-81 and 2023-196). Clinical data from these patients were available, such as age, gender, disease status, therapy and survival time (see Table 1).

Table 1 | Clinicopathological characteristics of patients.


[image: Table displaying variables and values related to a medical study: Age range is 20-79 years with a mean of 54; sex ratio is 25 males to 20 females; 24 cases of AML; BM findings show 5 cases of MDS & MDS/MPN, 11 MPN, and 5 non-neoplastic BM; 24 patients followed up; survival time ranges from 1 to 25.1 months with a mean of 7.8.]




Standard morphological evaluation of the bone marrow and immunohistochemistry

Histopathological diagnostics were performed according to the diagnostic criteria of the World Health Organization (WHO) classification of Tumors of Hematopoietic and Lymphoid tissues, fourth edition 2017 and 2022 (3, 4, 19). Conventional histopathology of the MS cases was performed employing H&E staining and chloroacetate esterase reaction. Immunohistochemistry (IHC) was performed on all samples using antibodies (Ab) directed against CD33, CD34, CD117, MPO, lysozyme, CD68, HLA-I HC, ß2M, tapasin (tpn), TAP1, TAP2 and HLA-G according to the suppliers’ instructions. The Ab are summarized in Supplementary Table S1. For the expression analysis of HLA-I HC, ß2M, tapasin (tpn), TAP1, TAP2 and HLA-G, the H score was employed as described elsewhere (20). A high expression of the respective proteins refers to a H score >150.





Analysis of APM genes using publicly available RNA data

In order to compare the APM component expression in human AML cells that showed mass formation in vitro and in vivo, a publicly available dataset (GSE103344) (21) containing Affymetrix Human Gene 2.0 ST mRNA Array data of human THP-1 AML cells with knock down of RKIP that showed a role in tumor mass formation in vitro and in vivo (21). The differentially gene expression (DGE) of various APM components was analyzed using the Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/). Differentially expressed genes (DEG) of AML cells with knock down of RKIP and respective controls with preserved RKIP were analyzed and visualized using the GEO2R tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/).





Multispectral imaging

Multispectral imaging (MSI) was performed as recently described (22) employing a six-plex Ab panel with CD3, CD8, FoxP3, MUM1p, CD34, and granzyme B (GrB). Briefly, after antigen retrieval at pH 6 or 9 depending on the Ab used, the tissues were incubated for 30 min with the primary Ab followed by the secondary Ab (Akoya biosciences, Marlborough, MA, USA, Opal Polymer HRP Ms + Rb) for 10 min. Tyramide signal amplification (TSA) visualization was performed using the Opal seven-color IHC kit containing the fluorophores Opal 520, Opal 540, Opal 570, Opal 620, Opal 650, Opal 690 (Akoya biosciences, Marlborough, MA, USA) and DAPI. Stained slides were imaged employing the Pheno Imager HT (Akoya biosciences, USA). Cell segmentation and phenotyping of cell subpopulations were performed using the inForm software (Akoya biosciences, USA). The frequency of immune cell populations and their cartographic coordinates were evaluated for immune cell enumeration and relationship analysis using the R scripts from the phenoptr and phenoptrReports packages (https://github.com/akoyabio). Moreover, all CD3 stains of the MS samples were analyzed by a pathologist and the immune cell infiltration pattern was grouped in “immune cell excluded” tumors with immune cells located at the margin of the tumor and “immune cell infiltrated” tumors with a diffuse immune cell infiltration into the tumor (23).





RNA isolation, RNA sequencing and data analysis

Four to five 10 µm thick FFPE tissue slides were prepared. Total RNA was isolated with Maxwell RSC RNA FFPE Kit (Promega, USA) according to the manufacturer’s instructions. For RNA sequencing (RNAseq), 2 μg of total RNA/sample was employed and strand specific 150 bases paired-end RNAseq was done using the Illumina NovaSeq platform by Genewiz (Leipzig, Germany). Approximately 20 million reads per sample were obtained. Reads were trimmed using Trimmomatic, quality checked using fastqc 0.11.9 and mapped to the human reference genome (hg38) using splice aware aligner STAR 2.7.9a. Quantifications on NCBI gene models (hg38refGene) were performed using featureCounts v2.0.0. Differential gene expression analyses between HLA-I HChigh versus HLA-I HClow samples was performed based on a negative binomial distribution using the R package DESeq2 (24). P-values were adjusted based on the false discovery rate (FDR) according to the Benjamini-Hochberg method. Genes with an average expression across all samples (base mean) >10, more then two-fold change, and a FDR<0.1 were considered as significantly differentially expressed and visualized in a volcano plot using the R package EnhancedVolcano. Gene set enrichment analysis was performed on log2-fold changes with the GSEA tool v4.2.3 (25) using hallmark genesets (MSigDB) and results were visualized as bubble plots.





Statistics

The Mann–Whitney U test was employed to compare clinical data. Patients with missing information in any other variable were excluded from regression analyses. Cox regression analyses were performed using IBM SPSS. Kolmogorov–Smirnov test revealed non-parametric data (p < 0.05). The Mann–Whitney U test was used to compare clinical data, frequencies of immune cell subpopulations and the expression pattern of immune-relevant markers. Survival analyses were performed on 24 patients (follow-up time of 25 months) using the Kaplan-Meier estimators and differences calculated with log-rank tests or Cox regression models. P values < 0.05 were considered statistically significant. The figures were generated using the GraphPad Prism 7.0 software, IBM SPSS Statistics 28.0 and biorender (https://www.biorender.com).






Results



High prevalence of low HLA-I APM component and high HLA-G expression in MS

In order to determine the expression levels of HLA-I APM components in MS, protein expression of HLA-I HC, ß2M, TAP1, TAP2 and tpn was determined by conventional IHC (Figures 1A, B). Low HLA-I HC and β2m expression levels (H-score <150) were found in 50.0% (19/38 MS cases) and 63% (28/45 MS cases), respectively. Tpn expression was low in 57.7% (26/45 cases), TAP1 and/or 2 in 62.2% of MS samples (28/45 cases), respectively. In general, 37/45 MS cases (82.2%) showed an impaired expression of at least one APM component. As an alternative immune escape mechanism a high HLA-G expression was found in 12/44 cases (27.3%), which was accompanied in 9/12 (75.0%) cases by concordant high HLA-I HC expression levels with an H-score >150. No significant differences in results were detected by comparing tissue specimens of the two different pathology departments (Supplementary Table S2). In addition, a publicly available dataset (GSE103344) of RNA expression analysis of human AML cell lines was evaluated for DGE. As shown in Figures 1C, D, a downregulation of HLA-I APM components with particularly decreased mRNA expression of the HLA-I HC and TAP1 was detected.

[image: Panel A shows immunohistochemical staining of different proteins with high and low expression examples. Panel B contains violin plots comparing HLA protein expression scores between BM and MS, with significant differences marked. Panel C is a scatter plot from GSE103344 data comparing UMPA in MS versus Control. Panel D presents a bar graph indicating log fold changes of various genes between conditions with p-values.]
Figure 1 | Expression of HLA-I antigen processing and presenting machinery (APM) components and non-classical HLA-G in myeloid sarcoma patients. (A) Representative IHC stainings of HLA- I HC, ß2M, tpn, TAP 1 and 2 and HLA-G with high and low expression levels, respectively. All IHC stainings were analyzed employing the H score as described in Materials and Methods. The scale bars depict 50 µm. (B) Results are summarized in Violin plots and their significance is shown in p-values (* p<0.05; ** p<0.005). (C) RNA expression data of publicly available GSE103344 data set were analyzed and principal component analysis (PCA) is shown (controls n=3 [unmodified THP-1 AML cells] and MS formations n=3 [THP-1 AML cells with knock down of RKIP]). (D) Results of differential gene expression (DGE) analysis is shown in a bar graph showing the log2 fold change of different APM components The p-values are given underneath the bars.





Comparison of the individual HLA-I APM component expression in BM and corresponding MS

To elucidate the immune escape mechanisms within the evolution of MS in an individual patient, the HLA-I APM component expression was analyzed between matched BMB and MS tumors available from 38/45 MS cases (84.4%) (Figure 2; Table 2). In 4 cases, no neoplasia in the bone marrow could be detected. A downregulation of HLA-I HC and ß2M expression was found in 65.7% (25/38) and 63.1% (24/38) of MS tumor cases, respectively, while in 4 patients a higher HLA-I HC expression was detected in the MS vs. BMB. A downregulation of TAP1 was found in 40.5% of MS cases compared to corresponding BMB, while tpn expression was only downregulated in 27.1%, but upregulated in 29.7% of MS cases. Furthermore, HLA-G expression was higher in 27.0% of MS cases, but lower in 8.1% compared to BMB. No significant differences in the HLA-I APM component expression was found regarding the underlying diseases or the anatomical localization (Supplementary Tables S3, S4).

[image: Heatmap displaying expression levels of HLA-I HC, β2M, TAP1, tpn, and HLA-G across 45 patients with different findings and localization. Colors range from blue (low expression) to red (high expression), with arrows indicating changes between bone marrow (BM) and metastatic sites (MS). Black crosses denote missing data. A scale bar on the right shows values from zero to three hundred.]
Figure 2 | Comparison of the expression of the HLA-I antigen processing and presenting machinery (APM) components in individual patients with paired bone marrow and myeloid sarcoma samples. The localization of the MS and the underlying BM findings including different myeloid neoplasia are provided on the left side of the figure. The expression levels of the different proteins analyzed by conventional IHC are shown as H scores. Higher values are shown in red, lower values in dark blue (see the color legend at the right side). MS showed a downregulation of HLA-I HC in 67.5% and of ß2M in 64.8% of cases when compared to BM samples. nnBM, non-neoplastic bone marrow.

Table 2 | Composition of the TME and immune-relevant markers.


[image: Table comparing various variables between bone marrow and myeloid sarcoma, showing mean and range for each. Variables include HLA, ß2M, tpn, TAP1, TAP2, HLA-G, TIL, different T cells, and MUM1þ cells. A p-value column indicates statistical significance, with notable values at 0.012 for tpn mean difference.]




Characterization of the TME in MS and its link to HLA-I APM component expression

Since the immune cell infiltration of the TME from BM and paired MS might differ, the frequencies and the spatial distribution of CD3+CD8- T cells, CD3+CD8+ T cells, CD3+FoxP3+ regulatory T cells (Treg) and CD3-MUM1+ B cells/plasma cells, CD3+GrB+ T cells were analyzed in 38 paired BMB and MS samples. As representatively shown in Figures 3A, B, significant differences in the composition of the immune cell subpopulations and their localization were demonstrated between BMB and MS. In general, all analyzed immune cell subsets showed a lower mean frequency in MS cases. This was accompanied by lower numbers of GrB+ cells in MS suggesting an impaired T cell activity (Figure 3C). Analysis of the spatial distribution revealed a distinct pattern of immune cell infiltration in MS compared to BMB (Figures 3D, E). In BM, a diffuse infiltration and distribution of TIL was detected, while TIL were predominantly located in the periphery of the tumor tissue and in the proximity of blood vessels in most MS representing an immune cell excluded “cold” TME (32/45). Of note, MS cases with a “hot” TME characterized by high TIL numbers within the tumor formation were found in 3/4 isolated MS cases lacking BM pathology. The mean minimal distance of CD3+ and CD3+CD8+ T cells in the MS was higher when compared to the BM (6.38 µm versus 10.01 µm), but exhibited a high variability ranging from 2.31 - 92.23 µm (Figure 3F). Since the expression of immune-relevant molecules could be influenced by the immune cell repertoire and vice versa (26, 27), the interrelationship between the HLA-I APM component expression and the local immune cell infiltration was analyzed in MS. While the correlation of the total numbers of all TIL subsets analyzed with HLA-I HC expression demonstrated no significant difference, HLA-Ihigh cases (H score >150) had a higher frequency of CD3+CD8+ T cells as well as higher numbers of GrB+ T cells (Figure 3G).

[image: Fluorescent microscopy images and box plots display the distribution of immune cells in bone marrow (BM) and multiple sclerosis (MS) tissue. Panel A and B show stained tissue sections with markers CD34, CD3, CD8, GrB, FoxP3, and Mum1p. Panels D and E highlight CD34 T cell presence. Panel C contains box plots comparing TILs, CD3 T cells, CD34/CD3 T cells, GrB cells, and CD3 FoxP3 Tregs between BM and MS. Panel F shows box plots of minimal distances between CD3, CD8, and other cells. Panel G box plots illustrate TIL percentages and CD34/CD3 T cells viability with differing HLA expressions.]
Figure 3 | Comparison of the frequency and spatial distribution of the cellular immune subpopulations in the TME of BM and MS cases. Paired BM (A) and MS samples (B) showed a decreased density of CD3+ T cells (yellow), CD8+ T cells (red) and GrB+ cells (green). The scale bars depict 50 µm. (C) The frequencies of different immune cell subpopulations in BM and MS are shown with boxplots. Moreover, the spatial distribution of TIL showed a heterogeneous localization in (D) BM and (E) MS. Significant differences are marked with asterisk (* <0.05; *** > 0.0001). All T cell subsets (green) and CD34+ cells (red) including myeloid blasts (asterisk) and endothelial cells (arrow) are shown. Of note, the blasts in MS are frequently negative for CD34. The scale bars depict 30 µm. (F) The minimal spatial distance of CD3+ to CD3+CD8+, as well as their localization to every other cell was analyzed and presented with box plots. Significant differences are marked with asterisk (* <0.05; *** > 0.0001). (G) Comparison of the frequency of different immune cell subpopulations in the TME of MS (n=45) depending on the HLA-I HC expression (HLA-I HC high H score >150) analyzed by IHC are shown with box plots.





Impact of the altered immune cell composition and HLA-I APM expression profile on the patients’ survival

Based on the interrelation between immune-relevant molecules and the TME composition, the clinical relevance of the HLA-I APM component expression and immune cell infiltration was determined in the MS patients. The average OS of the 24 MS patients with available outcome (follow up time of up to 25 months) was 7.8 months. Forrest plot depiction of univariate cox regression demonstrated a significant influence of HLA-I expression in MS, but not in the corresponding BM. Moreover, higher HLA-I and ß2M expression levels accompanied by increased TIL numbers correlated tendentially with a better patients’ outcome (Figure 4A), which is also underlined by Kaplan Meier estimators for TIL, T cell numbers and HLA-I HC (Figure 4B).

[image: Graphical representation of risk and survival probabilities in bone marrow and myeloid sarcoma across variables. Part A shows dot plots of risk levels associated with different variables, with lower and higher risk indicated on the x-axis. Part B presents Kaplan-Meier survival curves comparing low and high immune cell infiltrates and proteins, with hazard ratios and p-values provided for each condition.]
Figure 4 | Prognostic relevance of the tumor microenvironment and HLA-I HC in myeloid sarcoma. Forest plots (A) of univariate cox regression analysis of the prognostic value of different immune variables in the TME of BMB and MS of 24 patients demonstrated HLA-I HC expression as a prognostic factor in MS. (B) Kaplan Meier curvesdepict the survival benefit in MS patients with higher TIL numbers, higher T cell numbers and higher HLA-I HC expression levels.





Comparison of the gene expression pattern of HLA-Ihigh versus HLA-Ilow MS cases

To get insights into the underlying cause of the better clinical outcome of patients with HLA-Ihigh tumors, the transcriptome of 5 MS cases with high/preserved (HLA-Ihigh) and 5 MS cases with reduced HLA-I (HLA-Ilow) expression was determined by RNAseq analyses. Principal component analysis (PCA) revealed that 7/10 MS samples were grouped together. The variation showed neither an association with the underlying BM findings nor with the HLA-I HC expression (Figure 5A). As shown in a volcano plot, DGE analysis revealed 93 significantly upregulated and 57 significantly downregulated genes (fold change >2, p<0.05) in HLA-Ihigh versus HLA-Ilow samples, respectively (Figure 5B). The 10 most upregulated genes were involved in immune signaling metabolism and cell differentiation and include e.g. DNTT, PROM1, and FCRL1, while the 10 most significantly downregulated genes in HLA-Ihigh cases were transcription factors and genes involved in immune or cell signaling and/or exhibit enzymatic activity (Table 3). Moreover, gene set enrichment analysis (GSEA) (Figure 5C, for all pathways see Supplementary Figure S1) revealed in samples with preserved HLA-I HC expression a downregulation of inflammatory response genes with significantly lower expression levels of genes involved in TNF-α signaling and interferon-γ response when compared to HLA-Ilow samples. Moreover, a decreased expression of E2F, the MYC-targets V1 and V2, cell cycle checkpoints and metabolic pathway components was shown in HLA-Ihigh cases. A sustained interferon-γ response was also found in MS samples with high TILs when compared with patients with low TILs in MS formation (Supplementary Figure S1). The RNAseq data compared to the GSE103344 dataset showed a down-regulation of HOXB9 and an up-regulation of CTSG in cells that showed mass formation in vitro and in vivo (Supplementary Table S2).

[image: Panel A shows scatter plots of principal component analysis (PCA) for various samples, differentiated by HLA-I HC expression levels. Panel B presents a volcano plot illustrating differentially expressed genes between HLA-I HC high and low expression groups, highlighting 57 downregulated and 93 upregulated genes. Panel C displays a graph of gene set enrichment analysis (GSEA), indicating pathways with positive and negative enrichment, including KRAS signaling and inflammatory response, categorized by circle size and color for enrichment significance.]
Figure 5 | Association of HLA-I expression and gene expression in myeloid sarcoma. RNAseq analysis was performed on 10 samples with preserved (n=5) and reduced (n=5) HLA-I expression. Principal component analysis (PCA) is shown with (A) a legend of the different colored dots of the respective samples and their underlying BM findings given on the right side of the plot. A second PCA shows the HLA-I HC expression of these samples analyzed by IHC. Blue dots mark samples with reduced HLA-I HC expression, while red dots mark samples with preserved HLA-I HC expression. (B) Results of differential gene expression (DGE) analysis of HLA-I HChigh versus HLA-I HClow samples are shown in a volcano plot. Significantly upregulated genes are highlighted in red and significantly downregulated genes are depicted with blue dots. (C) Gene set enrichment analysis (GSEA) of MS samples with HLA-I HChigh versus HLA-I HClow are depicted with a bubble plot. Non-affected pathways are shown in Supplementary Figure S1. Significant differentially regulated pathways are marked with a black line around the bubble and the colors (red – positive enrichment; blue negative enrichment) and the size of the bubble (power of the difference) are depicted in the legend above the bubble plot. The influenced pathways are shown on the left side of the bubble plot.

Table 3 | Top differentially expressed genes.


[image: A table listing genes with columns for gene name, LOG2FC, p-value, full gene name, and function. Genes in red are significantly upregulated, while those in blue are significantly downregulated. Functions include immune signaling, metabolism, cell signaling, and transcription factors.]





Discussion

In the last two decades, tumor initiation and progression has been shown to be not only influenced by tumor intrinsic factors, like the mutational burden, loss of tumor antigens and HLA-I surface expression and upregulation of ICP, but also by the surrounding TME leading to immune escape, which is one major hallmark of cancer (28). The interrelation of tumor intrinsic and extrinsic factors modulates the disease progression and can be influenced by anti-cancer therapies (29, 30). Moreover, it is known for a long time that the progression of in-situ neoplastic lesions in solid tumors are linked with the immunoediting process leading to the development of immune escape variants (31, 32). In the context of hematopoiesis, stem cells are actively integrated in the immune surveillance to safeguard the integrity of the stem cell niche, which significantly differs regarding the immune cell composition of neoplastic BM (22, 33). In addition, inflammasome activation appears to be a crucial mechanism in the pathogenesis of hematopoietic neoplasms and immune evasion strategies have been shown to be involved in disease progression (34). In this study, the influence of immune escape mechanisms within the disease pathogenesis of MS and their clinical significance was investigated. Paired MS and BM analysis revealed a downregulation of HLA-I and APM component expression in MS manifestations in most patients that was associated with an aberrant TME composition and significantly shorter OS. This might explain why MS long-term survivors benefit from the treatment with hypomethylating agents (HMA), which is known to induce tumor antigen expression, upregulate HLA-I molecules as well as APM components thereby enhancing anti-tumor immunity (35–38). Caraffini et al. (21) reported that the loss of RKIP is a frequent event in MS and promotes leukemic tissue infiltration. Interestingly, analysis of the publicly available dataset of their model system demonstrated a significant downregulation of HLA-I and TAP1 thereby confirming our data.

In addition, lymphocytes represent a physiological component of non-neoplastic BM (nnBM) that exhibit usually a diffuse infiltration pattern. This diffuse infiltration pattern was also found for TILs in the BM microenvironment of MN, like MDS, MPN and AML (22, 34), but not in MS, where TILs were predominantly detected in the tumor margin with immune cells accumulating at the interface of neoplastic cells and the surrounding tissue as well as in the proximity to blood vessels as reported in the TME of immune cell excluded carcinoma (23, 39). However, it is unclear, why the diffuse infiltration occurs in neoplastic BM tissues, but not in the TME of MS. It is noteworthy that an immune cell excluded TME has been shown in tumors with low HLA-I expression (26). Furthermore, in many solid tumors the frequency of immune cell subpopulations and their spatial distribution were associated with the patient´s outcomes (39–41). Since this aberrant immune cell excluded pattern was not restricted to MS cases with significantly reduced HLA-I HC expression, we analyzed differences in the transcriptome of MS cases with reduced and preserved HLA-I HC expression, which were associated with significantly downregulated immune signaling pathways suggesting an impaired immunity in both, cases with preserved and reduced HLA-I expression. Moreover, a significant downregulation of E2F and MYC V1 and V2 targets was found in cases with preserved HLA-I HC expression. Both E2F and the MYC oncogene are regulators of immune responses (42), which was linked to a downregulation of HLA-I APM components expression (43, 44) and a T cell poor microenvironment (45) as well as a reduced patients’ survival upon targeted therapy or immune checkpoint inhibitors treatment (46).

The MS manifestation and its TME composition predicted the patient’s survival, while the BM findings showed no association with patient’s survival. In the past it has been clinically shown, that isolated MS cases had a superior survival when compared to MS cases with parallel AML, MDS or MPN (47). In line with these clinical findings, a “hot” or immune cell infiltrated TME defined by high numbers of TILs within the tumor formation was found in most isolated MS cases in our study, which might explain the better patients’ outcome. Based on these data, it could be suggested that the pre-existing MN in the BM have already altered the anti-tumor immunity driving the immune cell excluded TME in many MS cases. Moreover, the use of HMA like azacitidine has been shown to be beneficial for MS patients, that might is related to its immune modulating and activating affects that have been shown before (14, 48).

In conclusion, this study shows a fundamental role of immune escape mechanisms (i) in the initiation of MS disease and (ii) its extramedullary manifestation, which (iii) is associated with an aberrant TME and (iv) the patient´s outcome. However, further studies are urgently needed to identify the underlying intracellular and extracellular mechanisms driving the immune escape in order to develop new treatment strategies for this severe disease with low survival probabilities.
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Supplementary Table 3 | Association of HLA-I APM component expression as well as TIL subsets and the anatomical side of myeloid sarcoma manifestation.
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Electronic cigarettes (e-cigarettes) are thought to pose low risk of cancer because the components of e-cigarette liquid are not carcinogens. We analyzed the effects of the two major components, PG/VG and nicotine, on tumor development in preclinical models. We found that PG/VG promoted tumor cell migration in migration assays and contributed to more aggressive, metastatic, and immunosuppressive tumors in vivo, aggravated by the presence of nicotine. Whole body exposure of mice to PG/VG and nicotine rendered animals more susceptible to developing tumors with high frequencies of infiltrating proinflammatory macrophages expressing IL-6 and TNFα. Moreover, tumor-infiltrating and circulating T cells in e-cigarette exposed mice showed increased levels of immune checkpoints including CTLA4 and PD-1. Treatment with anti-CTLA4 antibody was able to abrogate metastasis with no detrimental effects on its ability to induce tumor regression in exposed mice. These findings suggest that the major components used in e-cigarette fluid can impact tumor development through induced immunosuppression.
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Introduction

E-cigarettes deliver nicotine to users by aerosolizing a solution of propylene glycol, glycerin, nicotine and flavoring agents. While e-cigarette use has been linked to cardiovascular, metabolic, pulmonary, oral and other diseases in people, the effects of e-cigarettes on cancer in people is limited (1). Because they do not burn tobacco, e-cigarettes generate much lower levels of combustion-related carcinogens than cigarettes do (2). It is also widely noted that nicotine is not a carcinogen. Propylene glycol and vegetable glycerin (PG/VG) (3) are seen as benign because they are widely used as humectants in food and are generally recognized as safe for ingestion. As a result, e-cigarettes are widely assumed to impose minimal cancer risks (4). Indeed, e-cigarettes have been promoted as a harm reduction alternative to cigarettes among smokers with cancer (5–7).

While not a carcinogen, nicotine has been associated with tumorigenesis in a number of malignancies, mainly through engagement of nicotinic acetylcholine receptors (8, 9). Nicotine can also induce malignant cell cycle transformation through a number of pathways (10–12), including alteration of p53 function (13). Nicotine also has immunomodulatory effects, including suppression of T cell proliferation in vitro (14), engagement of inhibitory pathways in the form of immune checkpoints like PD-1, and blunting of downstream IL-2 signaling in CD8+ T cells (15). Additionally, nicotine has been shown to induce immunosuppressive tumor microenvironments by means of proinflammatory cytokine upregulation (16) or recruitment of protumoral myeloid populations such as M2 macrophages or N2 neutrophils, thereby promoting metastasis and hampering antitumor immunity both in cancer- and immune-intrinsic manners (17–19).

PG/VG, which is not a carcinogen, induces proinflammatory cytokines and extracellular matrix components that contribute to tumor angiogenesis, an effect increased by nicotine (20). In vivo data shows that PG/VG caused T cell immunosuppression and proinflammatory cytokine release, with and additive effect from nicotine (21). Based on these effects, one would expect that exposure to a mixture of PG/VG and nicotine would promote the growth and metastasis of established tumors. Indeed, Pham et al. found that e-cigarette exposure promoted breast cancer and lung metastasis in mice (19). The present study expands this work to assess the in vitro and in vivo effects of exposure of cancer cells to PG/VG and nicotine. We found that exposure of tumor cells to PG/VG and nicotine increased metastases. We also found an immunosuppressive effect upon e-cigarette exposure in the myeloid and lymphoid tumor-infiltrating compartments, including induction of exhaustion markers on T cells. Finally, we show that these exhaustion markers are functional as the tumors could respond to immune checkpoint blockade (ICB). In sum, although not carcinogens, PG/VG and nicotine promote the progression of established cancers.





Materials and methods




E-cigarette liquids

E-cigarette liquids were prepared the same for in vitro exposure of cell cultures and in vivo whole-body exposure of mice. The PG/VG solution was prepared by mixing PG (99.5% USP grade, CAS 7–55-6, density 1.26 g/ml) and VG (99.7% USP grade, CAS 56–85-1, density 1.04 g/ml) (both from MyFreedomSmokes, https://myfreedomsmokes.shop/) at a 1:1 volume ratio. Nicotine (N3876, Sigma) was added to the PG/VG mix to the desired experimental concentration (0, 6 and 36 mg/ml). All solutions were sterile-filtered through 0.45 μm filters before exposure to cells or mice.

Preconditioning of tumor cells+ in culture prior to subcutaneous challenge was performed for 14 days at 37 C in 6-well plates, with control groups being incubated only in glucose, pyruvate-supplemented Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum for the same amount of time. Conditioned media were replaced every 2 days.





In vitro scratch assays

To assess the impact of PG/VG and nicotine on tumor cell migration, scratch assays were performed by adapting a protocol described elsewhere (22). Briefly, freshly passaged colorectal carcinoma MC38 cells were rested overnight at 37C. Then, 7 x 104 cells were seeded into each side of 2-well coculture inserts containing a ‘scratch’ or cell-free gap (80209, Ibidi) and incubated at 37C overnight. Then, after checking that a monolayer was formed inside the inserts, the inserts were removed with sterilized forceps, cells washed once with Phosphate Buffered Saline (PBS), then culture media added containing PG/VG and nicotine, and plates incubated at 37C. PG/VG alone was dissolved in PBS at concentrations ranging from 2.5 to 20 μM. In wells exposed to PG/VG + nicotine, PG/VG was kept at 2.5 μM for all nicotine concentrations. Cell migration was then monitored by time lapse microscopy (Incucyte). Migration rates were quantified through Incucyte built-in confluency calculator as percentage of scratch area -defined by a diameter between the fronts of each monolayer- covered by cells. After 7 days in culture, viable cells were quantified in a Vi-CELL counter (Beckman Coulter).





Animal studies, cell lines and in vivo imaging

8- to 10-week-old male wildtype C57BL/6J mice (000664, Jackson) were used in mouse experiments. All cell lines used in this study were certified yearly by the STR Profiling method available through ATCC at https://www.atcc.org/services/cell-authentication/mouse-cell-str-testing. Latest certification date was January 2023. We conducted both systemic and subcutaneous in vivo tumor studies. In systemic studies, tumor cells are injected via tail vein into bloodstream. They home to lungs to generate ‘systemic tumors’. In subcutaneous studies, tumor cells are injected intradermally on the flank of mice, where they settle and form a solid tumor mass. For subcutaneous in vivo tumor studies, 0.25 million untreated or pretreated murine melanoma B16, 0.5 million colorectal carcinoma MC38, or 1 million prostate adenocarcinoma TRAMP-C2 cells were injected on the right flank of mice and tumors were measured twice a week with a digital caliper (Fisher). Tumor volume was obtained with the formula V = L (length) × W (width) × W × π/6, where L was the higher measure, and W was the lower measure. Endpoint volume was set at 2,000 mm3.

For systemic tumor experiments, 5 x 105 luciferase-expressing murine colorectal carcinoma MC38 cells (kindly donated by Jeff Bluestone) were injected intravenously through the tail vein of each animal (n=5) on day 0. In preconditioning experiments, cells were harvested from 6-well plates after the 14-day preconditioning plus 1–2 post-thaw passages. In whole body exposure experiments, cells were harvested after 1–2 post-thaw passages. In both cases, cells were counted with a Vi-CELL cell counter (Beckman Coulter) at a 1:60 dilution and prepared at 5M cells/ml in DPBS, 100 µl of which were used for intravenous injections per animal. Tumor progression was monitored using an IVIS Spectrum in vivo imaging device (Xenogen). Briefly, animals were injected i.p. with 0.2 ml of DPBS containing 3 mg D-Luciferin (88294, Thermo) and were imaged after a 3-minute incubation. Images were processed and bioluminescence radiance was quantified using Living Image version 4.7.4.20726.

In immune checkpoint blockade (ICB) studies, animals were implanted with 0.5 million MC38 cells, were randomized into treatment groups and were treated intraperitoneally on days 3, 6 and 9 with 200 μg isotype control (IgG2k/a, BioXCell) or anti-CTLA4 (clone UC-10, BioXCell).

All mice were maintained at the UCSF vivarium and received food and water ad libitum.





Whole body e-cigarette exposure

As described previously (23), to assess the impact of inhaled e-cigarette aerosol in the tumorigenesis of systemically implanted tumors, mice were exposed in a chamber to e-cigarette mixes containing PG/VG and 0, 6 or 36 mg/ml nicotine for 1h daily (5 days/week) for 4 weeks, a scheme that has been already reported to show differences in vivo (24). In particular, 36 mg/ml yielded nicotine concentrations similar to that of a standard cigarette smoking model (23). E-cigarette liquids were aerosolized with an atomizer designed for vaping oils (1.8 Ω cotton coil, Aspire) using a Gram Universal Vaping Machine (Gram Research) at 9.4 watts. It was operated with Gram VM software, version 4.15.25. Coil power was set at 4V. Puff volume was 80 ml, drawn over 4 seconds into a syringe through an electronically controlled three-way valve, then injected to vaping chamber over 2 seconds. In order to fill the vaping chamber with aerosol, 10 puffs were initially injected over approximately one minute, followed by 110 puffs over one hour. The chamber was evacuated at a constant rate of 2.0 liters/minute during the exposure using a calibrated flowmeter (Dwyer, Michigan City, IN, US) to draw in a mixture of fresh aerosol and room air. Upon completion of 110 puffs, the vacuum outflow speed was increased to clear the chamber over a period of 5 minutes. After exposure, mice were removed from the chamber. After 4 weeks, whole-body exposure was ceased and 5 x 105 Luc-MC38 cells were injected intravenously onto mice and tumor growth was monitored by in vivo bioluminescence as described above. Air-exposed animals were included as control.





Tissue processing

Lungs and spleens from surviving whole body exposure animals were surgically removed from three mice with sterilized equipment 22 days after tumor injection. These mice were not considered for survival analysis. Lungs were weighed and perfused with PBS. Metastatic nodules were counted. Then, they were mechanically dissociated with scalpel blades and digested to single cell suspensions by incubation for 1h at 37C in tumor digestion media containing DMEM, 10%FBS, 2 mg/ml Collagenase IV (C5138, Sigma-Aldrich) and DNAse I (D5025, Sigma-Aldrich). Spleens were mechanically dissociated through a 70 μm filter into a 50 ml conical tube with cold PBS. Lung and spleen lysates were filtered through a 100 μm filter into 50 ml conical tubes and filled with cold PBS, followed by centrifugation at 450 g for 5 minutes at 4C. Supernatants were discarded and pellets were resuspended in 5 ml ACK Lysing Buffer (118–156-101, Quality Biological), mixed well and kept on ice for 5 minutes. Lysis was stopped by filling the tubes with cold PBS. Samples were centrifuged again and finally resuspended in 1 ml cold PBS. Viable cells for downstream use were counted in a Vi-CELL cell counter (Beckman Coulter) at a 1:60 dilution.





Flow cytometry

Single cell suspensions were first incubated with 1:100 Zombie NIR (L34976, Life Technologies) for 10 minutes in the dark at room temperature. After washing, surface staining including 1:50 Fc Block (70–0161-U500, Tonbo Biosciences) was performed for 30 minutes on ice. Cells were fixed using the eBioscience FoxP3 kit (00–5523-00, Life Technologies) and intracellular staining was added to samples for 30 minutes on ice before final wash with FACS Buffer (PBS containing 2% FBS and 1mM EDTA). Samples were run on a LSR Fortessa X-50 (Becton Dickinson). Data were analyzed by FlowJo 10.7 (Tree-Star). A detailed list of mouse antibodies used can be found in Supplementary Table 1.

For exhaustion marker co-expression, Boolean gating of CTLA4, TIM3, LAG-3 and PD-1 expression was applied on gated splenic CD8+ T cells at FlowJo.





Data analysis and statistics

Most results were analyzed using regression with PG/VG concentration or presence (coded 0/1 for no/yes) and nicotine concentration (in mg/mL) or presence (coded 0/1) using Stata 15 mixed. Tumor growth curves were also analyzed on ln(tumor volume) using mixed, including PG/VG and nicotine interactions with time (to allow for slope changes) and nesting days with mouse to account for repeated measures. A quadratic term for time (days2 was included the regressions to allow for curvature over time to improve residual patterns). Estimates were computed using restricted maximum likelihood (REML) and unstructured covariance matrices.

The presence of metastases was analyzed for all cell types using a single logistic regression including variables for PG/VG (0/1), nicotine concentration divided by 36 mg/mL (so 1 corresponded to 36 mg/mL), and two effects-coded dummy variables to allow for differences in cell type.

Metastases rates in anti-CTLA4 experiments were analyzed by Fisher Exact tests.

Kaplan-Meier survival curves were analyzed using Mantel-Cox log rank tests in GraphPad Prism 10.1.2, first comparing all groups, then only comparing the PG/VG and nicotine groups.
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Results




PG/VG promotes tumor cell motility while nicotine attenuates tumor cell duplication in vitro

To test whether e-cigarette PG/VG and nicotine affect tumor cell migration in vitro, we adapted a protocol developed by Liang and colleagues (22) and exposed adjacent monolayers of colorectal MC38 tumor cells, separated by a cell-free gap or ‘scratch area’, to e-cigarette chemicals, and quantified cell invasion into the scratch area over time (Figure 1A, Supplementary Figure S1 and Table 1). Exposure to PG/VG showed a significant dose-dependent increase in the ability of tumor cells to occupy the scratch area after 24h, independent of the presence of nicotine (Figures 1B, C). After 7 days of culture, PG/VG without nicotine also showed a significant dose-dependent increase in the number of tumor cells. However, the addition of nicotine led to reduced absolute number of viable tumor cells (Figure 1D and Supplementary Figure S1). These results indicate that PG/VG can be a promoter of tumor cell proliferation and invasiveness in vitro, with nicotine partially blunting proliferation while not affecting tumor cell motility.

[image: Diagram of an experiment involving tumor cells with conditions of PG/VG and nicotine. Panel A shows the setup process. Panel B displays images of cell growth over 24 hours under control, PG/VG, and PG/VG with nicotine conditions. Panel C is a graph showing scratch area percentage over time, with significant effects from PG/VG. Panel D is a graph of viable cell count against PG/VG concentration, showing significant effects from both PG/VG and nicotine.]
Figure 1 | E-cigarette chemicals promote tumor cell migration in vitro. (A) Experimental design for cell scratch assays. Briefly, tumor cells were seeded into inserts containing a cell-free gap (scratch area) between two sides and were cultured overnight in the presence of concentrations of PG/VG from 0 to 20 µM with or without nicotine. Then, inserts were removed and invasion of the scratch area was monitored by time-lapse microscopy. (B) Representative microscope images (40X augmentation) taken at 0, 4, 12 and 24h from 1 of 3 experiments are shown. Vertical white lines show distance from cell fronts in μm, used to calculate percentage of covered scratch areas. (C) Percent of scratch area covered at 24h after insert removal fell by 0.58 (95% CI 0.39, 0.77) %/µM PG/VG (p<.001; Table 1) but was not affected by the presence of nicotine (p=.851). We also ran the model including the PG/VG x nicotine interaction and found no significant interaction (p=0.638). (D) Viable cell counts after 7 days increased by 0.060 (0.048, 0.071) x106 cells/µM PG/VG (p<.001; Table 1) and dropped by -0.56 (-0.72, -0.39) x 106 in the presence of nicotine (p<0.001). We also ran the model including the PG/VG x nicotine interaction and found a significant interaction (P<0.001). The PG/VG effect was about the same 0.076 (0.064, 0.088) (p<.001), whereas the nicotine main effect dropped to -0.22 ± .11 (-0.42, -0.02) (p=.029) with the interaction term being -.039 (-0.057, -0.021) (p<.001).

Table 1 | Tumor characteristics.
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PG/VG and nicotine exposure leads to increased metastases in vivo

To test the relevance of our findings in vivo, we implanted three tumor cell lines (melanoma B16, colorectal MC38, and prostate TRAMP-C2) that had been previously incubated with PG/VG or nicotine into mice subcutaneously and monitored tumor growth (Figure 2A, B). Unlike the observed in vitro effects on tumor cell migration, there was no observable impact in endpoint primary tumor volumes in any of the models (Figures 2C, Table 2). Interestingly, PG/VG, but not nicotine, significantly increased tumor growth rate in the B16 melanoma model, consistent with the increased proliferation seen in vitro, with bigger differences over time (Supplementary Figure S2). We found peritoneal metastases occurring in 20% (6/30, B16), 50% (14/28, MC38) and 40% (12/30, TRAMP-C2) of mice harboring PG/VG+nicotine-exposed tumors, as well as in 20% (3/15, B16), 40% (6/15, MC38) and 28.6% (4/14, TRAMP-C2) for mice harboring PG/VG-exposed tumors, in striking contrast with the absent (0/15, B16 and MC38) or rare metastases (1/15, TRAMP-C2) unexposed tumors (Figure 2D). Our statistical analysis showed significant and independent effects of both PG/VG and nicotine on the increased occurrence of metastases with PG/VG having a bigger effect (Figure 2D). These findings are consistent with the ability of PG/VG to promote tumor cell invasiveness in vitro, but also highlight the effects e-cigarette components can have in tumor dissemination.
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Figure 2 | Preconditioning with PG/VG increases metastasis in different subcutaneous tumor models. (A) Experimental scheme to test the impact of PG/VG and nicotine on the outcome of subcutaneous tumors. Tumor cells were cultured in the presence of 2.5 μM PG/VG with concentrations of nicotine of 0, 6 and 36 mg/ml for 14 days. Then, preconditioned cells were implanted subcutaneously in the right flanks of wildtype C57/B6 mice (5 mice per experiment, n=3 experiments). Tumors were measured twice weekly and animals were inspected for metastases after euthanization. (B) Viable cells implanted per mouse for each tumor model: melanoma B16, colorectal MC38 or prostate TRAMP-C2. (C) Endpoint tumor volumes for B16, MC38 and TRAMP-C2 models. Error bars represent standard error mean (SEM). Neither PG/VG nor nicotine affected tumor volume (B16: PG/VG p=0.876, nicotine p=0.601; MC38: PG/VG p=0.740, nicotine p=0.914; TRAMP-C2, PG/VG p=0.500, nicotine p=0.130; Table 2). (D) Bar plots showing metastasis rates for each subcutaneous tumor model. Logistic regression showed increased odds of metastases associated with exposure to PG/VG (14.9; 95% CI 1.9–116.7; p=0.010) and nicotine (2.9; 1.3–6.9, p=0.012 at 36 mg/mL), controlling for tumor type. Representative pictures with peritoneal metastases are shown for mice exposed to PG/VG with or without nicotine for each tumor model. Control animals (black bars) were not exposed to PG/VG or nicotine. Yellow arrows indicate highly metastasized areas. Metastasis was extremely rare in mice not exposed to PG/VG or nicotine (0/15 in B16 and MC38, 1/15 in TRAMP-C2).

Table 2 | Tumor growth analysis.
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Tumor cell exposure to PG/VG leads to more aggressive systemic tumors without an additive effect from nicotine

We utilized the luciferase-expressing MC38 (Luc-MC38) colorectal cancer tumor cells to longitudinally monitor tumor progression by bioluminescence imaging (Figure 3A). The injected tumor cells deposit in the lungs and form tumoral niches, constituting a model for lung metastasis. By day 15 after tumor cell injection, PG/VG-exposed tumor cells showed significantly increased luminescence radiance compared to the control group, evidencing more tumor burden. The addition of nicotine did not show a statistically additive effect over PG/VG (Figures 3B, C and Supplementary Figure S3). Exposure to PG/VG was also significantly associated with decreased survival rates compared to unexposed mice, again with no additive effect of nicotine (Figure 3D). These results reinforce our previous findings involving the enhanced invasiveness of cells exposed to PG/VG.

[image: Diagram illustrating a study on cell conditioning involving PG/VG and nicotine. Panel A shows cell conditioning setup. Panel B displays in vivo imaging of mice at different timepoints: days 4, 8, 11, and 15. Panel C is a line graph showing relative bioluminescence over days for various conditions. Panel D is a survival curve, comparing groups with statistical significance noted.]
Figure 3 | Accelerated tumor progression upon PG/VG preconditioning. (A) Experimental scheme to test the impact of PG/VG and nicotine in a model of disseminated cancer. Luciferase-expressing colorectal cancer MC38 (Luc-MC38) cells were cultured in the presence of PG/VG with concentrations of nicotine of 0, 6 and 36 mg/mL for 14 days. Then, 5 x 105 preconditioned Luc-MC38 cells were injected intravenously in the tail veins of wildtype C57/B6 mice (n=5 per experiment, n=3 experiments). Tumor bioluminescence was monitored twice weekly for 15 days. (B) Representative whole body bioluminescence images on days 4, 8, 11 and 15 post-implantation is shown. (C) Time-course measurement of tumor bioluminescence expressed as Average Radiance for mice involved in experiments described in (A). Error bars represent SEM. (D) Kaplan-Meier survival curves for the 3 experiments. There were significant differences between all four curves (p=0.038, by log rank test). There was no significant difference between the PG/VG, PG/VG plus low nicotine, and PG/VG plus high nicotine curves (p=0.439).





Vaped PG/VG and nicotine lead to increased tumor progression

We performed whole-body exposure experiments in which mice inhaled aerosolized e-cigarette liquids 1 hour daily for 4 weeks. Following this exposure, we injected Luc-MC38 colorectal cancer cells intravenously (Figure 4A). In line with the preconditioning experiments, exposure to inhaled PG/VG led to a higher tumor burden as early as day 13 post tumor implantation. Nicotine did not modulate this effect (Figures 4B, C and Supplementary Figure S4, Table 1). Again, this increase in tumor aggressiveness translated into significantly diminished survival rates for mice exposed to PG/VG that was not affected by adding nicotine, with first deaths occurring as early as day 18 post implantation (Figure 4D). We harvested the lungs from mice for downstream analysis in each of these studies at day 22 after implantation for further characterization. We found significantly increased metastatic nodule counts in lungs from PG/VG- and nicotine-exposed mice, reaching over 200 nodes in a pair of lungs (Figures 4E, F). Nicotine exposure also led to significantly increased lung weight, but PG/VG alone had no apparent effect (Figure 4G and Supplementary Figure S4, Table 1).

[image: Diagram illustrating a study on the effects of nicotine and propylene glycol/vegetable glycerin (PG/VG) on mice. Section A shows the experimental setup with whole-body exposure to vaping substances and imaging schedule. Section B presents imaging results on Days 6, 13, and 20. Section C displays a graph of average radiance on Day 13, and Section D shows a survival curve over days post-injection. Section E includes photographs of lung tissues from different groups. Section F depicts a bar graph of metastatic nodules, and Section G shows a bar graph of lung weights.]
Figure 4 | Whole body exposure of mice e-cigarette aerosol leads accelerated tumor growth and more aggressive metastasis. (A) Experimental scheme for whole body exposure experiments. Mice were exposed to e-cigarette aerosol with 2.5 µM PG/VG and 0 or 36 mg/ml nicotine for 1h daily for 4 weeks. Then, mice (n=5 per experiment, n=3 experiments) were challenged intravenously with 5 x 105 Luc-MC38 cells. Tumor bioluminescence was monitored twice weekly. Lungs from three mice per experimental condition were harvested on day 22 post-implantation, weighed, inspected for metastasis burden and immunophenotyped by flow cytometry. (B) Representative whole body bioluminescence images on days 6, 13 and 20 post-implantation is shown. (C) Tumor bioluminescence on day 13 after implantation expressed as average photon radiance was significantly increased by PG/VG (p=0.002; Table 1) but not nicotine (p=0.103). (D) Kaplan-Meier survival curves from whole body experiments described in (A). There were significant differences between all three curves (p,0.001, by log rank test). There was no significant difference between the PG/VG and PG/VG plus nicotine curves (p=0.364), suggesting that the survival was reduced by exposure to PG/VG with no additional effect of nicotine effect. (E) Representative images from surgically extracted lungs 22 days after tumor cell injection. Yellow circles indicate areas with metastatic MC38 nodes. (F) Metastatic node count from day 22 lungs increased significantly with exposure to PG/VG (p<0.001; Table 1), with a further increase when nicotine was added (p<0.001). (G) Lung weight on day 22 after tumor injection was not affected by PG/VG (p=0.637; Table 1), but increased with the addition of nicotine (p=0.013).





Vaped PG/VG and nicotine lead to immunosuppression

Because anti-tumor immunity is important in suppressing tumor progression, we performed flow cytometry on dissociated cells from the lungs at day 22 to assess how exposure modulates the tumor immune microenvironment. Lungs from nicotine-exposed mice possessed significantly increased macrophage infiltration, representing up to 70% of all CD45+ immune cells of (Figure 5A and Supplementary Figure S5, Table 1). Exposure to PG/VG aerosol also led to significantly decreased frequency of CD8+ T cells, which was minimally worsened with the addition of nicotine (Figure 5B and Supplementary Figure S5). Exposure to PG/VG aerosol also induced minimal IL-6 production in lung-infiltrating macrophages. We did not observe significant differences in macrophage TGFβ across groups (Supplementary Figure S5). However, lung-infiltrating macrophages from nicotine-exposed mice expressed significantly higher levels of IL-6 and TNFα (Figures 5C-F and Supplementary Figure S5), indicating that nicotine helps to drive inflammation within the TME. We also observed significantly higher TNFα levels in lung-infiltrating CD8+ T cells from nicotine-exposed mice. Combined with lack of proliferation (Ki67-) or reduced expression of canonical markers for antitumoral responses such as interferon gamma (IFNγ) or cytolytic Perforin (PRF1) in these CD8+ T cells, this suggests impaired antitumoral T cell fitness and contribution to protumoral inflammation (Supplementary Figure S5). Strikingly, exposure to PG/VG alone or in combination with nicotine led to significantly higher frequencies of exhausted PD-1-expressing, Ki67-negative, CD8+ T cells with impaired cytotoxicity (Figures 5G-J and Supplementary Figure S5). Notably, CD4+FoxP3+ T regulatory (Treg) frequencies did not vary significantly between groups, although an increasing trend was observed upon nicotine exposure (Supplementary Figure S5). Together, these findings indicate that PG/VG alone elicits immunosuppression, but when combined with nicotine, induces inflammation that may enhance tumor dissemination.

[image: Flow cytometry plots and graphs compare immune cell responses under three conditions: Control, PG/VG, and PG/VG with Nicotine. Panels A and B show dot plots of macrophages and CD8+ cells with respective graphs indicating their percentages. Panels C and D show IL-6 and TNFα expression in control and treatments. Panels E and F present bar graphs of median fluorescence intensity (MFI) for IL-6 and TNFα in macrophages. Panels G and H display PD-1 and TNFα expression in CD8+ cells. Panels I and J show percentages of PD-1+ and MFI TNFα in CD8+ cells with statistical analyses.]
Figure 5 | Whole body exposure of mice e-cigarette aerosol leads to increased myeloid and lymphoid immunosuppression in the tumor microenvironment. (A) Left, representative flow cytometry pseudocolor dot plot showing gating on lung-infiltrating macrophages from animals exposed to PG/VG with or without 36 mg/ml nicotine as described in Figure 4A. Right, lung-infiltrating macrophage frequency within gated live CD45+ immune cells was not affected by PG/VG (p=0.392; Table 1) but increased with the addition of nicotine (p=0.001). (B) Left, representative flow cytometry pseudocolor dot plot showing gating on lung-infiltrating CD8+ T cells. Right, lung-infiltrating CD8+ T cell frequency within gated live CD45+ immune cells fell significantly with exposure to PG/VG (p<0.001; Table 1) and about one-third more with the addition of nicotine (p<0.001). (C) Representative flow cytometry density plots showing IL-6 expression in gated lung-infiltrating macrophages. (D) Representative flow cytometry density plots showing TNFα expression in gated lung-infiltrating macrophages. (E) Mean fluorescence intensity of IL-6 in gated lung macrophages was not affected significantly by PG/VG (p=0.075; Table 1) but increased significantly with the addition of nicotine (p<0.001). (F) Mean fluorescence intensity of TNFα in gated lung macrophages was not affected significantly by PG/VG (p=0.512; Table 1) but increased significantly with the addition of nicotine (p<0.001). (G) Representative flow cytometry density plots showing PD-1 expression in gated lung-infiltrating CD8+ T cells. (H) Representative flow cytometry density plots showing TNFα expression in gated lung- infiltrating CD8+ T cells. (I) Percentage PD-1+ cells in gated lung CD8+ T cells was significantly higher in the presence of PG/VG (p<0.001; Table 1) but not affected by addition of nicotine (p=0.335). (J) Mean fluorescence intensity of TNFα in gated lung CD8+ T cells was not significantly different in the presence of PG/VG (p=0.586; Table 1) but significantly increased with the addition of nicotine (p<0.001).





Tumors exposed to PG/VG and nicotine are responsive to immune checkpoint inhibition

Given the observed impact of PG/VG and nicotine on the immune landscape of tumors, we analyzed the circulating T cell compartment for expression immune checkpoints to assess for systemic immune effects. Despite not showing differences in frequencies across groups (Supplementary Figure S6), splenic CD8+ T cells from mice exposed to PG/VG and nicotine expressed significantly higher levels of the immune checkpoints CTLA4, PD-1 and TIM3, while maintained comparable levels of LAG-3 to unexposed mice (Figure 6A). To assess the degree of exhaustion in these cells by co-expression of multiple immune checkpoints, we applied Boolean gating and found that 10.6% of PG/VG-exposed splenic CD8+ T cells showed co-expression of all 4 immune checkpoints, significantly doubling the levels on control CD8+ T cells (5.22%). Moreover, the presence of nicotine showed a significant additive effect, elevating circulating CTLA4+ PD-1+ TIM3+LAG-3+ CD8+ T cells to 17.34% within the CD8 compartment (Figures 6B, C), in line with the higher levels of exhaustion detected in the tumors.

[image: A series of graphs and diagrams show the effects of PG/VG and nicotine on splenic CD8+ T cells and tumor growth in mice. Panel A displays mean fluorescence intensity for CTLA4, PD-1, TIM3, and LAG-3, with varying results across control, PG/VG, and PG/VG with nicotine groups. Panel B presents pie charts illustrating populations expressing 0-4 markers. Panel C shows the percentage of CD8+ cells positive for multiple markers. Panel D illustrates the experimental setup involving cell conditioning and tumor injection. Panel E and F depict tumor volume and metastasis percentage, respectively, highlighting the impact of treatments.]
Figure 6 | Tumors exposed to proinflammatory e-cigarette components are responsive to immune checkpoint blockade. (A) Mean fluorescence intensity of T cell immune checkpoints CTLA4, PD-1, TIM3 and LAG-3 on splenic CD8+ T cells from mice exposed to PG/VG with or without 36 ml/mg nicotine as described in Figure 4A. CTLA4 and TIM3 were significantly elevated only in the presence of nicotine (p=0.011, p=0.015 respectively). PD-1 was significantly elevated in the presence of PG/VG (p=0.024) with no nicotine effect (p=0.431). No significant differences were found for LAG-3 expression. Summarized results can be found in Table 1. (B) The frequency of immune checkpoint co-expression (none (0), any given one (1), any combination of 2 (2), any combination of 3 (3) or all markers (4)) is shown in splenic CD8+ T cells as assessed by flow cytometry Boolean gating. (C) Percentage of quadruple-positive CTLA4+TIM3+LAG-3+PD-1+ splenic CD8+ T cells. Significantly elevated quadruple-positive cells were found in the presence PG/VG (p<0.001, Table 1) with a significant additive nicotine effect (p<0.001). (D) Experimental scheme to test the effect of immune checkpoint inhibition in e-cigarette preconditioned subcutaneous tumors. After preconditioning MC38 cells in the presence of 2.5 μM PG/VG with or without 36 mg/ml nicotine for 14 days, mice (n=5 per experiment) were implanted with tumors subcutaneously. Starting 3 days after implantation., mice were treated with intraperitoneal anti-CTLA4 (aCTLA4) or the relevant isotype control (IgG2k/a) on days 3, 6 and 9 after implantation. (E) Endpoint tumor volumes. Error bars represent standard error mean (SEM). Treatment with anti-CTLA4 showed a significant effect on tumor volume (p<0.001; Table 2) but not observed for PG/VG+nicotine (p=0.572). No significant interaction between anti-CTLA4 treatment and presence of PG/VG+nicotine was observed (p=0.934). (F) Metastasis rates: 6/15 (40%) animals with PG/VG-preconditioned MC38 tumors showed peritoneal metastases, which were absent (0/15) in both anti-CTLA4-treated groups and nearly absent (1/15) in control mice. There was no significant difference in metastases among these three groups (p=0.762 by Fisher Exact Test (p=0.762) and a significant increase in the PG/VG+nicotine mice compared to the others (p=0.005 by Fisher Exact Test).

To examine whether these immune checkpoint are limiting antitumor responses, we tested the sensitivity of e-cigarette-exposed subcutaneous tumors to immunotherapy in the MC38 model (25) by treating mice with the immune checkpoint inhibitor anti-CTLA4 (Figure 6D). In this model, anti-CTLA4 therapy prevented tumor growth independently of the presence of PG/VG + 36 mg/mL nicotine (Figure 6E and Supplementary Figure S6, Table 2). Notably, anti-CTLA4 treatment completely prevented the appearance of peritoneal metastases in e-cigarette-exposed animals (Figure 6F). These findings show that CTLA-4 represents a functional checkpoint in this setting.






Discussion

Even though neither PG/VG nor nicotine are carcinogens (i.e., tumor initiators), we found both in vitro and in vivo, that exposure to these compounds promotes tumor growth and occurrence of metastasis across multiple preclinical tumor models. PG/VG stimulates these processes in a dose-dependent manner and nicotine often, but not always, amplifies these effects.

Our results are consistent with the one earlier study examining the effect of e-cigarette exposure on tumor growth and metastasis, which examined the effect on breast cancer tumor grown and lung metastasis in mice (19). Like us, Pham et al. used a mixture of 50:50 PG/VG and nicotine (24 mg/mL) and identified the protumoral role of tumor-infiltrating suppressive macrophages upon their CCR5:CCL5 crosstalk with tumor cells, enhanced by exposure to a mixture of PG/VG and nicotine. They did not separate the effects of PG/VG and nicotine and did not characterize the lymphoid compartment infiltrating the breast and metastatic tumor models. The present study validates the proinflammatory macrophage infiltration described by Pham and colleagues as well as the other reports showing the association between e-cigarettes and IL-6 upregulation in humans and mice (20, 23, 26, 27). This study goes beyond the existing literature to identify important pro-metastatic roles for PG/VG and nicotine, as well as their involvement in immunosuppression both locally within the tumor and systemically in circulating lymphocytes.

PG/VG is not inert. Rather, PG/VG contributes to in vitro tumor cell invasion, as well as in vivo metastasis and systemic tumor aggressiveness. Biological effects of PG/VG have already been described including upregulation of extracellular matrix components (20), increased pulmonary and airway mucus (28–30), increased oxidation and DNA damage (31, 32), and metabolic alterations that compromise airway epithelial barriers (33). We also found that PG/VG exposure induced a reduction in CD8 T cells, a cell type critical for mediating anti-tumor immunity, providing a potential mechanism for enhanced tumor growth. This result is consistent with Sciezska and colleagues’ finding of impaired lung immunosurveillance in the form of decreased CD8+ T cells in lungs from animals exposed to PG/VG (34). We also found that CD8+ infiltrating PG/VG-exposed tumors showed increased levels of the immune checkpoints, further hampering effective antitumoral responses and clearance of cancerous cells. Together, these data support the notion that PG/VG can render exposed hosts more vulnerable to immunological challenges, such as viral infections (23, 35) or the development or dissemination of tumors, in addition to promoting tumor-intrinsic mechanisms leading to changes in tumor cell survival and invasion. Future studies diving into the molecular aspects of such changes could help better understand the formation of premetastatic niches.

While nicotine does not contribute to tumor initiation in our studies, it can make existing tumors worse. Nicotine affects several biological pathways, including cancer-relevant ones (10–12, 36–38). In our study, nicotine’s presence in vivo led to immune-intrinsic pro-tumoral changes, ranging from increasing macrophage- and T cell-induced immunosuppressive inflammation within the tumor microenvironment, decreasing CD8+ T cell infiltration and proliferation or increasing T cell exhaustion. Our immunological findings are consistent with previous immunoinhibitory roles reported for e-cigarette nicotine in vitro (14) and in vivo (15, 23, 34). One of such effects might be the observed upregulation of TNFα in immunosuppressive, tumor-infiltrating macrophages, previously reported in the context of chronic e-cigarette exposure (39, 40). The lack of differences in TGFβ might be explained by its more critical role in forming the metastatic niche and its expression from lung epithelial cells rather than macrophages (30). On the other hand, impaired anti-tumoral CD8+ T cell responses from PBMCs derived from smoker subjects have been shown in humanized tumor xenografts (15); while we observed a modest effect in Treg infiltration, we demonstrated that induction of inhibitory immune checkpoints such as PD-1, TIM3, LAG-3 or CTLA-4 on T cells occurs in syngeneic models upon e-cigarette exposure. Furthermore, we demonstrate that expression of these checkpoints is consequential, since treatment with anti-CTLA-4 antibodies can induce tumor regression in PG/VG plus nicotine-exposed animals. While Madison and colleagues found no correlation between the presence of nicotine and innate immune disruption caused by e-cigarettes (41), our data strongly suggest nicotine can impair adaptive immune responses.

These findings suggest the need to study cell-cell interactions to identify additional specific biological, metabolic pathways or critical infiltrating cell populations both to understand mechanisms of action and identify potential therapeutic or preventive interventions. Given the reported relevance for both lymphoid (14, 15, 21, 23, 34) and myeloid (19, 42) populations in antitumor responses in the presence of e-cigarette components, reinforced by the findings in this study, more preclinical studies involving exposure to PG/VG, nicotine and other e-cigarette components with targeted depletion of immune populations could be very informative to identify key targetable cell subsets, pathways or molecules.

This work is subject to several limitations. Firstly, the exclusive use of male mice in our experiments does not allow assessment of gender-based differences in the effect of e-cigarette exposure. Complementary studies in female mice will ascertain the extent of such differences. Because it is not possible to aerosolize nicotine without a humectant (in this case PG/VG), in most of the experiments we exposed the cells or animals to PG/VG or PG/VG plus nicotine. This arrangement allows us to draw conclusions about PG/VG and the marginal effect of adding nicotine, but limits conclusions about nicotine alone. The PG: VG ratio in commercially available e-cigarettes is not regulated and varies widely (43–45). We studied a previously reported relevant mixture of 1:1 PG/VG and nicotine, not whole aerosol generated by commercial e-cigarettes, which also includes flavoring and other components, as well as a range of PG: VG ratios. Future work could try to disentangle the roles of VG and PG separately. Finally, while we report the response of mouse cancers to relatively short exposures to PG/VG and nicotine, the specific relevance to chronic human exposure to these e-cigarette components, together with other components of e-cigarettes such as flavors, remains to be determined.

In 2012, the Food and Drug Administration established a list of Harmful and Potentially Harmful Constituents in Tobacco Products and Tobacco Smoke (46) (HPHC), which is dominated by toxicants in cigarette smoke. The HPHC list provides key metrics for assessing the harmfulness of tobacco products. In 2019 the FDA proposed adding 19 compounds to the HPHC list, including propylene glycol and glycerol, to reflect compounds in e-cigarettes (47). While e-cigarette components may induce lower carcinogenesis (although there is little data beyond lower biomarkers of exposure), there are many indirect effects that must be considered when assessing their health impact, including promotion of metastasis or immunosuppressive infiltration documented here. The results presented in this study underscore the consideration of propylene glycol as a harmful component given its widespread use in e-cigarettes as well as heated tobacco products (48).

Our results demonstrate new potential risks associated with e-cigarettes. Future assessments of the safely of e-cigarettes should include not only incidence of cancer, but also acceleration of cancers caused by other agents.
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Supplementary Figure 1 | E-cigarette chemicals promote tumor cell migration in vitro. (A) Percent of scratch area covered by MC38 cells at 0, 4, 12 and 24h after insert removal in cell migration assays. P=PG/VG at 2.5 µM. (B) Viable cells on days 3, 5 and 7 after cell seeding.

Supplementary Figure 2 | PG/VG or nicotine impact primary growth for B16 but not M38 and TRAMP-C2 tumors. (A) Tumor growth analysis over time for experiments described in Figure 5. At any given time, tumor volume is larger in B16 (melanoma) tumors in animals exposed to PG/VG (ln(tumor volume) increased by 4.22 (95%CI 2.95, 5.50), p<0.001; Table 2), with a slower rate of grown (ln(tumor volume)/day -0.25 (-0.32, -0.17), p<0.001). Nicotine did not significantly affect tumor volume (p=0.169 for offset, p=0.093 for change in growth rate). Neither PG/VG nor nicotine was significantly associated with changes in tumor growth for MC38 (colorectal) or TRAMP-C2 (prostate) tumors. Lines represent fit curves. Error bars represent SEM. (B) Raw tumor volume measurements for subcutaneous B16, MC38 and TRAMP-C2 implantation experiments described in Figure 5A. Error bars represent SEM.

Supplementary Figure 3 | PG/VG tumor cell preconditioning induces more aggressive Luc-MC38 tumors. (A) Tumor bioluminescence on day 15 after implantation expressed as average photon radiance. Tumor bioluminescence was significantly increased in cells preconditioned with PG/VG (p<.001; Table 1). Adding nicotine had no additional effect (p=0.187).

Supplementary Figure 4 | Whole body exposure of mice e-cigarette aerosol leads accelerated tumor growth and more aggressive metastasis. (A) Whole body exposure machine set up for experiments described in Figure 2. Briefly, vaped e-cigarette liquids were injected into an exposure chamber containing live mice continuously for 1h, 5 days a week. (B) Time-course measurement of tumor bioluminescence expressed as Average Radiance for mice involved in experiments described in Figure 2. Error bars represent SEM. (C) Representative pictures of harvested lungs from unchallenged mice (left) or e-cigarette-exposed mice (right).

Supplementary Figure 5 | Whole body exposure of mice e-cigarette aerosol leads to increased myeloid and lymphoid immunosuppression in the tumor microenvironment. (A) Flow cytometry gating strategy used for phenotyping of Luc-MC38 tumor immune infiltrates harvested from lungs of mice involved in experiments described in Figure 2. (B) Left, offset histograms representing normalized modal frequencies for markers Ki67, IFNγ and PRF1 in gated tumor-infiltrating CD8+ T cells. Right, percentages of Ki67+, IFNγ+ and PRF1+ T cells within the CD8+ compartment. (C) Mean fluorescence intensity of TGFβ in gated lung macrophages was not affected significantly (p=0.5257). (D) Percentage CD4+FoxP3+ cells in gated CD45+ cells. No significant differences were observed (p=0.1597).

Supplementary Figure 6 | Tumors exposed to proinflammatory e-cigarette components are responsive to immune checkpoint blockade. (A) Splenic CD8+ T cell frequencies within gated live CD45+ immune cells in mice involved in whole body exposure experiments. (B) Representative flow cytometry histograms showing normalized modal frequencies for CTLA4, PD-1, TIM3 and LAG-3 expression in gated splenic CD8+ T cells. (C) Tumor volume curves for n=3 experiments described in Figure 4. Red arrows indicate Isotype control or anti-CTLA4 treatment. Black lines represent fit curves. Error bars represent SEM.

Supplementary Table 1 | Antibodies used for flow cytometry.

Supplementary Table 2 | Source data for Figures 1–6.

Supplementary Table 3 | Occurrence of metastases in Figure 2D.

Supplementary Table 4 | Tumor growth curves in Figure S2.
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Despite enormous progress, advanced cancers are still one of the most serious medical problems in current society. Although various agents and therapeutic strategies with anticancer activity are known and used, they often fail to achieve satisfactory long-term patient outcomes and survival. Recently, immunotherapy has shown success in patients by harnessing important interactions between the immune system and cancer. However, many of these therapies lead to frequent side effects when administered systemically, prompting treatment modifications or discontinuation or, in severe cases, fatalities. New therapeutic approaches like intratumoral immunotherapy, characterized by reduced side effects, cost, and systemic toxicity, offer promising prospects for future applications in clinical oncology. In the context of locally advanced or metastatic cancer, combining diverse immunotherapeutic and other treatment strategies targeting multiple cancer hallmarks appears crucial. Such combination therapies hold promise for improving patient outcomes and survival and for promoting a sustained systemic response. This review aims to provide a current overview of immunotherapeutic approaches, specifically focusing on the intratumoral administration of drugs in patients with locally advanced and metastatic cancers. It also explores the integration of intratumoral administration with other modalities to maximize therapeutic response. Additionally, the review summarizes recent advances in intratumoral immunotherapy and discusses novel therapeutic approaches, outlining future directions in the field.
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1 Introduction

Today, cancer ranks as the second leading cause of mortality worldwide (1) with predicted incidence expected to reach 28.4 million cases by 2040 (2). Locally advanced tumors (those that have significantly progressed in size or are often inoperable due to locoregional spread) and metastatic tumors (those that have spread to distant parts of the body) (3) are the primary causes of cancer-related death (4). According to the Surveillance, Epidemiology, and End Results database (2014–2020), poor 5-year survival rates are documented for metastatic and regional diseases, such as 99.6% for localized, 86.7% for regional, and 31.9% for distant female breast cancer (5).

One of the main challenges in cancer treatment is finding effective modalities to combat both primary and distant metastatic tumors, as well as addressing post-treatment minimal residual disease (MRD), which includes small cancer cell clusters, micrometastasis, or even single cancer cells. While advances in liquid biopsy for detecting MRD are promising in hematological malignancies, they remain challenging for many solid tumors (6, 7). The unpredictable development of metastasis, proximity to vital organs or vessels, as well as large tumor size often complicate the treatment of advanced cancers (3). Generally, the size of a lesion, the number of affected lymph nodes, and the extent of metastasis correlate with a worse prognosis, also known as the tumor, node, and metastasis (TNM) staging system (8).

Current treatment options for locally advanced and metastatic cancer include systemic and local therapies or their combinations, depending on the type, localization, and stage of cancer progression (9–14). According to the National Cancer Institute, Bethesda, Maryland, systemic cancer treatment nonspecifically travels through the bloodstream and affects both cancerous and healthy cells (15), while local therapies target cancer cells with reduced toxicity to nearby and distant healthy cells (16). Systemic treatment options include chemotherapy, immunotherapy, hormonal, and specifically targeted therapies (17), such as epigenetic drugs, tyrosine kinase inhibitors, or anti-angiogenesis drugs (18). Local treatments comprise surgery, radiotherapy (9, 13, 19–21), photodynamic (22), and ablation therapies (9, 13, 21).

Although side effects are observed with both treatment types (23, 24), systemic therapies are often the leading cause of bone marrow suppression, gastrointestinal dysfunction, endocrine abnormalities (25), and immune-related adverse events (26). Given these challenges, there is an urgent need for new treatment strategies and combinations that lower side effects, achieve synergistic or additive activity, and increase efficacy for treating locally advanced and metastatic cancer (27). This review provides an up-to-date overview of current immunotherapeutic and other treatment approaches, focusing on intratumoral administration for the treatment of locally advanced and metastatic cancer. We emphasize combination therapy, where intratumoral administration is paired with other modalities, to improve the overall therapeutic response. By examining the latest advancements, particularly in immunotherapy, we also discuss novel, promising therapeutic approaches for the near future.




2 Cancer immunotherapy

The involvement of the immune system in tumor development was first proposed in 1909. This idea was further studied about 50 years later by F. M. Burnet and L. Thomas. They hypothesized that tumor neoantigens could trigger T cell immune response to eliminate cancer cells (28). This hypothesis was validated in the 1990s by numerous experiments, extending to the interplay between innate and adaptive immunity necessary for efficient tumor eradication (29–31) and the generation of immunological memory to prevent disease recurrence (32).

Cancer immunotherapy is a promising approach that enhances tumor immunogenicity and stimulates the immune response against cancer cells (33, 34). For decades, researchers have explored ways to stimulate or inhibit immune response to fight cancer. Currently, several types of immunotherapies are recognized, including cancer vaccines (e.g., dendritic cell, peptide/protein, gene (35), viral (36), oncolytic viral (37), or repurposed viral vaccines) (35), monoclonal antibodies and checkpoint inhibitors (ICIs) (38), adoptive cell therapies (39, 40), and immunomodulators (e.g., cytokines, pattern recognition receptor (PRR) and stimulator of interferon genes (STING) agonists, and vaccine adjuvants) (41). Based on their modulation of the immune system, they can be categorized as either active or passive, although many immunotherapies exhibit overlaps. Active immunotherapy is based on a patient’s immunization with pathogen vaccines, tumor cells or their parts, ICIs, or cytokines, with a subsequent generation of various immune mediators and cells to destroy a tumor lesion, ultimately through effector T cells. Passive immunotherapy, on the other hand, includes the administration of ex vivo stimulated or modified immune cells, such as T cells, natural killer (NK) cells, or chimeric antigen receptor T cell therapy (CAR-T), as well as the administration of specific monoclonal antibodies, without the necessity to initiate the production of own immune mediators and cells to fight cancer (42, 43). Depending on their immunostimulatory activity, monoclonal antibodies can be considered either targeted therapy (44) or immunotherapy (45).

To date, numerous systemic immunotherapies have been approved for the treatment of advanced cancers (National Library of Medicine Database, European Medicine Agency Database). Systemic administration is essential for effectively managing metastatic disease (46), as it is both practically feasible (47) and ensures a broad distribution of therapeutic agents throughout the body (46). These primarily include ICIs and their combinations with chemotherapy, targeted therapy (e.g., vascular endothelial growth factor (VEGF), kinase, and epidermal growth factor receptor (EGFR) inhibitors), or additional ICI molecules. Other treatment options include, for instance, sipuleucel-T (FDA, viral therapy), aldesleukin (FDA, cytokine therapy), lifileucel (FDA, adoptive cell therapy), or enfortumab (FDA/EMA, anti-nektin-4 antibody). Although these therapies have been approved for managing advanced cancers, they are not combined with other treatment modalities.




3 Intratumoral immunotherapy

The beginning of intentional local treatments can be dated back to 1700 – 1800 AD (48), almost 5,000 years after the first cases were documented in old papyruses and treated (49). In the case of metastatic disease, the earliest evidence is from 1200 BC (50) (Figure 1). As with any of the standard cancer treatments, the introduction of immunotherapy, including the intratumoral approach, was a gradual process developing with new-gained knowledge and ever-changing discoveries in the biological field. Significant advances in cancer research and treatments began to emerge with the foundation of the first hospital for cancer patients, Sloan Kettering Institute (currently Memorial Sloan Kettering Cancer Center), in 1884 (51) (Figure 1). For instance, several cases describing tumor eradication after infections were reported by F. Fehleisen, W. Bush (52), and W. Coley (52–54). Although not well understood at that time, Coley’s work illuminated the potential of direct tumor injection to stimulate the immune system to fight both primary tumors and metastases (38). Furthermore, the “seed and soil” hypothesis of organ-specific metastatic dissemination was proposed (55) (Figure 1). A few years after the postulation that the immune system could reduce tumor growth (28), sterile procedures (56, 57) were introduced, leaving W. Coley misunderstood and forgotten. Additionally, the first metastatic mouse melanoma model was established (58). With further scientific advances, hallmarks of cancer (59) and the neoadjuvant approach were introduced (60), immunotherapy was named the Breakthrough of 2013 (61), and itRECIST criteria, i.e., recommendations for the assessment of intratumoral immunotherapy clinical trials, was proposed (in lorange) (62) (Figure 1). The induction of systemic immune response against distal untreated lesions, better known as abscopal or anesthetic effects, was sometimes reported during better-defined radiotherapy (63, 64). For a long time, only systemic treatment was considered necessary to reach all metastatic lesions. However, to specifically target cancer cells, reduce off-target toxicities, and increase treatment efficacy, a focus has shifted again towards local, particularly intratumoral immunotherapies (47, 65). The first approved systemic monoclonal antibody and cell-based therapy for advanced cancer were ipilimumab (FDA/EMA) (66) and lifileucel (FDA) (67), respectively (in purple). However, to this day, the only FDA/EMA-approved intratumoral immunotherapy is Talimogene Laherparepvec (T-VEC) (68), which is used for the treatment of unresectable melanoma lesions (in green) (Figure 1). Herpes virus G47∆ has been approved particularly by the Japan Ministry of Health, Labour and Welfare for the intratumoral treatment of malignant glioma (69) and adenovirus H101 in China for advanced nasopharyngeal cancer (70).
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Figure 1 | Historical milestones of the intratumoral approach, including the key events for advanced cancers. i.t. intratumoral.

Intratumoral immunotherapy is based on the principle of in situ immunization, where the immune response is primed directly within the tumor microenvironment. This can involve the stimulation of pre-existing anti-tumor immunity or the initiation of the new, often tumor-specific immune responses (65, 71, 72). The specific mechanisms activated depend on several factors, including the type of immunotherapeutic agent used, its biological activity, timing, and combination with other therapies (47, 65, 71). One of the common mechanisms is the activation of dendritic cells within the tumor through intratumoral injection of immunotherapeutic agents. These activated dendritic cells present tumor antigens to T cells, initiating a robust anti-tumor immune response (73, 74). Another mechanism involves the injection of agents such as cytokines or cytokine-inducing compounds into the tumor, which modulate the local immune environment and promote the recruitment and activation of immune cells (75, 76). Additionally, intratumoral administration of checkpoint inhibitors can block inhibitory signals within the tumor microenvironment, enhancing the activity of T cells against cancer cells (77, 78). Oncolytic viruses, which selectively infect and kill tumor cells, also play a role by releasing tumor antigens and stimulating a broader immune response (79). Approved or investigational systemic immunotherapies can be intended for local administration if accessible tumor lesions (i.e., primary tumors or metastases) are present for direct injection via skin, surgery, or any of the endoscopic procedures, and pending their potential future approval for use in local treatment settings (71).

Intratumoral administration exerts several advantages over the traditional systemic approach: (a) It significantly reduces the exposure of immunotherapeutic drugs to healthy tissues, thereby lowering the likelihood of side effects (47, 65, 72, 80). (b) It enables combinations of drugs that may be excessively toxic if administered systemically (65, 80). (c) It is easier to achieve high intratumoral bioavailability (47, 65, 72). (d) It allows for lower doses, reducing costs while maintaining therapeutic efficacy (65, 80). However, intratumoral immunotherapy also has its disadvantages. Not all tumors are accessible for direct injection, limiting the applicability of this approach to certain cancer types and locations (81, 82). Local treatments can cause reactions at the injection site, including undesired pain, swelling, and inflammation (83–85). The variability within the tumor microenvironment can also affect the uniformity and effectiveness of the treatment (86). Moreover, the administration of intratumoral immunotherapies requires precise delivery techniques, such as image-guided injections, which can complicate the process (47, 81, 87). Contrary to systemic therapies, intratumorally administered agents may not reach undetected lesions (88–90). Finally, while strong local immune activation is an advantage, it may not always result in a sufficiently robust systemic response to control metastatic disease (91). This risk of insufficient systemic response remains a challenge in effectively managing cancer with intratumoral immunotherapy.




4 Rationale for combination therapy in the treatment of advanced cancer

In the last two decades, the introduction of concepts such as the “Hallmarks of Cancer” and the “Cancer-Immunity Cycle” has profoundly influenced the understanding and treatment of cancer. Despite the natural ability of the innate and adaptive immune system to recognize and eliminate cancer, malignant/metastatic cells have developed numerous evading mechanisms. These hallmarks were described by Hanahan and Weinberg to conceptualize cancer as a complex tissue of cells communicating with each other. Currently, fourteen hallmarks of cancer have been introduced, including (1): evading growth suppressors (2), non-mutational epigenetic reprogramming (3), genome instability and mutations (4), avoiding immune destruction (5), inducing or accessing vasculature (6), resisting cell death (7), activating invasion and metastasis (8), tumor-promoting inflammation (9), enabling replicative immortality (10), polymorphic microbiomes (11), senescent cells (12), unlocking phenotypic plasticity (13), deregulating cellular metabolism, and (14) sustaining proliferative signaling (Table 1) (59, 146, 147).

Table 1 | Therapeutic approaches inducing ICD and targeting the Hallmarks of Cancer.
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In 2013, Chen and Mellman introduced a novel concept, the “Cancer-Immunity Cycle”, which describes crucial steps for an efficient anti-tumor immune response (148). The critical step of the cycle is the induction of local disruption of tumor cells, followed by the release of specific tumor motives such as tumor antigens, damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs), and various pro-inflammatory cytokines (148, 149). These released tumor motives consequently attract the cells of innate immunity (e.g., macrophages or dendritic cells (DCs)) that start to engulf and present tumor antigens with major histocompatibility complex (MHC) molecules. Stimulated antigen-presenting cells (APCs) then migrate to draining lymph nodes where they present tumor antigen-MHC complexes to naïve T cells, activating them in an antigen-specific manner. This leads to the infiltration of the primary tumor by activated adaptive immunity cells, which subsequently destroy tumor cells. This process further triggers the release of tumor motives and pro-inflammatory signals (148). Tumor cells in distant lesions, i.e., metastases, may be eradicated under certain conditions (Figure 2) (150, 151).

[image: Diagram illustrating the cancer immunity cycle. Step 1: Tumor cells undergo local disruption, releasing DAMPs and antigens. Step 2: Immune cells infiltrate, consisting of T cells, granulocytes, macrophages, NK cells, and immature dendritic cells (DCs). Step 3: Immature DCs mature and perform cross-presentation. Step 4: T cells are activated in the lymph node. Step 5: T cells exhibit cytotoxic activity, responding to cytokines. Step 6: The abscopal effect occurs, reducing metastases. Symbols: orange circles for DAMPs, purple triangles for tumor antigens, pink circles for cytokines.]
Figure 2 | Efficient anti-tumor immune response. DC, dendritic cell; NK, natural killer; DAMP, damage-associated molecular pattern; ATP, adenosine triphosphate; HMGB1, high mobility group box 1 protein.

Taking these concepts in mind, cancer treatment for advanced and metastatic tumors should target two or more “hallmarks of cancer” (152–154) while incorporating at least one approach that stimulates immunogenic cell death (ICD) to enhance efficacy and increase the immunogenicity of cancer cells (155). ICD is a regulated form of cell death characterized by membrane rupture, the release of molecules such as adenosine triphosphate (ATP), high mobility group box 1 protein (HMGB1), annexin 1, heat shock protein (HSP), type I interferon, cytosolic DNA/RNA, tumor antigens, and the translocation of calreticulin to the cell membrane (156, 157). Several types of ICD have been identified, including immunogenic apoptosis, necrosis, and pyroptosis (155), as well as recently proposed ferroptosis, parthanatos, immunogenic entotic or netotic cell death, lysosome- and autophagy-dependent cell death, and alkaliptosis (158). ICD has also been described for immunotherapeutic approaches. Examples of therapies inducing ICD are summarized in Table 1. While it may be reasonable to expect ICIs or cell therapies to indirectly induce ICD via immune cell mediators, studies on the release of DAMPs have primarily focused on established ICD inducers without examining the potential of ICIs or cell therapies alone (159, 160).




5 Combinations of intratumoral immunotherapies with other treatment modalities



5.1 Intratumoral cancer vaccines

Cancer vaccines are a diverse group of therapies that include dendritic cells, peptide/protein, gene, viral, oncolytic viral or repurposed viral vaccines (35) (Table 2). They aim to stimulate both the innate and adaptive arms of the immune system (35, 164) and are typically combined with immune adjuvants to enhance the immune response (35, 164). Despite the development of numerous cancer vaccines and their modification, their efficacy is often reduced in advanced and metastatic cancers (165, 166). Therefore, combining them with other therapeutic approaches is essential (167).

Table 2 | Classification of cancer vaccines.
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5.1.1 Viral repurposed and viral oncolytic vaccines

A promising approach in cancer vaccines is drug repurposing, which involves identifying new therapeutic uses for existing medications. Existing knowledge of safety profiles, pharmacokinetics, and manufacturing processes can expedite the introduction of new treatments to the market (168). Repurposed vaccines, such as diphtheria, influenza, measles, smallpox, and yellow fever vaccines, have been explored for their potential anticancer properties (169). For example, intratumoral administration of the influenza vaccine in a murine metastatic breast cancer model induced acute inflammation, reduced tumor size, and reversed resistance to systemic ICIs, leading to reduced metastases (170). There is also a clinical trial underway to evaluate the safety of influenza vaccination among breast cancer patients receiving chemotherapy in the neoadjuvant setting (NCT06229392). In phase I of this study (NCT06229392), 2 doses of seasonal flu vaccine will be administered to breast cancer tissue, and the tumor and whole body response will be studied. Similarly, in a bilateral colorectal murine model, intratumoral administration of the yellow fever vaccine combined with systemic administration of anti-programmed cell death protein 1 (anti-PD-1) and anti-CD137 reduced tumor growth. Interestingly, mice that were preimmunized with the same vaccine demonstrated enhanced local and distant antitumor immunity (171), highlighting the potential of widespread vaccine deployment.

In addition to repurposing vaccines, researchers investigated the concurrent intratumoral administration of various oncolytic viruses and bacteria alongside other therapies to amplify the antitumor effects in various preclinical models (172) and clinical studies targeting advanced disease (Supplementary Table 2). Numerous oncolytic viruses, such as coxsackievirus (NCT02307149), dengue virus (NCT03990493), and vaccinia virus (NCT05859074), are currently used for the in situ immune system activation in clinical trials (173) (Supplementary Table 1). However, results from clinical trials using oncolytic viruses alone as cancer vaccines often yielded disappointing outcomes (174). Therefore, combination strategies are preferred to enhance the effectiveness of oncolytic immunotherapies (173). Combining oncolytic virus therapy with ICIs in preclinical models of several cancers has shown significantly prolonged survival compared to untreated mice or those receiving either therapy alone (175–177). Given that ICIs are extensively employed in treating locally advanced and metastatic cancers, most clinical trials focus on combining oncolytic immunotherapies with the systemic administration of ICIs (Supplementary Table 1). Furthermore, intratumorally administered oncolytic adenovirus VCN-01 has shown encouraging biological and clinical activity when administered with chemotherapy to patients with pancreatic adenocarcinoma (PDAC) (NCT02045589). VCN-01 was administered by endoscopic ultrasound guidance to the primary lesion. In all treated patients, the injected lesion remained stable or decreased in size. Of the seven evaluable patients, five experienced progression at 4 months, one at 8 months, and one at 31 months after treatment. Progression in all patients was due to the appearance of new lesions or the growth of distant, non-injected metastatic lesions (178). In 2023, the FDA granted Fast Track designation to intravenously administered VCN-01 for treating metastatic PDAC (NCT05673811), following promising results from previous studies combining intravenous VCN-01 with chemotherapy for PDAC treatment (NCT02045602) (179).

Advances in genetic engineering have led to the development of recombinant viruses that attract immune cells to infiltrate the tumor and deliver additional tumor antigens and immunomodulators. Consequently, their activity triggers T cell activation and enhances the anti-tumor immune response. T-VEC, the first FDA/EMA-approved oncolytic virus for intratumoral application, is an example of a genetically engineered herpes virus with an additional gene for human granulocyte-macrophage colony-stimulating factor (GM-CSF), showing encouraging outcomes for several advanced tumors (180, 181). In clinical trial NCT02509507, T-VEC was injected intratumorally in 21-day cycles with intravenous pembrolizumab, and a feasible and tolerable combination was demonstrated to continue further investigation (182). Besides incorporating the gene for GM-CSF into viral vectors in different oncolytic viruses (NCT02562755, NCT05162118, NCT04050436), viruses expressing cytokines such as IL-12 and IL-15 or ICIs are currently tested (NCT06008925, NCT05081492, NCT04370587, NCT04735978, NCT06124001).

In clinical trials, virotherapies are typically administered through either intratumoral or intravenous routes. While intratumoral administration is expected to result in fewer adverse events and limited accumulation of viral particles within metastatic lesions, intravenous administration faces challenges such as restricted penetration of viral particles through dense tumor stroma and an immunosuppressive microenvironment, along with rapid serum degradation by the immune system (183). However, a few studies have reported comparable results between local and systemic administration (184). In the case of repurposed viral vaccines, intratumoral administration may offer an advantage by preventing the rapid elimination of viral particles due to neutralizing antibodies and memory cells (183). The limited number of clinical trials directly comparing the safety and efficacy of intratumoral versus systemic administration highlights an urgent need for more comprehensive studies to fill this critical gap in research.




5.1.2 Peptide/protein and dendritic cell vaccines

Intratumoral peptide/protein and dendritic cell vaccines represent promising strategies for the treatment of advanced cancers (185, 186). They involve the administration of tumor-specific antigens, i.e., neoantigens or peptides and ex vivo primed dendritic cells, respectively, to stimulate the adaptive arm of the immune system to combat cancer (36). However, in the advanced disease setting, combining other treatment modalities is essential for effective treatment (186, 187).

Dendritic cancer vaccines are often investigated in combination with systemic checkpoint inhibitors (e.g., NCT03942328, NCT03546361, NCT03707808). Several clinical trials also examined the efficacy of intratumorally delivered DCs with a kinase inhibitor for the treatment of metastatic renal cell carcinoma (NCT02432846, 2014-004510-28). For instance, the trial NCT02432846 reported that local delivery of allogeneic DCs combined with the tyrosine kinase inhibitor sunitinib resulted in a partial response in 30.8% of patients with metastatic renal cell carcinoma. Further, phase II of clinical trial NCT04796194 examines the intratumoral administration of LTX-315, an oncolytic peptide, with systemic anti-PD-1. In phase I, this combination demonstrated an acceptable safety profile and substantial volume reduction in 29% of the patients, and 86% of biopsies had an increase in intralesional CD8+ T cells posttreatment (NCT04796194) (188). However, direct comparisons between systemic and localized treatment regimens are still lacking. In the case of peptide vaccines, there are only a few clinical trials investigating the intratumoral administration of peptide/protein vaccines, emphasizing the need for such studies.

While most clinical studies prioritize systemic administration routes for both protein/peptide and DC vaccines, intratumoral delivery has shown a potential to mitigate the immunosuppressive tumor microenvironment. Preclinical evidence supports this approach. A study investigating antigen-pulsed DCs demonstrated that intratumoral administration, when combined with subcutaneous delivery, led to a reduction in regulatory T cell (Treg) populations, decreased TGFβ expression, and increased T cell infiltration within a glioblastoma mouse model. This dual administration strategy exhibited superior results compared to subcutaneous injection alone (189). While the preclinical studies demonstrate promising results, additional clinical investigation is necessary.





5.2 Intratumoral immunomodulators

Immunomodulators are a form of immunotherapy that regulate the immune system’s response and encompass cytokine therapy, pattern recognition receptor (PRR) and stimulator of interferon genes (STING) agonists, and vaccine adjuvants (190). STING or PRR agonists like Pam2Cys (toll-like receptor (TLR2), Poly(I:C) or Poly-ICLC (TLR3), monophosphoryl lipid A (TLR4), ADU-S100 (STING), and resiquimod or imiquimod (TLR7/8) when interacting with their respective receptors on tumor or immune cells, can stimulate APCs, macrophages, B and T cells, and the production of various cytokines and chemokines (191, 192). In preclinical studies, intratumorally administered STING agonists have shown promising results across different cancer types (193). In a murine model of metastatic sarcoma, intratumoral administration of STING agonist DMXAA resulted in a 60% reduction in tumor size and prolonged survival. Additionally, the systemic anti-tumor immune response was observed in this metastatic model, resulting in approximately 50% reduction of primary lesions and lung metastases (194). Based on promising preclinical results, several clinical trials involving intratumoral STING agonists were initiated, preferably combined with ICI therapy (Supplementary Table 2). For example, when STING agonist MK-1454 was administered intratumorally as monotherapy, complete (CR) or partial responses (PR) in clinical trials for advanced solid tumors were not achieved. However, when combined with ICI, a PR of 24% (6/25) was observed, with reductions in both injected and non-injected lesion sizes (195) (NCT03010176). In a follow-up study involving patients with advanced or metastatic head and neck squamous cell carcinoma, an overall response rate of 50% was noted with this combination treatment (NCT04220866). Additionally, newer STING agonists like BMS-986301, MK-2118, ONM-501, and BMS-986301 hold the potential to enhance our understanding of STING agonists’ role in cancer immunotherapy (Supplementary Table 1).

PRR agonists are a significant focus of the clinical trials under discussion here and elsewhere (Supplementary Table 2) (196). The lack of tumor specificity and dose-limiting systemic toxicities upon intravenous administration increased interest in intratumoral administration as an alternative approach (197, 198). Various TLR9 activators, including CMP-001, SD-101, tilsotolimod, MGN1703, and CpG, have been investigated primarily in conjunction with ICI therapies to assess their safety, tolerability, and ability to stimulate immune responses within the tumor microenvironment (199). For instance, early data on SD-101 with PD-1 blockade showed increased clinical efficacy with minimal additional toxicity relative to PD-1 blockade alone in advanced melanoma (200). Efficacy of SD-101 is currently being evaluated in combination with PD-1 blockade and radiation therapy in patients with metastatic pancreatic cancer (NCT04050085) and prostate cancer (NCT03007732); and in combination with anti-OX40 antibody in patients with advanced solid tumors (NCT03831295). CMP-001, combined with PD-1 blockade therapy, entered phase II/III study for patients with unresectable or metastatic melanoma (NCT04695977). However, the study was terminated due to business decisions. CMP-001 is being further evaluated in various locally advanced and metastatic cancers (Supplementary Table 1). The results of another phase I trial demonstrated that the combination of CMP-001 with PD-1 inhibitor pembrolizumab elicited the best objective response rate (ORR) per RECIST v1.1 criteria of 23.5% (95% CI, 15.5%-33.1%) Moreover, post-progression responders achieved the best ORR of 27.6% (95% CI, 19.0%-37.6%) (NCT02680184) (201). Optimizing the mixture of carefully selected immunomodulators and therapeutics for direct intratumoral combined administration may increase vaccine efficacy. For instance, in a murine model of pancreatic adenocarcinoma, a combination of intratumorally administered TLR agonists (Poly (I:C), R-848, LTA), mannan-BAM, and agonistic anti-CD40 antibodies resulted in a notable 67% decrease in tumor size (202). Likewise, in the bilateral murine colon cancer model, the synergistic effects of this treatment induced systemic immune response, resulting in tumor growth delay and complete tumor regression in a subset of untreated representative metastatic tumors (203).

Besides STING and PRR agonists, bacteria-based therapies are examined in the advanced disease setting. For instance, attenuated Clostridium novyi, depleted of its lethal toxin gene, is currently tested for intratumoral administration in clinical trials with systemic ICI treatment (NCT03435952). This vaccine administration has previously demonstrated tumor-specific T-cell induction and decreased tumor size (204) (NCT01924689), supporting the integration of bacterial vaccines amongst potential immunotherapeutic strategies for advanced diseases. Another clinical study with T3P-Y058-739, a genetically modified, live attenuated strain of the bacterium Yersinia enterocolitica, alongside ICI treatment, will be evaluated in patients with advanced solid tumors (NCT05120596).

Additionally, various cytokines such as IL-2, IL-12, interferon (IFN)-α, and GM-CSF can trigger anti-tumor immunity or inhibit angiogenesis (75, 76). Their short half-life, low biodistribution, and toxicity limit their practical systemic application (76, 205). However, directly injecting the immunomodulators into the tumor site could optimize their efficacy. In murine melanoma and colorectal cancer models, intratumoral administration of mRNA encoding IFN-α, IL-12, IL-15, and GM-CSF enhanced by systemic administration of anti-PD-1, reduced tumor growth of both primary tumors and metastases (206). Several methods to deliver cytokines directly in the tumors alongside systemic therapy (mostly ICIs) for patients with advanced diseases have been tested, including mRNA vaccines (NCT06249048), adenoviral vector encoding IL-12 (NCT04050085, NCT04006119, NCT02423902), recombinant fusion proteins (NCT06284590), cytokines (NCT01480323, NCT01672450), or plasmids (NCT02493361, NCT04526730).




5.3 Intratumoral adoptive cell therapies

Adoptive cell therapies enhance the immune system’s ability to fight cancer by administering genetically engineered or expanded patient immune cells that can specifically target and destroy cancer cells. This approach includes CAR-T therapy, tumor-infiltrating lymphocyte (TIL), NK cell (39, 40), and γδ-T cell therapy, and CAR therapy for cells of innate immunity (e.g., CAR-NK, CAR-NKT, or CAR macrophage). Despite their promising potential, these therapies can face challenges such as antigen escape (207), low infiltration of transferred cells into tumor lesions, and the presence of immunosuppressive mechanisms, including a hostile tumor environment and immunosuppressive cells (208). Furthermore, one of the limitations is their short half-life and cytokine release syndrome upon intravenous administration (209, 210). Local administration may facilitate the infiltration of adoptively transferred cells (40, 208) and mitigate systemic toxicity (211), highlighting additional advantages of intratumoral administration for such cell therapies.

For treating advanced cancers in both clinical and preclinical settings, cell therapies are often combined with approaches that induce oncolysis. These combinations includes an intratumoral administration of zoledronate-pulsed dendritic cells with intravenous T lymphocytes and gemcitabine (212), chemotherapy (213) (NCT02018458), low-dose cisplatin and 5-fluorouracil (214), photodynamic therapy (215), oncolytic viral therapy (216), or intratumoral CD4⁺ Th1 memory cells and cryoablation (NCT00861107). The repeated intratumoral application of CD1c myeloid DC alongside ICI and synthetic saponin-based adjuvant ASO1b, together with systemic low-dose ICI, has demonstrated encouraging results in treating refractory advanced melanoma (217) (NCT03707808). In this phase I trial, 4 patients (50%) obtained complete response (CR) in the injected lesions. Of these, 2 patients obtained an overall CR, and one patient PR. Median progression-free survival (PFS) and overall survival (OS) were 24.1 and 41.9 weeks, respectively (217). Furthermore, autologous DCs injected with an adjuvant booster (Prevnar vaccine) are being studied in patients with unresectable intrahepatic cholangiocarcinoma after standard high-dose external beam radiotherapy (NCT03942328). This approach has shown a favorable safety profile and encouraging signs of efficacy and induction of tumor-specific immunity. Early response data from the five subjects who have completed the protocol showed ORR of 60% (n=3, all partial response) (218). Phase II of the study NCT03942328 will focus on combinations with ICI that could further enhance immunotherapy outcomes. The promising results of integrating cell-based vaccines with other treatments warrant additional clinical investigation to broaden the range of available immunotherapy options.




5.4 Intratumoral immune checkpoint inhibitors and monoclonal antibodies

Checkpoint molecules, such as cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and programmed cell death protein 1/programmed cell death ligand 1 (PD-1/L1), maintain self-tolerance and prevent any autoimmune reactions by modulating the activity of T cells (78). Nevertheless, tumor cells can exploit checkpoint molecules to evade immune responses. Thus, blocking these checkpoints can immunity against cancer. For example, an antagonistic monoclonal antibody anti-CTLA-4 releases the inhibition of APC activity mediated by the interaction between CTLA-4 on Tregs and CD80/86 on APC. Additionally, anti-PD-1 or anti-PD-L1 antibodies reverse the negative interaction between tumor cells and T cells, thereby stimulating their activity (77, 78). Successful checkpoint inhibitor therapy depends on the presence of pre-existing anti-tumor immunity (65). Some studies report poor treatment responses to checkpoint blockade due to impaired antigen presentation, loss of neoantigens, insufficient T cell infiltration, or inhibition of T cell killing activity in an immunosuppressive tumor microenvironment (TME) (219). Furthermore, treatment with systemic monoclonal antibodies, including checkpoint inhibitors, is accompanied by immune-related adverse events (220, 221)(e.g., NCT01844505, NCT02142738, NCT02477826) due to their long serum half-life enabling the interaction with various cells. High molecular weight also mitigates the intratumoral bioavailability (197, 221). Some of these obstacles, particularly immunosuppressive TME, can be targeted with intratumoral administration (222). Additionally, combinations of checkpoint inhibitors with other immunomodulatory approaches to overcome immune evasion mechanisms, or with cytostatic drugs targeting cancer cell growth, immortality, angiogenesis, or genome instability, have been introduced (223).

Current clinical trials focus on a combination of in situ vaccination and systemic treatment, mainly targeting immune checkpoints. The reason is a synergy observed between local immunostimulatory therapies and systemic checkpoint inhibitors (224) and approval of numerous checkpoint inhibibtors for systemic administration, such as antagonistic CTLA-4 (e.g., ipilimumab and tremelimumab) and anti-PD-1/L1 antibodies (e.g., pembrolizumab, atezolizumab, nivolumab, cemiplimab, durvalumab, avelumab), alone or in combination with other therapeutic interventions. Among novel checkpoint molecules, such as lymphocyte activation gene 3 protein (LAG-3) and T cell immunoglobulin mucin-3 (78, 225), systemic dual inhibitor of PD-1 and LAG-3, Opdualag, is currently the only one authorized by the FDA for clinical use for unresectable or metastatic melanoma. To date, intratumoral checkpoint blockade has been combined with approaches that stimulate the formation of cytotoxic T cells, such as anti-CD40 monoclonal antibody, and hypofractionated radiotherapy (226); oncolytic viral therapy (227, 228) (NCT04725331); and chemotherapy (229). Furthermore, to counteract the resistance that may develop against immune checkpoint inhibitors (230–232), combination therapies with immunostimulatory agents such as BO-112 (233), CMP-001 (CMP-001-001; NCT02680184), SD-101 (234), and bacteria Fusobacterium nucleatum (235), or targeted therapy such as VEGF (236) and CDK4/6 inhibitor (237), have been introduced, underscoring the necessity for continued immunostimulation. Additionally, CD40 is a promising target for immune checkpoint therapies. CD40 agonistic monoclonal antibodies stimulate cells of both the innate and adaptive immune systems, including macrophages, neutrophils, and DCs (238). Currently, several clinical trials in various stages are investigating anti-CD40 therapies in combination with irreversible electroporation (NCT06205849) and pembrolizumab (NCT02706353, NCT02988960). One completed trial examined the combination of anti-CD40 with a TLR agonist (NCT03831295).

Currently, no checkpoint inhibitor has been approved by either the FDA or EMA for intratumoral administration in the advanced disease setting. However, clinical studies on intratumoral administration of checkpoint inhibitors in advanced tumors, especially with combination therapies, are ongoing (e.g., NCT03707808). For instance, intratumoral checkpoint blockade has been combined with oncolytic viral therapy (227) and chemotherapy (229). While studies support the preference for combined therapies to enhance immune checkpoint blockade efficacy, the outcomes of intratumoral administration combined with cytotoxic therapies for patients with advanced and metastatic disease are yet to be fully explored. Current evidence regarding potential combinations for both intratumoral and systemic administration could expedite further research.





6 Timing of intratumoral immunotherapies combined with other treatment modalities

Understanding and optimizing the timing of intratumoral immunotherapy administration alongside other therapeutic approaches is essential for maximizing therapeutic efficacy and improving patient outcomes. Chemotherapy and radiotherapy can significantly affect the viability and function of immune cells, thus, the ideal timing for each combination should be studied thoroughly (239, 240). It should also be noted that many patients have undergone previous treatments, which may impact the function of therapeutic combination. While the timing for some systemic combination therapies for the treatment of advanced cancers has been explored (Supplementary Table 2), the timing for intratumorally administered therapies may differ significantly from systemic administration. For instance, there may be leakage of therapeutics into nearby tissues or systemic circulation following local injection (241). However, localized delivery of chemotherapeutics can potentially reduce systemic adverse effects often connected with higher therapeutic dose. Leakage can be mitigated through specific injection techniques or by injection of various sites of a tumor, as well as by a needle type (81, 242, 243). This allows for more flexibility in timing for combined therapies.

ICIs are often combined with prior chemotherapeutic intervention, while targeted therapies typically precede chemotherapy or radiotherapy (Supplementary Table 1). Although administering checkpoint inhibitors before chemotherapy regimens may be unconventional and not fully aligned with the potential induction of ICD by chemotherapy (104–107, 109, 244), there are promising results. For instance, results reported by Szabados et al. demonstrated the benefits of this schedule. Patients with metastatic urothelial carcinoma who received initial treatment with ICIs followed by chemotherapy had a better response rate (64%) compared to those who received chemotherapy before ICI treatment (21%) (245). However, studies on lung cancer and advanced esophageal squamous cell carcinoma point to improved treatment efficacy when immunotherapy is applied several days after chemotherapy (246). Additionally, recent studies have explored the role of circadian signals in cancer development, immune system recognition, and the effectiveness of immunotherapies (247, 248). For example, early systemic administration of checkpoint inhibitors has been shown to extend patient survival four times longer than a late-day administration (249, 250).

In the case of cell-based therapies, chemotherapy-induced lymphodepletion prior to cell therapies like CAR-T has been shown to enhance CAR-T proliferation. This approach not only facilitates an early treatment option for solid tumors but also addresses the prolonged development and infusion timelines associated with CAR-T therapy (251). In the context of targeted therapy and chemotherapy combinations, approved treatments typically involve administering monoclonal antibodies, such as those targeting EGF/EGFR, tyrosine-protein kinase erbB-2 receptor, or VEGF/VEGFR, prior to cytotoxic therapy. However, in patients with non-small cell lung cancer, pretreatment with an anti-VEGF antibody (bevacizumab) has been found to hinder the delivery of chemotherapeutic drugs (252).

These findings underscore the variability in treatment outcomes across different cancer types and highlight the critical need for additional research in this area. Determining the optimal timing for administering these therapies is crucial for integrating them into standard care. This decision must account for factors such as the time required for the immune system to develop a specific response to the antigen, the necessity of multiple doses, and potential interactions with concurrent therapies. Furthermore, time schedules are often not reported in clinical trials or not fully described when treatments are administered on the same day (e.g., NCT01672450, NCT02493361, NCT04220866) (Supplementary Table 2). It cannot be implied whether concurrent or non-simultaneous administration of combination therapies is necessary. Additionally, there are currently no clinical trials examining different time schedules of the same treatment for advanced cancers emphasizing the urgent need for such studies.




7 Clinical trials

The landscape of cancer treatment has undergone a significant transformation with the introduction of intratumoral immunotherapy, particularly for locally advanced and metastatic cancers. Numerous clinical trials examining the safety and efficacy of combinations of intratumoral immunotherapy with other treatment modalities have been conducted to date. These mainly include intratumoral oncolytic viral therapy or PRR agonists in combination with systemic checkpoint inhibitors (Supplementary Table 1).

Designing clinical trials can be highly complex, often serving as a final treatment option when other therapies have failed, particularly in advanced disease cases. The FDA’s approval of metastasis-free survival (MFS) as an endpoint for non-metastatic prostate cancer marks a significant advancement (253). This decision reflects shortcomings in using PFS as an endpoint for metastatic disease, as PFS fails to provide insights into metastatic activity, which is the primary cause of death (254). Recently, numerous clinical trials have adopted MFS as either a primary or secondary outcome for prostate (NCT05352178, NCT04641078, NCT03569241, NCT01341652), nasopharyngeal (NCT03290820), colorectal (NCT00643877), and breast cancer (NCT04278469, NCT02448576), and melanoma (NCT06157099). However, there are currently no trials utilizing MFS outcomes for the advanced disease setting.

Most studies on the combination of intratumoral immunotherapy with other therapies are currently in phases I/II (Supplementary Table 1). NCT04695977 entered phase II/III but has been recently terminated due to business decisions. In this study, vaccinia virus Pexa-Vec was administered as 3 bi-weekly intratumoral injections, followed by protein kinase inhibitor sorafenib at week 6. The median TTP was 2.0 months (95% CI: 1.77, 2.96) and 4.2 months (95% CI: 2.92, 4.63); ORR was 19.2% (45 patients) and 20.9% (47 patients); and DCR was 50.0% (117 patients) and 57.3% (129 patients) in the Pexa-vec plus sorafenib and sorafenib arms, respectively. The median OS was 12.7 months (95% CI: 9.89, 14.95) in the Pexa-vec plus sorafenib arm and 14.0 months (95% CI: 11.01, 18.00) in the sorafenib arm, which led to early termination of the study (255). This underscores how essential it is to thoroughly evaluate the safety, specificity, and efficacy to successfully navigate this innovative path in immunotherapy. The primary goal of these comprehensive strategies is to choose a treatment regimen that enhances effective, long-lasting, and tumor-specific immunity in cancer patients, thereby extending their survival. Moreover, ongoing advancements allow for investigating potential new therapeutic approaches, as outlined in the final chapter.




8 Future directions in the treatment of advanced cancer



8.1 Photoactivated therapy

Photoactivated therapy, also known as photodynamic therapy (PDT), represents a promising approach in the targeted treatment of advanced cancers. This therapy utilizes specific photosensitizing agents that preferentially accumulate in tumor tissues and, upon exposure to light of a particular wavelength, generate reactive oxygen species (ROS). These ROS lead to localized tumor cell destruction, minimizing damage to surrounding healthy tissue and resulting in fewer side effects (256, 257). Furthermore, PDT can induce immunogenic cell death, thereby activating the immune system to recognize and target residual cancer cells and lesions, which may enhance antitumor immunity (258, 259).

The targeted approach of PDT makes it particularly suitable for localized treatment of multidrug-resistant and clinically challenging tumors (260), as well as advanced and metastatic tumors (261), especially when combined with other modalities (262). In future scenarios, PDT could be effectively integrated with intratumoral immunotherapy to strengthen local immune responses and improve patient outcomes in cases of locally advanced and metastatic cancer.

As technological advancements enable deeper tissue penetration and more precise light delivery, PDT could play a crucial role in enhancing targeted drug delivery. These developments align with current efforts in optimizing intratumoral immunotherapy for challenging malignancies, highlighting PDT’s potential as a complementary therapeutic modality in the management of advanced cancer.




8.2 Neoadjuvant setting

Therapeutic options for cancer diseases have undergone significant transformation in recent years, particularly neoadjuvant immune checkpoint inhibitors. Neoadjuvant cancer therapy, administered usually before surgery, traditionally aims to shrink tumors to facilitate surgical resection (263). However, the innovative application of ICIs in the neoadjuvant setting has introduced a paradigm shift, offering improved resectability and enhanced systemic anti-tumor immunity. This dual approach leverages the primary tumor as a source of antigens, thereby inducing an immune response capable of targeting and eliminating dormant tumor cells or distal micrometastases, which are often connected with post-surgical relapse (264).

Recent clinical trials have shown promising advancements in using neoadjuvant ICIs across various cancers. In advanced melanoma, the SWOG S1801 trial demonstrated that event-free survival at 2 years was 72% in the neoadjuvant-adjuvant pembrolizumab group compared to 49% adjuvant therapy, establishing neoadjuvant immunotherapy as a new standard of care (265). For non-small cell lung cancer, results from clinical trials have shown favorable pathologic response rates with minimal adverse events when using ICIs like nivolumab in a neoadjuvant setting (266). Neoadjuvant ICIs in breast cancer have also demonstrated significant improvements in pathologic complete response rate and event-free survival in clinical trials (267). Similarly, neoadjuvant immunotherapy with nivolumab and ipilimumab in locally advanced mismatch repair-deficient colon cancer has shown groundbreaking results (268). Additionally, the intratumoral neoadjuvant treatment consisting of CpG, a TLR9 agonist, and anti-OX40 achieved low toxicity and enhanced systemic response in a murine model of metastatic colorectal and breast cancer. A short break between the intratumoral immunotherapy and surgical resection was essential for the treatment efficacy (Figure 3) (269). These examples of clinical trials highlight the potential of neoadjuvant immunotherapy to improve surgical outcomes and survival rates across different cancer types. Several neoadjuvant intratumoral immunotherapy trials have been underway as well, including virotherapy approaches, TLR agonists, gene therapies, or cell-based vaccines (80).
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Figure 3 | Novel therapeutic approaches for the treatment of advanced cancers. Up to date, intratumoral neoadjuvant immunotherapy combined with other treatment approaches has only been studied preclinically. Agents with anti-migratory activity, such as rebastinib, are currently being investigated in clinical trials through systemic administration. Additionally, the CRISPR-Cas9 gene editing tool is being utilized to knock out the PD-1 gene in patients’ T cells. However, no clinical trials have yet examined a combination approach. Novel delivery systems, such as platelet membrane-coated nanoparticles, have only been studied in animal models. CpG, cytosine-phosphate-guanine; PD-1, programmed cell death protein 1; PD-L1, programmed death ligand 1; sgRNA, single guide RNA; Cas9, Clustered regularly interspaced short palindromic repeats-associated protein 9; NP, nanoparticle; PLA, polylactic acid; PNP, platelet coated nanoparticle; R-848, resiquimod 848.

The future of neoadjuvant immunotherapy has promising research and ongoing clinical trials, which may uncover innovative treatment combinations and strategies. With such knowledge of tumor immunology and immune checkpoint pathways, we anticipate even more effective and personalized neoadjuvant therapies, leading to better surgical outcomes, reduced relapse rates, and improved overall survival for cancer patients.




8.3 Migrastatics

Although the research focuses mainly on targeting the proliferative capacity of cancer cells and generating antiproliferative and cytostatic drugs, the inhibition of cancer cell motility is gaining increased interest as the presence of metastasis represents a significant challenge for today’s oncology (147). Migrastatics, a term first proposed by Gandalovicova et al., 2017, represent a group of drugs that aim to inhibit the dissemination of cancerous cells to distant sites. Cytostatic drugs exert high cytotoxic stress on cancer cells, often leading to the selection of resistant cell populations over time. Since migrastatics do not kill cancer cells directly but rather inhibit their ability to migrate and spread, there is less selective pressure for the development of drug-resistant mutations. Although drugs with anti-migratory activity do not aim to reduce primary lesions, the inhibition of cancer cell motility lowers the number of resistant cells within the tumor (133).

To date several candidates targeting actin polymerization, actomyosin contractility, tropomyosin, myosin, and cAMP-dependent, cGMP-dependent, and protein kinase C (AGC) kinases or a stabilization/destabilization of actin cytoskeleton have been identified (133), including novel and repurposed drug targets. These include rebastinib (Figure 3) (270), paclitaxel, docetaxel, metformin, tamoxifen, mitotam, and voloxicimab (271). Furthermore, the inhibition of epithelial-mesenchymal (EMT) or mesenchymal-epithelial transition (MET) (271–273), matrix metalloproteinases (MMP), cell adhesion (134), or the SDHB subunit of oxidative phosphorylation complex II has been described to reduce cancer cell invasiveness and metastasis (274).

In the case of advanced cancers, migrastatics in combination with antiproliferative drugs are believed to achieve great efficacy (133). Currently, there are two completed clinical trials (NCT03717415; NCT03601897) and one clinical trial (NCT02824575) terminated by a pharmaceutical company, examining the efficacy of rebastinib in combination with chemotherapy for the treatment of metastatic disease. Although intratumoral administration of migrastatics may reduce the side effects upon continuous treatments (65), including the mitigation of motility or cytokinesis of healthy cells (133), lower therapeutic doses of combination therapy (65), and increase sensitivity to mitosis-targeted drugs (133), it can be speculated that circulating tumor cells may be targeted with a systemic approach. A combination of drugs with anti-migratory activity and reduced selective pressure for drug-resistant mutations, along with other treatments, requires further clinical investigation in both systemic and intratumoral settings.




8.4 CRISPR-Cas9

CRISPR-Cas9, clustered regularly interspaced short palindromic repeats/associated protein 9, is a gene editing tool with a potential application in CAR-T and TIL adoptive cell therapies, the generation of cancer animal models, and drug screening (275, 276). The development of CAR-T therapy from each patient is time-consuming, excluding those patients with metastatic disease. By incorporating CRISPR-Cas9 to generate CAR-T cell therapy from healthy donors, i.e., shifting the therapy from autologous to allogeneic CAR-T cells, a shortened and better quality manufacturing period, lower treatment cost, and a higher number of T cells could be achieved (277). Besides the genetic modification of CAR specificity, additional alterations, such as a deletion of PD-1 (278) or LAG-3 (279), or the repair of KRAS oncogenic mutations (280) can be introduced.

To date, several clinical trials have examined the safety and efficacy of CRISPR-Cas9-engineered CAR-T cells for the treatment of advanced cancer. For instance, a phase I clinical trial examined the safety of CAR-T PD-1 knockout therapy in patients with metastatic non-small cell lung cancer after chemotherapy treatment (NCT02793856) (Figure 3). The majority of clinical trials examine the systemic administration, including NCT04417764, NCT04976218, and NCT05812326, although the development of autoimmune reactions against donor TCR and HLA molecules, such as host versus graft response and graft versus host disease can be expected (281). Intratumoral administration of CRISPR-Cas9-modified cell-based therapies is scarce, including the injection of mRNA-transfected c-Met-CAR T cells in the treatment of metastatic breast cancer (NCT01837602).

Although CRISPR-Cas9 is a promising gene-editing tool for oncologic application, local administration in both early stage and advanced disease settings requires further examination.




8.5 Delivery systems

Besides the local administration of therapeutic agents into tumor lesions, approaches to enhance drug localization and distribution specifically to tumor sites have also been investigated. Ongoing advancements in biomaterial development focus on enhancing physicochemical properties and particle size to improve drug retention, ensure uniform distribution within lesions, regulate drug release, and enhance drug solubility (282–284). To date, several drug nano-delivery systems have been developed and include organic nanoparticles (e.g., polymersomes, polymeric nanoparticles and micelles, liposomes, and lipid nanoparticles) (283, 285) and inorganic nanoparticles (e.g., gold and iron particles, hydrogels, and silica), peptide and antibody-drug conjugates (285, 286), extracellular vesicles (e.g., apoptotic bodies, exosomes, and microvesicles) (287), targeted protein degradation systems (e.g., LYTAC and PROTACS) (288), cell or cell-membrane coated nanoparticles (e.g., erythrocytes, platelets, macrophages, neutrophils, leukocytes or tumor cells) (289, 290) and oncolytic virus-based delivery systems (285, 291). Additionally, novel transdermal patches (292), hydrogels (292), or sprayable gels (293) are under investigation.

Particularly noteworthy are peptide and antibody-drug conjugates, which ensure reduced toxicity and precise tumor targeting (285), and cell-based delivery systems utilizing organic and inorganic nanoparticles coated with cell membranes to evade immune recognition (289, 290). To date, several delivery systems have been approved for the systemic treatment of advanced cancers, including, Myocet (liposome-encapsulated doxorubicin), Abraxane (albumin-bound paclitaxel), Onivyde (liposomal topoisomerase inhibitor), Kadcyla (trastuzumab-DM1 conjugate), Enhertu (trastuzumab-deruxtecan conjugate), Padcev (enfortumab-vedotin conjugate) or Trodelvy (sacituzumab-govitecan conjugate). Systemic toxicities associated with these treatments can be mitigated by local administration, which lowers systemic exposure, increases drug concentration, and prevents drug leakage into the bloodstream. Factors such as particle size, charge, and injection rate significantly influence nanoparticle distribution within the tissue (294).

Although no intratumoral delivery system for intratumoral application has been approved yet, several studies examined the encapsulation of immunotherapies for local administration. For instance, local administration of CpG and anti-PD1 antibody DNA nano-cocoon after resection of primary tumor into tumor bed inhibited the disease recurrence and metastasis generation (295). Similarly, silica-zinc oxide micro-rosettes loaded with doxorubicin and Poly(I:C) were reported to reduce primary tumor and metastases growth (296). Furthermore, inhibition of the growth of primary tumors and metastases has been achieved upon intratumoral treatment with platelet membrane-coated nanoparticles loaded with R848 (297) (Figure 3), and polymeric nanoparticles loaded with antigen peptides (298). In conclusion, continued research and development in targeted drug delivery systems are essential to improve the efficacy and safety of cancer treatments.





9 Conclusion

Despite significant advancements, locally advanced and metastatic cancers remain a critical medical challenge. Conventional anticancer treatments and therapeutic approaches, though effective in certain instances, frequently do not adequately enhance overall patient outcomes and survival rates for those with advanced disease. Intratumoral immunotherapy offers a promising alternative with fewer side effects, lower costs, and reduced toxicity. T-VEC monotherapy is the only intratumoral immunotherapy approved for the treatment of unresectable melanoma lesions. The future of cancer treatment lies in the development of combination therapies that induce immunogenic cell death and target multiple hallmarks of cancer. These approaches can potentially enhance the therapeutic response and reduce the likelihood of resistance. Emerging strategies such as migrastatics, CRISPR-Cas9- modified cell therapies, and advanced drug delivery systems represent promising avenues for the treatment of advanced cancers.

Future research should focus on optimizing these innovative treatments and integrating them into standard care. This includes further investigation into the timing and sequencing of combination therapies, exploring new targets and mechanisms of action, and improving drug delivery systems to enhance specificity and reduce toxicity. Additionally, personalized medicine approaches, leveraging genomic and molecular profiling, will be crucial in tailoring treatments to individual patients, maximizing efficacy, and minimizing adverse effects. By addressing the limitations of current therapies and exploring new frontiers, we can move closer to achieving effective, long-term control of locally advanced and metastatic cancers, providing new hope for fighting cancer.
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Lung cancer, characterized by its high morbidity and mortality rates, has the capability to metastasize to various organs, thereby amplifying its detrimental impact and fatality. The metastasis of lung cancer is a complex biological phenomenon involving numerous physiological transformations. Exosomes, small membranous vesicles enriched with biologically active components, are pivotal in mediating intercellular communication and regulating physiological functions due to their specificity and stability. Extensive research has elucidated the production and functions of exosomes in cancer contexts. Multitude of evidence demonstrates a strong association between lung cancer metastasis and exosomes. Additionally, the concept of the pre-metastatic niche is crucial in the metastatic process facilitated by exosomes. This review emphasizes the role of exosomes in mediating lung cancer metastasis and their impact on the disease’s development and the progression to other tissues. Furthermore, it explores the potential of exosomes as biomarkers for lung cancer metastasis, offering significant insights for future clinical advancements.




Keywords: lung cancer, exosomes, metastasis, biomarkers, pre-metastatic niche




1 Introduction

Based on the estimates of the International Agency for Research on Cancer in 2022, Lung cancer remains one of the most prevalent malignancies globally, causing approximately 1.8 million deaths each year and thus imposing a significant burden on public health (1). It primarily manifests as small cell lung cancer (SCLC) or non-small cell lung cancer (NSCLC) (2), with the latter accounting for roughly 80% of all lung cancer diagnoses (3, 4). An expanding range of therapeutic options now exists for both SCLC and NSCLC, encompassing surgery, radiotherapy, chemotherapy, immunotherapy, and, specifically for NSCLC, treatments such as targeted therapies, antibody-drug conjugates, and bispecific antibodies (5, 6). Treatment strategies are typically tailored and adjusted in response to the patient’s disease progression; for instance, early-stage NSCLC (stage I or II) is primarily managed through tumor resection and adjuvant therapy, whereas advanced stages (III or IV) necessitate chemotherapy or radiotherapy (7).

Despite notable advancements in cancer research, significant improvements in overall survival and quality of life for patients with lung cancer remain elusive (8). The most detrimental aspect of lung cancer is its propensity for metastasis, where malignant cells spread from the lungs to distant organs (9–11).

Metastasis constitutes a defining characteristic of cancer progression (12). Extensive research underscores the pivotal role of the tumor microenvironment (TME) in facilitating metastasis, impacting both the invasive expansion at the primary site and the colonization of distant tissues (13, 14). Paget’s widely endorsed “seed and soil” theory suggests that specific tumor cells adapt to and thrive within the microenvironments of particular organs, facilitating their migration and growth (15). Unlike primary tumors, which often respond well to localized treatments such as surgery or radiotherapy, metastatic cancer is a systemic condition involving multiple organs, making it considerably more challenging to treat (16). Despite advancements in NSCLC management, particularly through chemotherapy, radiotherapy, and surgery, the prognosis for metastatic NSCLC remains dire, especially in cases of metastasis (11). Metastases are implicated in over 70% of NSCLC-related deaths, with the median survival for advanced-stage patients being approximately 18 months post-diagnosis (17).

The concept of the pre-metastatic niche (PMN) refers to the dynamic interaction between metastatic tumor cells and their microenvironment, especially the crosstalk between tumor cells and stromal cells within the target organ (18). The PMN fosters metastasis by promoting neovascularization, enhancing vascular permeability, suppressing immune responses, triggering inflammation, inducing lymphangiogenesis, increasing organ aggregation, and reprogramming cellular functions (10, 19, 20). For instance, miR-29a-3p, embedded in tumor-derived exosomes or liposomal nanopreparations, reduces collagen I levels in lung fibroblasts, thereby disrupting the metastasis-promoting PMN and inhibiting lung cancer metastasis (21). Similarly, Lin28B expression in primary tumors facilitates neutrophil recruitment and polarization towards the N2 phenotype, thereby impairing T-cell function and shaping the immune microenvironment in metastatic settings (22). Moreover, exosomal miR-3157-3p influences the expression of vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMP)-2, MMP9, and occludin in endothelial cells via the TIMP/KLF2 axis, driving angiogenesis, increasing vascular permeability, and promoting NSCLC metastasis through the establishment of pre-metastatic ecological sites (23). Additionally, breast cancer-derived exosomes containing Caveolin-1 (Cav-1) modulate inflammatory gene expression in lung epithelial cells, regulating matrix deposition in lung fibroblasts. These exosomes inhibit the PTEN/CCL2/VEGF-A signaling cascade in lung macrophages, thereby fostering M2 macrophage polarization, neovascularization, and PMN formation, ultimately contributing to lung metastasis (24). In summary, the PMN plays an integral role in facilitating metastasis.

Exosomes represent a subtype of extracellular vesicles (EVs), with exosomes being the smaller class and microvesicles constituting the larger variant (25, 26). These vesicles, typically ranging from 30 to 150 nanometers in size, are enclosed by a single lipid bilayer (27, 28). Exosomes are secreted by numerous cell types and are found abundantly in body fluids such as blood, saliva, urine, and milk (27, 29). Extensive research has established exosomes as critical mediators of intercellular communication, facilitating essential biological processes such as angiogenesis, cell proliferation, and metastasis (27, 30–32). They carry a diverse range of bioactive molecules, including proteins, lipids, and nucleic acids, which enable signal transduction or intercellular crosstalk, particularly within the TME (29–31). Notably, exosomal transfer of microRNAs (miRNAs) has emerged as a key mechanism for gene regulation between cells (33). For instance, circular RNAs (circRNAs) act as “sponges” for miRNAs, thereby influencing post-transcriptional gene regulation (34). Furthermore, long non-coding RNAs (lncRNAs) have been identified as key modulators in various cancers (35).

PMN, characterized by enhanced angiogenesis and increased vascular permeability, creates a favorable environment for tumor cell colonization and subsequent metastasis (10, 36). Tumor cells actively modulate distant organs to prepare potential metastatic sites, initiating microenvironmental changes even before metastasis occurs (10, 20). Evidence indicates that both carcinogenesis and PMN formation are heavily influenced by tumor cell-derived exosomes (37). These vesicles are integral to all stages of tumorigenesis and cancer progression, including tumor initiation, growth, metastasis, resistance to therapy, and immune system evasion (37). Additionally, exosomes enhance vascular permeability and trigger inflammatory responses in target tissues, which collectively contribute to the establishment of a conducive pre-metastatic microenvironment (38). These interlinked mechanisms facilitate the formation of metastatic tumors within the target organs (38, 39).

Lung cancer metastasis is a complex, multi-phase process encompassing tumor growth, cell migration, invasion, and neovascularization, all of which ultimately contribute to the development of distant metastases (40). This metastatic cascade can be significantly influenced by exosome-mediated signaling pathways (41). As illustrated in Figures 1, 2, exosomes can be produced by donor cells and transferred and diffused to recipient cells through various pathways to accomplish intercellular communication. lung cancer metastasis can be broadly categorized into two processes: outward and inward. Outward metastasis refers to the dissemination of lung cancer cells to distant organs via exosomes, whereas inward metastasis denotes the spread of cancerous cells to the lungs from other primary sites, facilitated by various exosome-driven mechanisms (42). Figures 3, 4 highlight that the brain and bones are the predominant targets of outward lung cancer metastasis, while inward metastasis to the lungs commonly originates from breast, bone, colon, and other cancer types (43–47). This review delves into the diverse pathways through which lung cancer metastasizes to distant organs and how other cancers metastasize to the lungs.

[image: Diagram illustrating cancer metastasis pathways. Central lungs with cancer cells exhibit progression inward and outward. Arrows show bone, lung, breast, and colon cancer spreading to lungs, brain, or bone. Different colored circles represent lung, colon, breast, and bone cancer cells, and exosomes.]
Figure 1 | Exosomes and Directional Tissue Orientation in Lung Cancer Metastasis. The blue areas is cancer cells metastasize inward, From top to bottom are bone cancer metastasize to lungs, breast cancer metastasize to lungs, and colon cancer metastasize to lungs. The green area is cancer cells metastasize outward, From top to bottom are lung cancer metastasis to bone and lung cancer metastasis to brain. Whether it is inward or outward metastasis of cancer cells, the metastasis is accomplished through the secretion of exosomes by the donor cells and then diffusion to the recipient cells.

[image: Diagram illustrating exosome transfer from a donor cell to a recipient cell. Exosomes contain proteins, circular RNA, microRNA, and long non-coding RNA. Exosome uptake methods include phagocytosis, endocytosis, and direct fusion.]
Figure 2 | Schematic diagram of the formation and structure of exosomes. Exosomes are unilamellar lipid bilayer vesicles ranging from 30 to 150 nm in diameter containing a variety of biologically active molecules such as miRNAs, circRNAs, IncRNAs, proteins, and other vectors, which mediate intercellular communication, induce signaling, or mediate inter-cellular crosstalk between the cell and the microenvironment in a wide variety of malignant tumors. Exosomes are produced by donor cells and diffuse through various channels to recipient cells, which can receive them by phagocytosis, direct fusion and endocytosis. It is an important medium of intercellular communication.

[image: Diagram showing molecular pathways associated with brain (Panel A) and bone (Panel B). Panel A includes interactions with miR-483-5p, miR-342-5p, S100A16, and nicotine, impacting SOX2+CPT1A and PMN in the brain. Panel B involves miR-17-5p, PTEN, and miR-214, affecting EMT, PMN, and wnt/β-catenin pathways in bone. Both panels illustrate effects on blood-brain barrier, astrocytes, mitochondria, centrioles, lung cancer cells, and osteoclasts.]
Figure 3 | Lung cancer metastasizes outward through exosomes. PMN: pre-metastatic niche EMT: epithelial-mesenchymal transition. Exosomes mediate lung cancer metastasis to brain (A), bone (B). (A) miRNA-342-5p, miRNA-483-5p, and LINC01356 affect the BBB on the formation of PMN in the brain by regulating the differentiation of astrocytes, inhibiting the expression of ALCAM, and mediating the remodeling of the blood-brain barrier, respectively. S100A16 controls brain metastasis by up-regulating mitochondrial function and miRNA-550-3-5p binding to YAP1. Chronic nicotine leads to the release of miRNA-4466 from N2-neutrophils thereby activating SOX2, CPT1A genes. PM2.5-treated human bronchial epithelial cells activate the JNK signaling pathway, and miRNA-124-3p, LPCAT1, affects brain metastasis of lung cancer by influencing the P13K/AKT signaling pathway. (B) miRNA-214, miRNA-194-5p promote osteoclast formation affecting PMN formation. miRNA-17-5p activates the P13K/AKT signaling pathway via PTEN thereby driving osteoclast formation to promote PMN formation. miRNA-124-3p affects lung cancer bone metastasis by affecting the P13K/AKT signaling pathway and blocking Rab27a protein synthesis. miRNA-433 affects the Wnt/β-catenin signaling pathway through TMED5. miRNA-320a affects the Wnt/β-catenin signaling pathway via SOX4. CircRACGAP1 binding to PTBP1 enhances SIRT3 stabilization affecting the Wnt/β-catenin signaling pathway. miRNA-574-5p, miRNA-328-3p, and miRNA-423-3p affect the Wnt/β-catenin signaling pathway and thus drive the EMT, which affects lung cancer bone metastasis.

[image: Illustration depicting tumor microenvironments in three panels: A) breast, B) bone, and C) colorectal. Each panel shows interactions between cancer cells, macrophages, fibroblasts, and molecules such as miRNAs, cytokines, and signaling proteins like KDM6B and RhoA. The roles of PMNs and various pathways such as PI3K/AKT/mTOR are highlighted. Icons at the bottom identify cell types, including cancer cells, macrophages, and fibroblasts, in different colors.]
Figure 4 | Metastasis from other organs to lungs via exosomes. PMN: pre-metastatic niche. Breast (A), bone (B), and colorectal (C) mediate exosome transfer to the lungs. (A) miRNA-138-5p decreases the expression level of KDM6B affecting macrophage polarization. Cav-1 inhibition of the PTEN/CCL2/VEGF-A signaling pathway affects macrophage polarization and PMN formation. Let-7s drive the transformation of N2 neutrophils through Lin28B Wnt7a has an impact on PMN formation by activating PI3K/Akt/mTOR, leading to changes in the cytokine milieu of the lung prior to metastasis. Release of miRNA-223-3p by breast cancer cells via macrophage exosomes affects breast cancer lung metastasis by inhibiting Cbx5. (B) PD-L1 is released into the bloodstream as exosomes to induce macrophage polarization. Exosome-mediated Tim3 induces macrophage polarization. Rab22a-NeoF1 binds to PYK2, while PYK2 activates the RhoA signaling pathway to promote macrophage polarization. COL6A1 activates fibroblasts. They promotes bone cancer lung metastasis by secreting cytokines such as IL-4, IL-6, IL-10, TGF-β and VEGF. (C) miRNA-10a inhibits human lung fibroblasts and reduces the expression of IL-6, IL-8, and IL-1β, affecting PMN production. miRNA-25-3p reduces the expression of VEGFR2, ZO-1, occludin and Claudin5 through KLF2 and KLF4, and affects PMN generation. CXCL12 and CXCR7 are important components of PMN. miRNA-4299 increases expression levels through HIF-1α and promotes colorectal cancer lung metastasis through ZBTB4.




2 Tissue orientation between exosomes and lung cancer-related metastasis



2.1 Outward metastasis of lung cancer



2.1.1 Exosome-mediated pathway of brain metastasis in lung cancer

Brain metastasis (BM) is a frequent and detrimental outcome of lung cancer, significantly impairing treatment efficacy and reducing overall survival (48). Notably, SCLC is recognized as the most aggressive histological subtype, with a pronounced tendency for early BM development (43). BM also constitutes a critical cause of mortality in patients with NSCLC (49). In advanced lung adenocarcinoma (LUAD), the incidence of BM has been reported to reach up to 45% (50). Exosomes are deeply implicated in this process through various mechanisms (Figure 3A).

The establishment of a brain PMN in lung cancer individuals with BM largely depends on the disruption of the blood-brain barrier (BBB). Astrocytes, as a critical component of the BBB, play a pivotal role in maintaining the homeostasis of the brain microenvironment (51). Exosomes are capable of crossing the BBB, thereby participating in intercellular communication within the central nervous system (CNS), supporting neuronal development, and modulating inflammatory responses (52). For example, exosomes secreted by the lung cancer cell line H1299, containing MAP2K1, TUBA1C, RELA, and CASP6, induce astrocyte apoptosis and trigger the release of pro-inflammatory cytokines, thereby fostering an immune-evading microenvironment (51).

Exosomal miRNAs play diverse and critical roles in the regulation of BM. In particular, serum-derived exosomal miRNAs from lung cancer individuals with BM are involved in several regulatory pathways. miRNA-342-5p, for instance, has been identified as a downstream target of Notch signaling, promoting the differentiation of neural stem cells into neural progenitors and astrocytes. Meanwhile, the overexpression of miRNA-483-5p has been shown to inhibit ALCAM, a key protein in maintaining BBB integrity (53). Furthermore, miR-550a-3-5p, enriched in exosomes isolated from the plasma of lung cancer individuals with BM, inhibits cell viability and migration while inducing apoptosis in human brain microvascular endothelial cells through YAP1 targeting (54). Additional studies on plasma-derived tumor exosomes from patients with cerebellar metastases have identified six upregulated miRNAs, including has-miRNA-331-5p, -542-5p, -26a-2-3p, -99a-3p, -184, and -3065-5p, which may serve as potential biomarkers for BM (48). Interestingly, miR-124-3p targets the 3’UTR of Rab27a, reducing exosome secretion and inhibiting the PI3K/AKT signaling pathway, thereby curtailing NSCLC metastasis (55). Moreover, lysophosphatidylcholine acyltransferase 1 (LPCAT1), an enzyme involved in phospholipid metabolism, has been found to regulate the PI3K/AKT pathway by modulating the MYC transcription factor, thus enhancing cancer cell growth and metastasis (56). Single-cell RNA sequencing of LUAD brain metastases confirmed significantly elevated LPCAT1 expression in lung cancer cells at BM sites compared to primary lung tumor cells (49). Upregulation of LPCAT1 in NSCLC has been associated with an increased incidence of BM, while LPCAT1 inhibition effectively curbs lung cancer cell proliferation and metastasis (49, 56).

LncRNAs and proteins in exosomes are equally pivotal in the development of brain metastasis (BM). For example, exosomes secreted by the NSCLC cell line H1299 that carry LINC01356 play a pivotal role in remodeling the BBB and facilitating BM in lung cancer (57). Additionally, calcium-dependent proteins and S100 proteins are strongly linked to BM formation (58). Notably, exosome-mediated delivery of S100A16 from brain microvascular endothelial cells enhances SCLC cell survival and promotes BM by boosting mitochondrial function (43). Moreover, plasma exosomal MUC5B, a cell surface glycoprotein that stimulates brain metastasis, has shown potential as a biomarker for diagnosing BM in patients with lung cancer (58).

The influence of external environmental factors on lung cancer brain metastasis is also profound. Studies indicate that patients with lung cancer with a history of smoking are more susceptible to BM compared to non-smokers. Chronic nicotine exposure leads to the accumulation of N2-neutrophils around brain metastases, which release exosomes carrying miRNA-4466. These exosomes activate tumor stem cell-associated genes and metabolic regulators, such as SOX2 and CPT1A, thereby promoting brain tumor metastasis and solid tumor growth (59). Similarly, exosomes derived from human bronchial epithelial cells exposed to PM2.5 have been shown to enhance the migration, invasion, and epithelial-mesenchymal transition (EMT) of lung cancer cells, activating the JNK signaling pathway to accelerate lung cancer metastasis in vivo (60).

In summary, the progression of brain metastasis during lung cancer metastasis to the brain, mediated by exosomes, is shaped by both intrinsic and extrinsic environmental factors. The establishment of the PMN within the intrinsic environment further contributes to BM development. However, safeguarding the BBB is paramount in preventing tumor metastasis to the brain. Therefore, future research into strategies aimed at enhancing the protective function of the BBB during tumor cell metastasis holds significant promise.




2.1.2 Exosome-mediated pathway of bone metastasis in lung cancer

The skeletal environment plays a pivotal role in supporting lung cancer cell proliferation (61). Bone is one of the most frequent sites for lung cancer metastasis, with an incidence rate of 30-40% among patients with lung cancer (44). The presence of bone metastases drastically reduces the three-year survival rate from 71.6% to 46.8% (62). Bone metastases in lung cancer are classified as either osteoblast-associated or osteoclast-associated. In metastatic NSCLC, osteolytic bone destruction driven by heightened osteoclast activity is the predominant mechanism (63). Exosomes are deeply involved in this pathological process (Figure 3B), delivering bioactive molecules—such as proteins, lipids, and non-coding RNAs (ncRNAs)—that play a critical role in bone remodeling by modulating osteoblast function (64).

The interaction between osteoclasts and cancer cells is reciprocal. Exosomes carrying miR-214 and miR-194-5p secreted by lung cancer cells promote osteoclast formation and enhance bone resorption, creating a bone marrow microenvironment conducive to cancer cell survival and metastasis (65, 66). Exosomal miRNAs play a pivotal role in facilitating lung cancer bone metastasis by modulating key signaling pathways. Research suggests that the dysregulation of miRNAs, particularly those involved in the Wnt/β-catenin pathway, significantly drives cancer progression, metastatic spread, and resistance to therapy (67). This pathway is integral to the EMT, a critical process in tumor development and metastasis, and is especially important in CNS maturation (68, 69). Key miRNAs, such as miR-574-5p, miR-328-3p, miR-423-3p, miR-770, miR-433, and miR-1260b, actively participate in the Wnt/β-catenin pathway, influencing EMT. Notably, inhibiting miR-574-5p, miR-328-3p, and miR-423-3p may synergistically disrupt the Wnt/β-catenin signaling pathway, potentially playing a critical role in preventing lung cancer bone metastasis. Further analysis has identified 43 miRNAs, predominantly located on chromosome 14, that are upregulated in bone metastases and linked to EMT and bone metastasis (69). For instance, miR-433 targets the 3′-UTR of TMED5, thereby inhibiting the Wnt/β-catenin pathway (70), while miR-320a from human umbilical cord MSC-derived exosomes modulates this pathway by targeting SOX4 (71). Moreover, circRACGAP1 enhances the stemness and metastatic potential of NSCLC cells by interacting with PTBP1, stabilizing SIRT3, and activating the RIF1-mediated Wnt/β-catenin pathway (72).

The PI3K/AKT signaling pathway also plays a central role in lung cancer bone metastasis. miR-17-5p promotes osteoclast formation by targeting the tumor suppressor PTEN and activating the PI3K/AKT signaling cascade in lung cancer bone metastasis (73). Conversely, miR-124-3p inhibits PI3K/AKT signaling by targeting the 3’UTR of Rab27a, reducing exosome secretion and thereby limiting NSCLC metastasis (55).

Bone marrow mesenchymal stem cells (BMSCs) also contribute to the proliferation and further metastasis of lung cancer cells in the bone marrow microenvironment. Quiescent lung cancer cells release exosomes that are internalized by BMSCs, enhancing the glycolytic capacity of BMSCs via the insulin-like growth factor 1 receptor (IGF-1R) signaling pathway. Blocking IGF-1R signaling or glycolytic pathways effectively slows the proliferation of lung cancer cells within the bone marrow (61).

Both the Wnt/β-catenin and PI3K/AKT signaling pathways play integral roles in lung cancer metastasis to bone via exosomes. By modulating the bone marrow microenvironment, these pathways provide cancer cells with enhanced survival and proliferation capacities, ultimately promoting metastasis. The mutual reinforcement between osteoclasts and cancer cells underscores the importance of osteoclasts in the metastatic process. Future research should focus on understanding osteoclast formation and function, as altering their properties could potentially disrupt the metastatic cycle.

In conclusion, exosomes play a critical role in driving the metastasis of lung cancer to the brain and bone through various molecular mechanisms, making them a promising target for future diagnostic and therapeutic interventions in the management of this lethal disease.





2.2 Inward metastasis to the lungs from other sites



2.2.1 Exosome-mediated pathway of lung metastasis in breast cancer

Breast cancer (BC) metastasis accounts for approximately 90% of fatalities associated with the disease, with lung metastasis being a predominant route (45). The 5-year survival rate for patients with metastatic breast cancer is a mere 20% (74), and it is estimated that 60-70% of those with lung metastases eventually succumb to recurrence (75). Exosomes play a pivotal role in facilitating these metastatic processes (Figure 4A).

Exosome-mediated PMN formation is essential for the metastasis of breast cancer cells to the lungs. Exosomes derived from metastatic cells are integral in creating a microenvironment conducive to metastasis, particularly through the involvement of specific proteins (76). For instance, exosomes from BC cells containing Cav-1 upregulate inflammatory gene expression in lung epithelial cells, thereby modulating matrix deposition in lung fibroblasts. These exosomes disrupt the PTEN/CCL2/VEGF-A signaling pathway in lung macrophages, promoting M2-type polarization, neovascularization, and PMN formation, all of which facilitate lung metastasis in breast cancer (24). Moreover, exosomes containing Wnt7a protein from low-metastatic cell lines, such as LM.4T1, can enhance the metastatic potential of high-metastatic cells by activating the PI3K/AKT/mTOR signaling pathway. These low-metastatic cells also stimulate angiogenesis within the TME, providing a more favorable setting for highly metastatic cells to evade immune surveillance. Notably, Wnt7a increases the risk of lung metastasis in triple-negative breast cancer, highlighting its potential as a novel therapeutic target (77).

High levels of the lncRNA Lin28B, coupled with low levels of let-7s, are prognostic indicators for poor outcomes and lung metastasis in patients with breast cancer. Lin28B alters the cytokine environment in the lungs before metastasis occurs, facilitating neutrophil recruitment and N2 polarization. Even in the absence of tumor cell migration, Lin28B triggers changes in the PMN, leading to the production of IL-6 and IL-10, which drive the N2-type conversion (22). Comparative analysis of primary tumors, non-tumor tissues, and lung metastases has shown that tumor suppressors miR-200c and let-7a are downregulated in both tumors and metastatic tissues, but their levels in exosomes are elevated, particularly in lung metastases. Exosomal miR-200c may suppress the immune response of F4/80+ macrophages, negating the tumor-suppressive effects on recipient cells. Rab1A facilitates the packaging of miR-200c into exosomes, circumventing its inhibitory effect on tumor proliferation. Thus, targeting anti-Rab1A proteins to enhance miR-200c expression could impede breast cancer metastasis to the lungs (78).

miRNAs within exosomes secreted by breast cancer cells also influence macrophage remodeling and programming. For example, miR-138-5p translocates into macrophages and downregulates KDM6B expression, regulating macrophage polarization (79). M2-type macrophages, in particular, play a tumor-supportive role, aiding in tumor invasion and metastasis (80, 81). Exosomes derived from tumor-associated macrophages (TAMs), containing miR-223-3p, promote lung metastasis by targeting and inhibiting Cbx5, thus facilitating breast cancer cell metastasis to the lungs (82).

In conclusion, breast cancer utilizes exosomes to influence target genes and proteins, modify multiple signaling pathways, and reshape macrophage polarization. These changes ultimately contribute to the formation of the PMN, which drives the initiation of lung metastasis in breast cancer cells.




2.2.2 Exosome-mediated pathway of lung metastasis in osteosarcoma

Osteosarcoma (OS) predominantly arises in regions of rapid bone growth, such as the femur, tibia, and humerus. This malignancy is characterized by cancer cells that produce immature bone or bone-like tissue (83). OS is one of the most common malignant tumors originating in the skeletal system, particularly affecting children and adolescents, and is notorious for its high metastatic potential (84). The 5-year overall survival rate remains relatively low, around 20%, largely due to the presence of lung metastases in 15-30% of patients at the time of diagnosis (85). Exosomes play a critical role in the lung metastasis of bone cancer (Figure 4B).

The complex genetic makeup of OS suggests that immune suppression is a key factor in its progression (86). In patients with OS, immunosuppressive cells, supportive cells within the TME, and tumor cells can release programmed death ligand 1 (PD-L1) via exosomes, which collectively contribute to systemic immunosuppression (87). Studies have shown that PD-L1 expression in the TME, both in mouse models and humans, promotes systemic immune suppression, thereby increasing tumor burden and reducing patient survival across various cancers (88). In contrast, lung metastasis was significantly reduced in mice treated with exosomes from PD-L1 knockdown cells, suggesting that exosomal PD-L1 is crucial in promoting lung metastasis in OS (89). Furthermore, tumor-derived exosomes enhance glucose uptake via the TLR2 and NF-κB pathways, leading to increased nitric oxide synthase 2 (NOS2) levels, which inhibit mitochondrial oxidative phosphorylation. This metabolic shift increases PD-L1 expression by converting more pyruvate to lactate, which in turn stimulates NF-κB activity and polarizes macrophages towards an immunosuppressive phenotype (90).

Macrophages, as primary phagocytes involved in the innate immune response, play a critical role in combating OS and other cancers, significantly influencing survival outcomes (91). M1 macrophages exert tumor-suppressive effects, while M2 macrophages promote tumor growth and metastasis. OS cells enhance migration, invasion, EMT, and lung metastasis primarily through exosome-mediated immunomodulatory factors, such as Tim3, which induce M2 macrophage polarization and the secretion of cytokines like IL-4, IL-6, IL-10, TGF-β, and VEGF (81, 91–94). For example, visfatin treatment of chondrosarcoma cells has been shown to increase exosome production, which in turn stimulates M2 macrophage polarization, enhancing chondrosarcoma motility and contributing to lung metastasis (95). However, interactions between tumor cells and macrophages may vary depending on the metastatic potential of the tumor. For instance, EVs from highly metastatic OS interact differently with macrophages compared to those from less metastatic cells. In highly metastatic K7M2 OS cells, EVs decrease the levels of pro-inflammatory cytokines such as INFγ, IL-2, IL-6, and TNFα in macrophages, suggesting that these EVs further promote M2 macrophage differentiation, reinforcing the metastatic process. This represents the first evidence of differential interactions between OS-EVs and macrophages based on their polarization states (96).

Exosomal proteins are pivotal in facilitating the metastasis of OS to the lungs. One key player in this process is the upregulation of the COL6A1 gene in OS tissues, which has been strongly correlated with an increased likelihood of lung metastasis and reduced survival rates in patients with OS. This upregulation occurs through the binding of the transcription factor c-Jun to p300, which enhances the acetylation modification (H3K27ac) of histone H3 lysine 27 in the promoter region of the COL6A1 gene. Moreover, COL6A1 facilitates OS metastasis by downregulating STAT1 expression through its degradation via the ubiquitin-proteasome pathway. OS cells package COL6A1 into exosomes and transfer it to fibroblasts, inducing their activation and stimulating TGF-β secretion, which in turn enhances the invasive and migratory abilities of OS cells (92). Additionally, exosomes derived from OS cells carrying Rab22a-NeoF1 fusion proteins and PYK2 further exacerbate lung metastasis by recruiting bone marrow-derived macrophages to establish a favorable metastatic microenvironment. PYK2 in exosomes activates the RhoA signaling pathway within OS cells and promotes the generation of M2-type macrophages, which are known to support tumor metastasis, thereby accelerating OS metastasis to the lungs (97). Furthermore, Rab27a, a gene critical for exosome-specific protein transport, is essential for OS cell metastasis. Knocking out Rab27a in OS cells reduces exosome secretion, significantly lowering their metastatic potential to the lungs (89).

As discussed, OS cells exploit exosomes to influence several pathways, including macrophage polarization and fibroblast activation, by releasing various cytokines. These exosomal interactions create an immunosuppressive microenvironment that favors metastasis, supporting the migration of OS cells and the development of lung metastasis. Thus, identifying strategies to detect, disrupt, or prevent the formation of this immunosuppressive environment represents a promising avenue for future research. Such approaches may offer new therapeutic insights into mitigating the progression and metastasis of OS to the lungs.




2.2.3 Exosome-mediated pathway of lung metastasis in colorectal cancer

Colorectal cancer (CRC) is the third most common malignancy globally and ranks second in cancer-related mortality (4). Approximately 20-25% of patients with CRC present with synchronous metastatic disease at diagnosis (98), with the liver and lungs being the most frequent sites of metastasis. Approximately 10-25% of patients with CRC eventually develop lung metastases (47). Exosomes play a significant role in mediating CRC lung metastasis through various mechanisms (Figure 4C).

The formation of PMN is a critical step in CRC lung metastasis, where exosomal miRNAs facilitate communication between cancer cells and stromal cells (99). Notably, miR-10a expression in CRC-derived exosomes is inversely correlated with the depth of tumor invasion. Exosomal miR-10a from CRC cells inhibits the proliferation and metastatic potential of normal human lung fibroblasts (NHLFs) and reduces the expression of inflammatory cytokines, such as IL-6, IL-8, and IL-1β in NHLFs (100). Additionally, miR-25-3p secreted by CRC cells targets KLF2 and KLF4 in vascular endothelial cells, downregulating the expression of vascular endothelial growth factor receptor 2 (VEGFR2), ZO-1, occludin, and Claudin5, thereby affecting neovascularization and PMN formation, promoting CRC metastasis (36).

CXCL12 is another key component of the PMN that is often upregulated before metastasis occurs. In noncancerous lung tissues of patients with CRC, CXCL12 expression is significantly higher compared to patients with benign lung disease. Immunohistochemistry analysis reveals that CXCR7 and CXCL12, both indicators of colon cancer lung metastasis, are more highly expressed in lung metastatic tissues than in primary tumor sites (101). Moreover, circLONP2 interacts with the DGCR8/Drosha complex in a DDX1-dependent manner, enhancing the maturation of primary microRNA-17. The resulting elevated levels of miR-17-5p can be encapsulated in exosomes and transferred to neighboring cells, thereby promoting migration and spread of CRC cells (102).

Hypoxic conditions in tumors also enhance exosome production in CRC. In a low-oxygen environment, tumor cells alter their metabolic pathways and migrate toward oxygen-rich areas, promoting metastasis (103). For instance, macrophages exposed to exosomes under hypoxic conditions undergo M2-type macrophage differentiation through activation of the AMPK/p38 signaling pathway, which in turn supports lung tumor proliferation and metastasis (104). Hypoxia also elevates miR-4299 levels in CRC cells and hypoxia-derived exosomes in a hypoxia-inducible factor 1 alpha (HIF1α) dependent manner, which directly targets ZBTB4, thereby promoting CRC proliferation and metastasis (103).

Thus, CRC cells utilize mechanisms such as hypoxia and cytokine production to increase exosome release and promote PMN formation, contributing to lung metastasis.

In summary, exosomes play a central role in the metastasis of breast, bone, and colorectal cancers to the lungs by influencing various signaling pathways and facilitating PMN formation. This underscores the importance of exosome-mediated PMNs in metastasis and highlights potential diagnostic and therapeutic targets for mitigating lung metastasis from primary tumors.






3 Exosomes influence lung cancer development



3.1 Tumor exosomes influence lung cancer metastasis through angiogenesis

In the TME, angiogenesis is a critical driver of cancer progression and metastasis (20, 105). VEGFA and its receptor VEGFR2, are central to the regulation of tumor-induced angiogenesis (106). Exosome-transported miRNAs produced by cancer cells play a vital role in facilitating neovascularization, reshaping the TME, and establishing a PMN (36, 105, 107).

One example is exosome-transported miR-197-3p, which has been shown to downregulate the expression of TIMP3 in human umbilical vein endothelial cells (HUVECs). This downregulation activates VEGFR2, stimulating downstream ERK signaling and further promoting angiogenesis. Simultaneously, miR-197-3p targets TIMP2, reducing the expression of MMP2 and MT1-MMP, thus enhancing neovascularization (108). Similarly, exosomal miR-3157-3p from lung cancer cells downregulates KLF2, ZO-1, occludin, and Claudin5, while simultaneously elevating levels of VEGF, MMP2, and MMP9, significantly increasing the permeability of HUVECs and promoting angiogenesis (23). Additionally, pedunculated vesicles serve as key structural elements in neoangiogenesis, with angiogenesis playing a fundamental role in their formation within the TME (20). For instance, phosphoglycerate translocase 1 (PGAM1) in HUVEC-derived exosomes interacts with γ-actinin (ACTG1) to stimulate the development of pedunculated vesicles, thereby contributing to the neovascularization process (109).

Thus, exosomes significantly influence angiogenesis by modulating VEGF and associated pathways, further promoting cancer metastasis through enhanced blood vessel formation.




3.2 Tumor exosomes influence lung cancer metastasis through macrophage polarization

In lung cancer, macrophages are the most abundant type of white blood cell within the TME and play a pivotal role in all stages of cancer development (110). The complex interactions between tumor cells and TAMs significantly impact tumor progression. Tumor cells drive macrophage polarization towards the immunosuppressive M2 phenotype through various mechanistic pathways, which exacerbate tumor malignancy and are closely associated with poor prognosis (111). Tumor cells achieve this by releasing inflammatory cytokines, chemokines, extracellular vesicles, and tumor metabolites, which induce TAMs to adopt the M2 phenotype. In turn, M2-type TAMs enhance tumor cell proliferation and EMT (112) and promote tumor angiogenesis, PMN formation, immune escape, and ultimately tumor growth and metastasis (80, 112, 113). Recent studies have identified key pathways involved in tumor-derived exosome-mediated macrophage transformation, including the NF-κB and STAT3 signaling pathways, as well as hypoxic conditions (90).



3.2.1 NF-κB signaling pathway

Exosomes promote TAMs polarization toward the M2 phenotype by activating the NLRP6/NF-κB signaling pathway (114, 115). Tumor cells also transfer TRIM59 via exosomes to macrophages, where it interacts with ABHD5 to activate the NLRP3 signaling pathway. This promotes the release of pro-inflammatory cytokines such as IL-18 and IL-1β, further contributing to an immunosuppressive environment (114, 115). Additionally, tumor cells undergoing enhanced glycolysis, which supports their proliferation, angiogenesis, and metastasis (116), release exosomes that boost glucose uptake through TLR2 and NF-κB pathways. These exosomes increase NOS2 levels, inhibiting mitochondrial oxidative phosphorylation and shifting energy production towards lactate. This metabolic change amplifies NF-κB activity, which upregulates PD-L1 expression and further drives macrophages towards the M2 phenotype, thereby enhancing lung cancer’s metastatic potential (90).




3.2.2 STAT3 signaling pathway

The STAT3 signaling pathway is another critical factor in macrophage polarization. Activation of this pathway leads to M2 macrophage differentiation. Exosomal MFG-E8, a significant component of small cellular debris exosomes, mitigates inflammatory responses by activating SOCS3; however, this also interferes with the regulation of STAT3 phosphorylation, facilitating M2 polarization (117). PYK2 in tumor exosomes can also trigger STAT3 activation in macrophages by activating the RhoA pathway in OS cells (97). Furthermore, exosomal miR-19b-3p from LUAD cells induces M2 macrophage polarization by targeting PTPRD proteins to activate STAT3 signaling, supporting lung metastasis of tumor cells (118).




3.2.3 Hypoxia pathway

Exosomes released under hypoxic conditions further promote M2 macrophage polarization. In NSCLC, circPLEKHM1 in exosomes, regulated by HIF1α, activates the OSMR/JAK/STAT3 signaling pathway, promoting M2 polarization in the TME by enhancing the interaction between PABPC1 and eIF4G (46). Additionally, the AMPK/p38 signaling pathway is upregulated under hypoxia, driving the differentiation of macrophages into the M2 phenotype (104).




3.2.4 Bioactive substances in exosomes affect M2 polarization

Exosomes play a pivotal role in driving macrophage polarization toward the M2 phenotype by transmitting various bioactive molecules. For instance, lung cancer cell-derived exosomes can facilitate this transition by delivering lncRNAs such as PCAT6 and LINC00963, which promote M2 macrophage polarization (119, 120). Additionally, exosomal circ_0001715 internalizes and inhibits miR-205-5p, leading to the upregulation of TREM2, which further stimulates M2 macrophage polarization and creates a feedback loop that accelerates lung cancer growth, metastasis, and EMT (120–122). In contrast, lung cancer cells can also release miR-770-containing exosomes, which suppress M2 macrophage transformation by targeting the MAP3K1 gene, thereby reducing immunosuppression (121). Tumor-derived exosomes additionally enhance I-IFN secretion via the circPIK3R3/miR-872-3p/IRF7 axis, boosting the anti-tumor immune response of CD8+ T cells (123).

Beyond tumor-secreted exosomes, M2-type TAMs contribute to NSCLC metastasis by releasing exosomes carrying miRNAs such as miR-155 and miR-196a-5p, which promote metastasis by directly inhibiting the RASSF4 gene through interaction with its 3’UTR (124). Tumor cells induce M2 macrophage polarization via multiple pathways, including NF-κB, STAT3, and hypoxia-related mechanisms, thereby intensifying the malignant characteristics of the tumor. M2 macrophage polarization not only enhances metastasis of lung cancer to distant sites through exosomes but also facilitates metastasis from other regions, particularly bone cancer, to the lungs. This expands diagnostic options by broadening the range of potential indicators. Moreover, macrophages can interact with other immunosuppressive cells, tumor cells, and various components within the microenvironment, fostering an immunosuppressive setting during M2 polarization. Targeting this process through artificial interventions aimed at engaging macrophages and disrupting the immunosuppressive milieu during the M2 transition could significantly mitigate cancer metastasis.





3.3 Tumor exosomes affect lung cancer metastasis through other pathways

miRNAs play a significant role in influencing tumor progression and prognosis through their regulatory effects on the TME. The release of exosomes is closely linked to the expression levels of various miRNAs (125). As indicated in Table 1, exosomal miRNAs exhibit dual roles in lung cancer metastasis, with certain miRNAs promoting cancer progression through multiple pathways. Among the identified promoters of lung cancer metastasis are miR-133a-3p, miR-665, miR-486-5p, miR-375-3p, miR-1260b, miR-3180-3p, miR-210-3p, and miR-582-3p.

Table 1 | Tumor exosomes affect lung cancer metastasis through various pathways.
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For example, miR-133a-3p, found in lung cancer serum exosomes, silences specific proteins such as Sirtuin 1 (SIRT1) through targeted mechanisms. Overexpression of miR-133a-3p has been shown to significantly enhance the biological properties of A549 lung cancer cells, promoting cell viability, migration, invasion, angiogenesis, and proliferation (126). Similarly, miR-582-3p in exosomes derived from hypoxic NSCLC cell lines (A549 and H1299) enhances proliferation, metastasis, and invasion of normoxic NSCLC cell lines by inhibiting the expression of secreted frizzled-related protein 1 (SFRP1), thus contributing to tumorigenesis through the modulation of various signaling pathways (127). In another case, exosomes derived from malignant pleural effusion (MPE) in lung cancer, enriched with miR-665, are taken up by NSCLC (H1975, H1650) and SCLC (H446) cells. This uptake stimulates their invasive and metastatic capabilities by modulating the transcription factor HEYL, which acts downstream of the Notch signaling pathway (128). Moreover, miR-486-5p present in serum and tumor tissues of patients with NSCLC promotes metastasis by targeting the CADM1/TJs pathway in vascular endothelial cells, impairing endothelial barrier function and increasing the concentration of miR-486-5p in the bloodstream (129). Similarly, miR-375-3p, released by SCLC cells (H446 and H1048), acts on vascular endothelial cells by downregulating claudin-1, a key tight junction protein, further impairing vascular barrier function and promoting metastasis (130). In another instance, exosomes from H1299 and A549 cells have been observed to deliver miR-1260b to surrounding tumor cells, reducing the expression of SFRP1 and Smad4. This activates the Wnt/β-catenin signaling pathway, enhancing the invasive ability of LAC cells and promoting metastatic progression (131).

miRNAs also target specific proteins or genes to drive tumor progression. miR-1260b enhances neovascularization, migration, and chemotherapy resistance by inhibiting HIPK2 and regulating the Wnt/β-catenin signaling pathway in lung cancer cells (105). Additionally, exosomal miR-210-3p released from lung stem cells derived from A549 cells enhances the migration and invasion of A549 and NCI-H1703 lung cancer cells. This effect is associated with increased expression of N-cadherin, vimentin, MMP-9, and MMP-1, alongside reduced expression of E-cadherin. miR-210-3p further inhibits FGFRL1, promoting EMT and enhancing tumor migration and invasion (132).

Several miRNAs also act as negative regulators of lung cancer progression through diverse mechanisms. For instance, miR-124-3p, miR-326, miR-15a-5p, and miR-338-3p have been identified as inhibitors of lung cancer metastasis. These miRNAs typically bind to the 3’UTR of target mRNAs, leading to either mRNA degradation or inhibition of translation (133). For example, serum exosomal miR-124-3p in NSCLC inhibits exosome secretion and activation of the PI3K/AKT signaling pathway in A549 and NCI-H1299 cells by targeting the 3’UTR of Rab27a. Conversely, LINC00511 functions as a competing endogenous RNA for miR-124-3p, counteracting its inhibitory effects and promoting NSCLC metastasis (55). Similarly, miR-130b-3p, found in the serum exosomes of patients with NSCLC, reduces DEPDC1 expression by directly binding to its 3’UTR, which promotes apoptosis through the TGF-β signaling pathway and inhibits EMT and metastasis in NSCLC cells (134).

In another example, exosomal miR-3180-3p derived from A549 cells suppresses proliferation and metastasis by targeting the oncogene FOXP4 in NSCLC cells (135). Additionally, studies have shown that apelin, a natural ligand for G protein-coupled receptors, can promote tumor growth as an oncogenic factor in various cancers (136). However, miR-15a-5p, which is underexpressed in lung cancer tissues, negatively regulates the proliferation and migration of A549 lung cancer cells by targeting CDCA4. It also modulates EMT by increasing E-cadherin expression and regulating vimentin and N-cadherin levels (137). Furthermore, exosomal miR-338-3p has been shown to inhibit the growth and metastasis of A549 and SK-MES-1 cells by targeting CHL1 and influencing the MAPK signaling pathway (138).

lncRNAs, circRNAs, and proteins in exosomes also contribute to lung cancer metastasis and invasion through various pathways and signaling axes. For example, upregulation of exosomal lncRNA ZBED5-AS1 in LUAD-derived HCC827 cells increases the growth, migration, and invasiveness of H1299 and A549 cells by activating the ZNF146/ATR/CHK1 signaling axis and promoting EMT (139). On the other hand, exosomal lncRNA FGD5-AS1 from A549 cells decreases the viability, migration, and invasion of A549 and H1299 cells. In NSCLC tissues, lncRNA FGD5-AS1 targets miR-944, and its knockdown reduces the viability, migration, and invasion of NSCLC cells, thereby attenuating metastasis (140). Additionally, exosomal HOTAIR, derived from NCI-H1975 cells, has been closely linked to lymph node metastasis and TNM clinical staging, enhancing the proliferation and migration of A549 cells. Similarly, LINC00963 in A549 cell exosomes stabilizes the Zeb1 protein by interacting with HNRNPA2B1, facilitating EMT and promoting proliferation, migration, and invasion in A549 and NCI-H1650 cells (141).

Finally, human serum exosomal circSATB2, which is highly expressed in A549, H460, and H1299 cells, upregulates fascin homologous protein 1 (FSCN1) in lung tumor cells by targeting miR-326. Exosomal delivery of FSCN1 enhances NSCLC cell growth, migration, and invasion (142).

Research has demonstrated that circ_0008717 is highly expressed in NSCLC cells, such as A549 and H1299, and functions as an oncogenic factor within exosomes by binding to miR-1287-5p, leading to increased PAK2 expression and accelerated NSCLC tumor formation (143). Additionally, exosomes derived from A549 and H1299 cells containing circRAPGEF5 were found to enhance proliferation, migration, invasion, and EMT in lung adenocarcinoma cells (HCC827, A549, and H1299). In lung adenocarcinoma, ZEB1, negatively regulated by miR-1236-3p, has been identified as a critical target for circRAPGEF5. The inhibition of miR-1236-3p reversed the decrease in ZEB1 expression caused by circRAPGEF5 knockdown, highlighting circRAPGEF5’s significant role in cell proliferation and metastasis through modulation of the miR-1236-3p/ZEB1 signaling pathway (144).

Moreover, Leucine-rich α2-glycoprotein-1 (LRG1), which is highly expressed in A549 and PC-9 cells, has been shown to enhance proliferation, migration, invasion, and EMT of NSCLC cells. Research indicates that exosomal LRG1, abundant in NSCLC cells, promotes tumor metastasis in animal models (145).

The biologically active substances within exosomes—miRNAs, lncRNAs, circRNAs, and proteins—derived from various cells, play diverse roles in regulating the metastatic and invasive potential of lung cancer. These molecules target specific proteins and genes and modulate key signaling pathways. They can promote lung cancer progression by stimulating proliferation, migration, invasion, and angiogenesis, while others exert a suppressive effect on metastasis. This dual role suggests that targeting the pro-metastatic proteins and pathways while enhancing those that inhibit metastasis may be a viable strategy to reduce lung cancer spread, ultimately improving patient survival rates and outcomes.





4 Clinical application of exosomes as biomarkers for lung cancer

Interest in exosomes as biomarkers and therapeutic targets is rapidly increasing, particularly in oncology (146). Exosomes serve as versatile carriers, capable of being engineered to improve sampling and targeting precision. Their key benefits include low immunogenicity, minimal toxicity, and high stability (147). The miRNAs, mRNAs, and proteins encapsulated in exosomes are highly stable, making them promising candidates for predicting the health trajectory of patients with malignant tumors (148–151). Additionally, elevated levels of lncRNA have been closely associated with the regulation of tumor behavior across various cancers, including NSCLC (152).

Liquid biopsy has emerged as a highly promising, non-invasive approach for lung cancer screening (153). Among the techniques used, exosome testing has gained popularity within liquid biopsy (29, 154) in recent years due to its substantial advantages in predicting cancer progression and metastasis (29). The poor prognosis of patients with patients with NSCLCs, largely driven by high recurrence rates, underscores the critical need for early identification of novel, sensitive, and specific biomarkers (155). Conventional lung cancer markers, such as carcinoembryonic antigen (CEA), neuron-specific enolase (NSE), cytokeratin 19 fragment (CYFRA21-1), and squamous cell carcinoma antigen (SCCA), are limited by their low sensitivity and specificity (156). In contrast, exosomes offer a more reliable platform for diagnosing lung cancer, monitoring patient survival, evaluating metastasis, and improving diagnostic accuracy.



4.1 Diagnosis of lung cancer

Distinguishing between healthy individuals and patients can be effectively achieved by analyzing differences in exosome expression levels in vivo. For instance, both patients with NSCLC and those with early-stage NSCLC exhibited significantly reduced miR-620 levels in their exosomes compared to healthy individuals. These differences yielded area under the curve (AUC) values of 0.728 and 0.707, respectively, demonstrating relatively high diagnostic accuracy (157). Moreover, exosome levels in bodily fluids, such as blood and urine, offer additional diagnostic insights. Patients with NSCLC, for example, show significantly elevated expression of DLX6-AS1 in their blood (158). Serum exosomal lncRNAs TBILA and AGAP2-AS1 were also highly expressed in patients with NSCLC, with critical diagnostic values of 0.923 and 1.12, respectively, distinguishing patients from healthy cohorts (159). Additionally, urinary exosomal markers, such as WASL, which is downregulated in patients with lung cancer, and STK10 and WNK1, which are upregulated, can aid in diagnosis. These markers, when detected together in urinary exosomes, yield an AUC value of 0.760 for lung cancer detection (160).




4.2 Assessment of patient survival duration

Exosome expression also provides insights into patient survival outcomes. For instance, a combination of biomarkers, including the protein levels of fibrinogen beta chain, fibrinogen gamma chain, and von Willebrand factor, has shown strong potential for diagnosing early-stage NSCLC and correlates directly with patient survival (161). Lower levels of BTG-1 in plasma exosomes were associated with shorter disease-free and overall survival times compared to higher levels (162). Similarly, high miR-125b-5p expression in lung cancer tissues was linked to better overall survival, while low expression correlated with worse outcomes (155). Exosomal levels of miR-5684 and miR-125b-5p were lower in patients with NSCLC than in healthy individuals, with an AUC value of 0.793. Additionally, lncRNA-SOX2OT expression in exosomes from patients with NSCLC showed a negative correlation with overall survival, making it a valuable prognostic marker (65). These findings highlight the utility of these exosome-derived biomarkers as diagnostic and prognostic tools in NSCLC.




4.3 Assessing the metastatic capacity of lung cancer

The metastatic potential of lung cancer can also be evaluated based on exosome expression and AUC values. For instance, miR-1290 expression in exosomes can differentiate between patients with LUAD at various stages (163). LUCAT1 promotes metastasis in LUAD cells by adsorbing miR-4316, thereby releasing VEGFA (155). Biomarkers such as CFHR5, C9, and MBL2, particularly CFHR5 alone, are significantly associated with overall survival in patients with NSCLC (161). Furthermore, lipopolysaccharide-binding protein has demonstrated the ability to distinguish between metastatic and non-metastatic NSCLC cases, with an AUC value of 0.803, further underscoring its efficacy as a marker of metastatic potential (164).




4.4 Improving detection accuracy

The reliability of commonly tested tumor markers, such as CEA, CYFRA21-1, NSE, and SCCA, is limited due to issues with sensitivity and specificity (156). To improve diagnostic accuracy, alternative markers and combination approaches are often utilized. Serum-derived exosomes, secreted by tumor cells, offer a more precise and dynamic reflection of tumor cell activity compared to tissue-based assessments. Detecting miRNAs in exosomes allows for real-time monitoring through blood samples, eliminating the spatial heterogeneity found in tissue biopsies and providing a more continuous assessment of treatment response. Furthermore, the dual membrane structure of exosomes ensures the stability of internal miRNAs in the bloodstream, offering higher reliability for detection (157). For example, serum exosomal miR-216b has been shown to effectively differentiate between patients with NSCLC and healthy controls (165).

It is well established that versican is notably upregulated in the plasma and plasma exosomes of patients with NSCLC. Receiver operating characteristic analysis indicated that the AUC values of versican in both plasma and exosomes exceeded those of traditional markers, such as NSE, CYFRA21-1, and SCCA, indicating superior diagnostic efficacy in NSCLC (166). Similarly, plasma exosomal BTG-1 more accurately predicted three-year disease-free and overall survival in patients with NSCLC, demonstrating stronger discrimination and specificity (162). The combined use of miRNAs has also been shown to enhance diagnostic accuracy for SCLC, with a 3-miRNA linear combination model (miR-200b-3p, miR-3124-5p, and miR-92b-5p) demonstrating a significant association with lung disease presence, including lung cancer (167). Moreover, integrating exosomal markers with traditional tumor markers further improved diagnostic performance. While combining lncRNAs did not outperform individual ones, pairing exosomal TBILA and AGAP2-AS1 with Cyfra21-1 resulted in improved accuracy for NSCLC diagnosis (159). Likewise, serum exosomal miR-216b significantly enhanced diagnostic performance when combined with standard tumor markers (165). Evaluating exosomal miR-1290 and lncRNA DLX6-AS1 alongside conventional markers further improved sensitivity and specificity in comparison to standard markers alone (158, 163).

Thus, lung cancer diagnosis, prognosis, metastasis evaluation, and test precision can be significantly enhanced by examining exosome expression in vivo. The levels of exosomal biomarkers, their AUC values, and their inherent stability play pivotal roles in diagnostic accuracy. Notably, the integration of exosomes with traditional tumor markers has shown promise in enhancing both the precision and specificity of lung cancer diagnostics and treatment strategies. This combined approach not only offers innovative methodologies for tumor detection but also opens up new avenues for improving the sensitivity and accuracy of cancer diagnosis.





5 Conclusion

The role of exosomes in lung cancer metastasis has been extensively explored, highlighting their critical involvement in communication between tumor cells. Through the regulation of exosomal content, cancer cells can manipulate the microenvironment of distant organs, facilitating metastasis and influencing organ-specific preferences, thus accelerating the spread of cancer.

This review presents a comprehensive overview of the multiple mechanisms by which exosomes contribute to the dissemination of lung cancer to the brain and bone, offering potential targets for intervention in both diagnosis and treatment of lung cancer metastasis, a life-threatening condition. Moreover, cancers such as breast, bone, and colon utilize exosomes to influence the formation of PMNs before metastasizing to the lungs, pointing to a possible strategy for preventing lung metastasis. This underscores the critical role of PMNs in both lung cancer metastasis to other organs and the metastasis of cancers from other sites to the lungs, all facilitated by exosomes. These processes involve the establishment of a favorable microenvironment for tumor metastasis, achieved through various mechanisms that are difficult to detect in clinical settings. Therefore, monitoring the establishment of such environments by tumor cells and identifying indicators that signal a shift toward metastasis are key to deepening our understanding of exosome-mediated metastasis.

In addition, the process of lung metastasis is heavily influenced by angiogenesis and macrophage polarization toward the M2 phenotype, both of which are mediated by bioactive substances within exosomes. These substances affect several tumor progression factors, including proliferation, migration, invasion, and ultimately metastasis. Investigating how bioactive molecules from exosomes influence lung cancer metastasis can help identify pathways to enhance anti-metastatic effects or inhibit pro-metastatic signaling. It is essential to recognize that different cell types release exosomes containing distinct bioactive substances, which may act through varying mechanistic pathways. A key consideration in clinical applications is the selection of optimal bioactive substances within exosomes, informed by current research.

Despite the progress in understanding lung cancer metastasis and exosomes, several areas require further investigation. Specifically, the exact mechanisms governing exosome secretion by tumor or immune cells and their role in lung cancer metastasis remain unclear. Additionally, the therapeutic potential of exosomes—including their capacity to enhance cancer treatment by serving as carriers for anticancer agents—requires further elucidation. Another important aspect to explore is whether the diagnostic accuracy of exosomes changes before and after cancer treatment, particularly concerning the use of therapeutic agents. These unresolved questions emphasize the need for more in-depth research and discussion. In conclusion, exosomes hold significant promise in advancing cancer therapy, and future comprehensive studies are both essential and urgent.
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Introduction

Despite advances in breast cancer diagnosis and treatment of the primary tumor, metastatic breast cancer tumors remain largely incurable, and their growth is responsible for the majority of breast cancer-related deaths. There is therefore a critical need to identify ways to reduce metastatic tumor burden and increase breast cancer patient survival. While surgery and pharmacological treatments are the cornerstones of breast cancer intervention, epidemiological data suggests that physical activity can lower the risk of breast cancer development, improve adjuvant treatment tolerance, reduce the risk of disease recurrence and lower breast cancer-related death.





Methods

In this preclinical study, we set out to examine the impact of exercise on metastatic development in triple negative breast cancer (TNBC), using different 4T1 metastasis models, voluntary wheel running and surgical interventions. Tumors were analyzed for hypoxia and immune cell infiltration.





Results

Voluntary wheel running was observed to significantly increase metastasis-free survival, doubling the median survival time. However, these improvements were only observed when a boost in physical exercise occurred following surgery. To investigate this, we performed mock surgeries and confirmed surgical stress was needed to enable the positive effects of the boost in exercise on reducing metastatic tumor burden in mice with either spontaneous metastasis or experimentally-induced metastasis. These changes occurred in the absence of alterations in tumor growth, hypoxia and immune cell infiltration.





Discussion

Taken together, our results suggest that having a boost of physical activity following surgery may be beneficial to delay breast cancer metastatic development.





Keywords: physical exercise, metastasis, breast cancer, surgery, tumor microenvironment





Introduction

Breast cancer has for the last three consecutive years been the most studied disease clinically (1), and it is also the most common cancer worldwide, despite mainly affecting women (99% vs.0.5-1% in men) (World health Organization (WHO), 2022). In fact, in 2022, 2.3 million women were diagnosed with breast cancer and 670.000 died due to the disease (2). Breast cancer is a heterogenous disease with at least four main subtypes, known as luminal A, luminal B, HER2-positive, and triple-negative breast cancer. The subtypes have different genetic, epigenetic, and clinical features and are classified according to their expression of certain receptors: estrogen receptor positive (ER+), progesterone receptor positive (PR+), human epidermal growth factor receptor positive (HER2+), and triple-negative (TNBC) that lacks all of the above-mentioned receptors (3).

The majority of breast cancer-related deaths can be ascribed to the development of metastatic disease (4, 5), which is notoriously difficult to treat due to the lack of effective treatment options (6). While there have been clear clinical advancements (7), metastatic breast cancer is generally considered incurable, and patients are thus only treated with the goal of prolonging survival and maintaining quality of life (8). Statistical analyses have revealed that approximately 1 out of 8 women will develop breast cancer (9) during their lifetime, and 20-30% of these patients will progress to develop incurable metastatic disease (10). Accordingly, there is a clinically urgent need to further the understanding of the development of metastasis and drive the development of better and more effective treatment options that can block or reduce metastasis.

While surgery and pharmacological treatments are the cornerstones of breast cancer intervention, physical activity also appears to have positive effects according to epidemiological data. In fact, the effect of exercise interventions has been examined in more than 292 breast cancer studies and in more than 20,808 patients (mainly with early-stage breast cancer) (11). Physical activity has been linked to lowering the risk of breast cancer development (12–14), improving quality of life after diagnosis (15, 16), mitigating fatigue and improving treatment tolerance during adjuvant treatment (16–18) and lowering the relative risk of overall death and breast cancer-related death (19–22). Despite a very large number of studies, only a few of these have examined the effect of exercise in patients with metastatic breast cancer (23), and of these the focus has mainly been on the impact of physical activity on quality of life and reduction of symptoms. However, promising clinical and observational studies have suggested that exercise can reduce the risk of disease recurrences for breast cancer (20) and increase survival in metastatic breast cancer (23).

In this preclinical study, we set out to examine the impact of exercise on metastatic development in triple negative breast cancer (TNBC) using a clinically relevant metastatic model with orthotopic tumor transplantation of breast cancer cells and subsequent surgical resection of the primary tumor to study the spontaneous development of advanced metastatic disease.





Materials and methods




Cell lines

The 4T1 murine breast cancer cell line was kindly gifted by Fred Miller (Wayne State University) and cultured at 37°C and 5% C02 in Dulbecco’s modified Eagle medium glutaMAX (DMEM GlutaMAX; Gibco, Thermo Fisher Scientific, cat. no. 10566016, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific) and 1% penicillin-streptomycin (100 U/mL, Gibco, Thermo Fisher Scientific).





Animals

8-15 weeks-old female BALB/cAnNRj mice were purchased from Janvier. All mouse experiments were conducted in compliance with the ARRIVE guidelines and approved by the Danish Animal Experiments Inspectorate (2015-15-0201-00656 and 2020-15-0201-00596). Mice were housed 2 mice/cage in standard housing cages with enrichment (nest materials, gnawing sticks, cardboard/plastic tunnels) and ad libitum food and water in a temperature and humidity-controlled room with a 12:12-h light-dark cycle. After arrival, the mice were acclimatized for at least a week. For exercise interventions, mice were giving access to running wheels (Starr Life Science, diameter 12 cm or Mouse Mag Wheels, The Columbus Instruments Starr Life Science, diameter 9.2 cm). The number of wheel rotations was monitored, and the running distances (km/mouse) calculated by converting wheel rotations to kilometers and dividing the results by two, since each cage contained two mice to prevent isolation-induced stress.





In vivo cancer studies

Prior to all mouse studies, the cells were tested negative for mycoplasma.

For orthotopic tumor growth studies, mice were randomly assigned to 3 groups (n=14, repeated twice) and either got access to running wheels 5 weeks prior to a tumor induction (EX group), after primary tumor removal (Post-sur EX group), or not at all (Control group) (Figure 1A). Orthotopic tumors were induced by injecting 4x105 cells in volume of 50 µl phosphate buffer solution (PBS)/mouse into the mammary fat pad and surgically resected once the primary tumors reached a size of 8-10 mm. 2-2.5% isoflurane was used to anesthetize the mice in both procedures, and prior to the tumor resection the mice were administered 0.05-1 mg/kg Buprenorphine subcutaneously and a mixture of lidocaine (5 mg/kg) and bupivacaine (1 mg/kg) around the tumor. Additionally, after the surgical intervention mice receive analgesia via the drinking water (6 mg/L Buprenorphine) for 48 hours. Tumor growth was determined by measuring the length and width of tumor and calculating volume using the following formula: volume (mm3) = (length (mm) * width (mm)2 * π)/6. An hour prior to resection, mice received an intraperitoneal injection with pimonidazole (60 mg/kg dosage using 10 mg/ml dilution, Hypoxyprobe™ Kit, Hypoxyprobe, Inc., HPI Catalog # HP1-XXX, Burlington, MA, USA).

[image: Diagram illustrating a spontaneous metastasis study over 23 weeks with three groups: Control, Post-surgery EX, and EX. Panel A shows the study timeline with key events like tumor induction and resection. Panel B presents a Kaplan-Meier survival curve, indicating metastasis-free survival percentages, with a median survival of 122 days for each group. Panel C shows survival in metastatic mice, highlighting median time to death: Control (55 days), Post-surgery EX (73 days), and EX (51 days).]
Figure 1 | Exercise initiated after surgical tumor removal improves metastasis-free survival in an orthotopic model. (A) Visual representation of the experimental design. (B) The survival of mice subjected to surgical removal of mammary fat pad tumors with or without access to running wheels were analyzed with Kaplan-Meier analysis. The survival curves were compared using a Log-rank (Mantal-Cox) test. Pair-wise comparisons of the survival curves, revealed that the survival of the mice in the Post-sur EX group was significant longer than the EX group (p=0.03), while the rest of the pair-wise comparisons revealed no significant difference in survival between the groups (Control vs. Post-sur EX p= 019, Control vs. Ex p= 0.51). (C) The median time it took for mice to develop clinical signs of metastatic disease that necessitated euthanasia was examined by performing a Kaplan-Meier survival analysis combined with a Log-rank (Mantal-Cox) test on data from mice that developed metastatic disease. Pair-wise comparisons of the survival curves revealed that the development of metastatic disease in the mice in the Post-sur EX group was significant delayed compared to the Control group (p=0.02, dark blue *) and EX group (p=0.03, orange *).

The resected tumors were weighed, their volume determined and divided into pieces for further examinations. In a blinded manner, mice were assessed for clinical signs of metastasis and euthanized once the humane endpoints were reached. The lungs of mice were collected and weighed and processed for further examinations. Body weight was measured at set-up, tumor inoculation, tumor resection, 2-3 times weekly while monitoring for metastatic disease, and when euthanized. During the two studies, 20 mice had to be sacrificed due to surgical complications, wounds, or regrowth of primary tumors (n=6 (Control), n=10 (Post-sur EX group), and n=3 (EX group)). These mice were as a result censored from the survival analysis.

For experimental lung metastasis studies mice were randomly assigned to 4 groups (n=8, repeated twice) and either got access to running wheels 5 weeks prior to metastasis induction (EX groups, Pre EX group), after metastasis induction (Post EX group), or not at all (Control group) (Figure 2A). Lung metastasis was induced by injecting 3x105 cells in volume of 200 µl phosphate buffer solution (PBS)/mouse into the tail vein. Mice were weighed and euthanized after 12 days, where their lungs were collected and weighed.
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Figure 2 | Analysis of lung metastases reveals no significant differences between the groups in orthotopic model. (A) Visual representation of the experimental design and highlighting the focus of the data – i.e. examinations of collected lungs. (B) Representative images of the degree of lung metastasis. (C) Number of metastatic lung lesions (Control= 21, Post-sur EX= 17, EX= 22). (D) Total area of metastatic lung lesions. (E) Representative images of Ki-67 positive stained tumor cells in the lungs of mice (F) Percentage of Ki-67 positive stained tumor cells per cells in the lungs (Control= 7, Post-sur EX= 6, EX= 7). (G) Flow cytometry analysis of the immune landscape in the collected lungs (Control= 12, Post-sur EX= 10, EX= 11). NK = natural killer cells, CD4 = CD4 positive T cells, CD8 = CD8 positive T cells, DC= dendritic cells, MP= Macrophages, NP=Neutrophils. Parametric data was analyzed by a one-way ANOVA paired with Holm-Šídák’s multiple comparisons test (F, G: DC) and nonparametric data with a Kruskal-Wallis test with Dunn’s multiple comparisons test (C, D, G: NK cells, CD4, CD8, MP, and NP). A two-way ANOVA was used to analyzed the difference in MP and NP between mice with and without metastatic disease (G).

For surgical stress studies, mice were randomly assigned to 3 groups (n=6, repeated three times). All groups were induced with metastatic disease (3x105 cells in volume of 200 µl PBS/mouse injected into the tail vein), but while the Control and Post-sur EX groups underwent surgical resection of the tissue around the 4th mammary fat pad to mimic a tumor resection, the sham group was only anaesthetized. The mice received the same anesthesia and analgesia as previously described. A day after the surgery the EX group got access to running wheels (Figure 2A). Mice were weighed and euthanized 14 days after 4T1 inoculation, where their lungs were also collected and weighed. All mice used for the manuscript were euthanized by cervical dislocation or decapitation.





Histology and immunohistochemistry

Part of the tumor tissue and isolated lungs tissue were fixed in 10% neutral buffered formalin overnight at 4 °C and then processed for standard paraffin embedment. Paraffin-embedded tissue was sliced to 5 µM tissue slides and mounted on glass. All lung slides were stained with hematoxylin and eosin, scanned on a Hamamatsu NanoZoom slide scanner, and quantified for metastatic disease using NDP.view2 software by determining the number and size of the metastatic lung lesions.

Additionally, immunohistochemistry stainings were conducted on tumor (n=12-13/group) and lung sections (n=6-7/group) from the orthotopic tumor studies, where the tissue sections were de-paraffinized, rehydrated, and heated with antigen retrieval buffer.

After the antigen retrieval treatment, the tumor section was stained to assess tumor hypoxia via the hypoxia marker pimonidazole hydrochloride, which mice were injected with one hour prior to having their tumor removed. The slides were washed in water, incubated for 10 min with 3% H2O2, and washed in Tris-buffered saline with tween (TBS-T). The tumor sections were encircled with a waterproof pen, blocked for 60 min, and incubated overnight with the primary antibody, i.e. anti-pimonidazole mouse IgG1 monoclonal antibody (H Hypoxyprobe™ Kit, Hypoxyprobe Inc.) at 4°C. The tissue sections were then washed in TBS-T buffer, and incubated for 45 min at RT with the DAKO HRP Mouse antibody (Agilent Technologies), followed by a washing step with TBS-T buffer and the addition of DAB Chromogen (Peroxidase) (Vector Laboratories) as per kit instructions. Lastly, the tissue sections were counterstained with Mayer’s hematoxylin (Sigma-Aldrich), dehydrated, mounted with DPX, and scanned on the Hamamatsu NanoZoomer-XR (Hamamatsu) whole slide scanner (×40 magnification). Tumor hypoxia was quantified via ImageJ (24) by manually measuring the total area of both tumor and hypoxia and calculating the fraction of the tumor affected by hypoxia.

The lung sections were stained for Ki-67, as Ki-67 is a prognostic marker associated with breast cancer cells’ proliferative potential and an indicator of prognosis (25). Following antigen retrieval, the lung sections were washed with PBS, encircled using a PAP pen (Dako, Denmark), incubated with 5% donkey control serum (D9663, Sigma-Aldrich, Merck Life Science A/S, Denmark) for 10 min at RT, incubated with primary antibody against Ki-67 (1:1,000-1:2000, ab15580; Abcam, San Diego, USA) at 4 °C overnight. The next day, the sections were washed twice in PBS and incubated with secondary antibody using fluorescence Donkey anti rabbit Alexa 546 for 1 hr at RT (Invitrogen, Taastrup, Denmark, diluted in PBS 1:1000) and counterstained with DAPI before being mounted. Images of the slides was captured with a x40 magnification on a Zeiss Axiovert 220 Apotome system. The images were processed using the Axiovision program (Carl Zeiss) and all images were imported, and the threshold was set for all. The MetaMorph microscopy automation and the ImageJ analysis software (24) were used for automatic nuclei counting and for detection of Ki-67 stained tumor cells. The total number of DAPI stained tumor cells was estimated by automatic nuclei counting. The number of Ki-67 stained cells were counted manually and the fraction of tumor cells expressing the Ki-67 antigen was determined.

The quantifications (metastatic lesions, hypoxia, Ki-67 stainings) were performed while blinded.





Flow cytometry

Frozen and digested tumor and lung tissue were washed once in FACS buffer (PBS + 2% FBS) and incubated with FC-block and live-dead staining for 15 minutes at RT. Afterwards, cells were washed once, followed by antibody staining (Supplementary Table 1) for 30 minutes at 4°C and followed by fixation in 2% paraformaldehyde for 10 minutes at RT. Cells were stored in FACS buffer until acquisition within the next 3 hours.

Receptor surface expression was acquired using an LSRFortessa equipped with 3 lasers (488nm,
640nm, 405nm) maintained by the flow cytometry core facility at Copenhagen University using FACSDiva software v.8.01 (BD Biosciences, USA). Analyses of blinded samples (gating strategy in Supplementary Figure 1) and compensation were performed in FlowJo v.10.6.1 (BD Biosciences, USA). Gating was based on Fluorescence minus one (FMO) controls for each parameter. Cells were defined as follows: all cells (DAPI-, CD45+), T cells (CD3+), CD4 T cells (CD3+ CD4+), CD8 T cells (CD3+ CD8+), NK cells (CD3- CD24- SSClow CD49dim/hi Nkp46dim/hi), Neutrophils (Ly6G+), Macrophages (Ly6G- SSChi F4/80+) and Dendritic cells (Ly6G- F4/80- MHC-II+ CD11c+ CD11b+/-).





Analysis and statistics

Statistical analyses were performed in Prism 10 (version 10.2.2). Statistical significance was defined as a p-value < 0.05 throughout. The survival of mice subjected to surgical removal of mammary fat pad tumors with or without access to running wheels was analyzed with Kaplan-Meier analysis. The survival curves were compared using a Log-rank (Mantal-Cox) test. The median time it took for mice to develop clinical signs of metastatic disease that necessitated euthanasia was examined by performing a Kaplan-Meier survival analysis combined with a Log-rank (Mantal-Cox) test on data from mice that developed metastatic disease with “Pair-wise” comparisons of the survival curves. To examine if the tumor growth of mice without access to running wheels differed from mice with access, the data was log transformed with a natural logarithm and analyzed by fitting a nonlinear regression model using the exponential growth with log(population) equation. The analysis revealed that one curve fitted both data sets (i.e. sedentary and exercising mice). For analyses of two groups, parametric data was analyzed with an unpaired t-test or Welch's t test, while nonparametric data was analyzed with a Mann Whitney test. When analyzing the difference between multiple groups, parametric data was analyzed with an ordinary one-way ANOVA paired with Holm-Šídák’s multiple comparisons test/Šídák’s multiple comparisons test and nonparametric data with a Kruskal-Wallis test with Dunn’s multiple comparisons test. Furthermore, a two-way ANOVA was used to analyze the difference in macrophages and neutrophils between mice with and without metastatic disease.






Results




Physical exercise did not affect food intake or body weight in an orthotopic model of TNBC

We investigated the effect of voluntary exercise on tumor development and metastasis in a group of immunocompetent mice with induced TNBC. We used 4T1 murine breast cancer cells due to the high clinical relevance of the experimental model, which includes easy orthotopic transplantation in the tissue of origin (mammary fat pad) and spontaneous development of metastatic disease with tumor cell dissemination patterns similar to that of human mammary cancer (26). Specifically, we combined an orthotopic tumor transplantation with a subsequent surgical removal of the primary tumor to mimic the clinical setting, where primary tumors are surgically removed, while potential metastatic lesions remain, and to allow the development of metastatic disease to become the experimental endpoint (27).

Mice were given access to running wheels either 5 weeks prior to tumor induction with syngeneic 4T1 breast cancer cells (EX group), or after primary tumor removal (Post-sur EX group), or not at all (Control group) (Figure 1A). We observed no differences in the running distance between the different exercise groups (Supplementary Figures 2A, B), nor differences in the food intake or body weights across all groups as recorded throughout the experiment (Supplementary Figures 2C, D, respectively).





Exercise-increased survival occurs in the absence of changes in hypoxia and the immune landscape at the primary tumor

Exercise did not significantly affect the primary tumor growth rate (Supplementary Figure 3B). Furthermore, there was no significant difference in the time it took for the tumors to reach a size that required their removal (Supplementary Figure 3C), nor in the weight of the resected primary tumors (Supplementary Figure 3D).

In contrast, we observed a striking difference in survival, whereby the introduction of voluntary wheel running after surgical removal of the primary tumor led to increased median survival of the mice (Figure 1B), which was significantly different from the mice with continuous access to running wheels (p= 0.03). Furthermore, the median time it took for mice to develop clinical signs of metastatic disease that necessitated euthanasia was significantly delayed in the Post-sur EX group compared to both the Control group (p=0.02) and the EX group (p= 0.03) (Figure 1C).

It is known that hypoxia at the primary tumor can influence metastasis and survival (28) and could likely be reduced by exercise (29). We, therefore, analyzed the resected tumors for hypoxia, but observed no significant differences (Supplementary Figures 3E, F). Wennerberg et al. and Garritson et al. previously indicated that voluntary wheel
running could lead to a more favorable immune landscape in mice with 4T1 breast cancer by reducing (30) or delaying (31) immune suppression and increasing the activation of NK cells and CD8+ T cells (30). We therefore examined, if the differences in metastasis-free survival could be explained by alterations in the immune landscape of the primary tumors by flow cytometry (Supplementary Figure 1A). However, we detected no significant differences in immune cell infiltration between the EX group and the Control/Post-sur EX group (Supplementary Figure 3G).





Exercise-increased survival occurs in the absence of changes in metastatic tumor burden and immune landscape at the time of termination

Next, we examined the lungs of the mice at the time of termination, as it is the first site of metastatic spread in both human patients (22-77%) and mice transplanted with 4T1 cells (95%) (26). We detected no differences between the groups with regards to the number (Figures 2B, C) or the total area of metastatic lung lesions (Figure 2D). Therefore, once the mice developed metastatic disease, the endpoint metastatic burden appeared to be similar between the groups. Consistently, there was no change in Ki-67 expression (Figures 2E, F), a proliferation marker that is associated with worse disease-free survival and overall survival in patients with resected TNBC (32, 33).

We performed flow cytometry analysis of the lungs (Supplementary Figure 1B), and observed no significant differences in NK cells, CD4+ and CD8+ T cells, dendritic cells, macrophages, or neutrophils between the groups (Figure 2G). However, when we compared the mice with metastatic disease to mice without metastatic disease, we noted a significant decrease in the frequency of lung macrophages and increase in the frequency of lung neutrophils in the mice with metastatic disease (Figure 2G).





Exercise alone does not affect metastatic tumor burden in an experimental metastasis model

We speculated that the lack of differences between the groups could be explained by the fact that we only compared them at a timepoint, where all the mice were deemed to have clinical signs of metastatic disease that necessitated euthanasia. We, therefore, performed a new experimental metastasis study with intravenous (IV) injections of 4T1 cells, where mice either had access to a running wheel throughout the experiment, prior to induction of metastasis, after the induction of metastasis, or not at all (Figure 3A). Furthermore, instead of having a continuous take down, the study was concluded on day 14 and the degree of metastatic disease in the lungs of all mice was evaluated by histological examinations of lungs sections. We observed that mice who ran prior to metastasis induction had a higher running distance (Supplementary Figures 4A, B), that food intake was significantly increased in mice that had access to running wheels compared to mice without (Supplementary Figures 4C, D), and that body weights of the mice increased throughout the experiment (Supplementary Figure 4E). However, to our surprise, we again saw no differences in the number of metastatic lung lesions between the groups (Figures 3B, C) or the total area of metastatic lung lesions (Figure 3D). In this setup, exercise alone did not abrogate metastatic development.
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Figure 3 | A boost of exercise alone does not affect the development of metastatic disease in an experimental metastasis model. (A) Visual representation of the experimental design. (B) Representative images of the degree of lung metastasis. (C) Number of metastatic lung lesions. (D) Total area of metastatic lung lesions. The data in C and D were analyzed by a one-way ANOVA paired with Šídák’s multiple comparisons test (Sedentary= 12, Pre-EX=10, Post-sur EX= 15, EX= 14).





The antimetastatic effect of a boost in exercise seems dependent on the presence of surgical stress

Given that the orthotopic model also included a surgery, we postulated that this could promote the exercise-mediated increase in metastasis-free survival. Of note, surgical stress has been shown to exacerbate metastatic disease in both animal models and cancer patients (34, 35). We, therefore, performed another IV experimental metastasis study, which included a mock-surgery to induce surgical stress. Specifically, all mice were induced with metastatic disease, and then either only anaesthetized or also subjected to a skin removal surgery similar to that of a primary breast tumor resection. Half of the mice that underwent surgery were given access to running wheels the day after surgery, while the rest were not. After 14 days all mice were taken down and their lungs examined for metastatic disease (Figure 4A). When we compared the number of lung lesions in the group undergoing surgery to the group that was only anaesthetized, we observed that the surgery alone group had significantly more metastatic lung lesions (Figures 4B, C). However, the number of metastatic lung lesions was significantly reduced if the mice had access to a running wheel following undergoing surgery (Figures 4B, C). A similar pattern was observed when we assessed the total area of metastatic lung lesions, such that surgery alone increased the affected lung area. However, access to the running wheel after surgery significantly reduced the total lung area affected by metastatic lesions (Figure 4D). These results suggest that the increase in metastasis-free survival observed in the orthotopic model was due to a boost of exercise occurring after but dependent on surgery.
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Figure 4 | Initiating exercise following surgery significantly reduces development of metastatic disease. (A) Visual representation of the experimental design. (B) Representative images of the degree of lung metastasis. (C) Number of metastatic lung lesions. (D) Total area of metastatic lung lesions. The data were analyzed with an ordinary one-way ANOVA paired with Holm-Šídák’s multiple comparisons test (Sham= 16, Control= 17, Post-sur EX= 16).






Discussion

To our knowledge, our study is the first to preclinically examine the effect of exercise on metastatic development in a clinically relevant setting, where the primary tumor was surgically removed, while potential metastatic lesions remained (26). This allowed us to examine how continuous voluntary wheel running affected the development of metastatic disease, as well as the effect of only initiating exercise after primary tumor resection. Our primary finding was that initiating voluntary wheel running after removal of the primary tumor significantly increased the metastasis-free survival and doubled the median survival time. However, interestingly, we found no beneficial effect of exercise (regardless of when it was initiated) once mice exhibited clinical signs of spontaneous metastatic disease. Specifically, once mice were euthanized due to metastatic disease, we observed no differences between the groups regarding the number of lung lesions, the total lung area affected by metastasis or the presence of Ki-67 positive tumor cells in the lungs. Furthermore, exercise alone was not detected to have a beneficial effect on metastatic development in an experimental model for metastasis, where metastasis was induced with IV injections. However, exercise did reduce the number of metastatic lung lesions in this model, if the mice also underwent surgical stress the day after inducing metastasis. Taken together, our results indicate that initiating a boost of physical activity (as mice are naturally quite active) is beneficial following surgery and can delay metastatic development in mice with either spontaneous or experimentally-induced metastasis.

Epidemiological studies have highly suggested that exercise has a beneficial effect on breast cancer. However, most studies have not examined whether the effect was dependent on the molecular subtype of cancer. To understand the effect of exercise in a breast cancer setting this should be considered, as breast cancer is not one uniform disease, but rather a heterogeneous group of diseases that differ from one another regarding histology, genomic alterations, gene expression, hormone status, metastatic behavior, and treatment responses (36–38). In our study, we examined how exercise affected both TNBC development and metastasis. From a clinical perspective, the effect of exercise in this population is still not clear. For instance, while Delrieu et al. found a beneficial impact of physical activity on the overall survival of patients with metastatic breast cancer, a subgroup analysis revealed that physical activity was only associated with a statistically significant improved overall survival in the HER2 positive subgroup, but not in luminal metastatic breast cancer or TNBC (23). Furthermore, a meta-analysis by Ibrahim et al. reported that while post-diagnosis physical activity was shown to reduce breast cancer deaths by 34% and disease recurrence by 24%, this beneficial effect only seemed to involve women with estrogen receptor (ER) -positive breast cancer (39). In contrast, the Shanghai Breast Cancer Survival Study, a prospective cohort study, showed that regular postdiagnosis exercise was associated with a lower risk of all-cause mortality and recurrence/disease-specific mortality in women with ER and progesterone receptor-negative breast cancer (40). In addition, data from the NIBBLE study, the Women’s Health Initiative, and the California Teachers Study indicated that physical activity was associated with a reduced risk of developing TNBC (41–43). Similarly, no clear consensus has been found regarding the effect of exercise on metastatic disease in preclinical research, potentially due to a wide methodological heterogeneity. In fact, the published preclinical experimental data is conflicting (23, 24), something we also observed, as we, despite using large group numbers, still saw variation and even observed an opposite effect in the pilot experiment for the mock surgery setup. This highlights the need for further research to elucidate the underlying molecular mechanisms for the potential positive effect of physical activity on metastatic development and underlines the importance of performing multiple repeats of experiments to elucidate the real effect/trend. Especially, as experimental results are also contradictory even when the same cancer model (4T1) and exercise modality (voluntary running wheels) is used, as subjecting 4T1 tumor-bearing mice to wheel running has been found to both promote metastasis (44), not affect metastasis (45), and non-significantly reduce metastasis (30, 31). However, no studies as of yet included surgery as part of the setup.

Previous preclinical studies have suggested that exercise exerts its beneficial anticancer effect by recruiting and activating different immune cells (46). For instance, an exercise-mediated 4T1 tumor growth suppression vanished when examined in T-cell deficient mice (47), while NK-cells (but not T-cells) proved essential for the exercise-mediated tumor growth control in mice challenged with B16F10 tumors (48). However, flow cytometry analysis in our study presented here showed no difference in the immune landscape in the lungs of mice with metastatic disease regardless of whether they had access to running wheels or not. The lack of difference could potentially be explained by the timing of the analysis. The lungs of the mice were only examined once the mice had clinical signs of metastatic disease and thus had reached the humane endpoint. Perhaps a difference could have been seen, if lungs were collected at an earlier timepoint of 1-2 weeks after the surgery and then assessed for the composition of the immune cells.

Our results did not elucidate a clear mechanism of action that could explain why initiating exercise after surgery limited metastatic development or why the same effect was not seen in mice that had continuous access to running wheels. The fact that the average running distance of mice in the Post-sur EX group and the EX group was similar, does however indicate that the groups had similar exercise compliance, and thus that this did not contribute significantly to the observed survival outcomes. However, because of the lack of effect in mice that continuously exercise, we hypothesize that the beneficial effect could be mediated by the body’s adaptation to exercise during the critical perioperative period. We expect this could be the case, because not only does exercise have a multitude of effects on the body by initiating interaction and crosstalk between multiple organs, tissues, and regulatory systems, including the immune system and the metabolism (49); the complex physiological response to exercise also differs between untrained individuals adapting to exercise and trained individuals (50, 51). It is therefore likely that the impact of exercise adaptation in the critical postoperative period of a tumor resection would differ between trained and untrained mice, and thus that initiating voluntary wheel running in the two groups after surgery could lead to different impacts on tissues, regulatory systems, the immune system, and the metabolism. The immune landscapes and systemic immune response could differ at an earlier timepoint. Furthermore, if the adaptation to exercise in the untrained mice post-surgery resulted in an altered metabolism, that could also play a part, as it is well known that the metastatic process and metabolic pathways a highly intertwined (52). For instance, exercise has been suggested to reprogram the metabolic needs of distant organs and thereby increase their resistance to metastatic development (53).

Surgical resection of solid tumors is a necessary procedure for most cancer patients and has undeniable prognostic benefits (54). Still, the perioperative period is deemed critical, as a growing amount of evidence suggest that surgeries elicit a surgical stress response and/or surgical complications that promote postoperative metastatic spread and/or disease recurrence by activating and increasing the growth of pre-existing dormant micrometastases or residual cancer cells at the surgical site (34, 55–60). This surgical stress response has thus been linked to the development of metastatic disease in both animal models and cancer patients and is believed to be caused by postoperative dysfunction of NK cells, potential dissemination of cancer cells from the primary tumor, induced local and/or systemic inflammation, and immune suppression (34, 35, 58, 61–69). The postoperative period is therefore an exceptionally vulnerable time for the development or growth of metastases (35). Therefore, it not only represents an ideal moment to therapeutically target the metastatic process, but also a window of opportunity, where exercise could have an anti-metastatic effect, especially when considering that exercise mobilizes key effector cells of the immune system and reduces inflammation, including increasing the number of circulating NK cells, their cytotoxicity, and activation (30, 46–48) (70). We therefore believe that it is very plausible that the beneficial effect observed in the Post-sur EX group, is mediated by an increased recruitment and activation of NK cells compared to the EX group. Particularly when considering that NK cells control micrometastatic disease (48, 71), their cytotoxicity is an independent prognostic marker for overall survival in patients with metastatic disease (72), and because an association between low NK levels during the post-operative period and a higher rate of cancer recurrence and mortality has been observed (67, 68). Furthermore, the effect in the Post-sur EX group could also perhaps be mediated by a dampening of the local inflammatory wound response and systemic inflammation caused by surgery, as exercise is known to have anti-inflammatory effects (73, 74). This could be important, as several in vivo studies have indicated that surgery induced inflammation and subsequent increase in growth factors and proangiogenic compounds can increase the risk of cancer recurrence by reactivating dormant micrometastases (34). In fact, the degree of surgery-induced inflammation seems to correlate with the number of lung metastasis in a metastatic mouse model (75). Future studies will examine the role of exercise in connection with surgical stress and how exercise affects the postoperative NK cell dysfunction, inflammation, the immune system, and metastasis.

In conclusion, we examined the effect of exercise on metastatic development in different metastatic models for TNBC. Voluntary wheel running was observed to reduce the number of metastatic lung lesions or significantly increase the metastasis-free survival and doubled the median survival time, but only in settings where the mice underwent a surgery and initiated a boost of exercise after the surgery. Taken together, our results therefore indicate that initiating exercise and thus having a boost of physical activity is beneficial following surgery and can delay metastatic development in mice with either spontaneous or experimentally-induced metastasis. Even though we only observed a beneficial anti-cancer effect of exercise if it was initiated after a surgery, we are not advocating for only initiating exercise there. Our wish is to focus attention to the post-operative period and highlight it as a great window of opportunity to counteract metastasis. Exercise could be one way to do so, especially as exercise already has gained a prominent role in clinical oncology due to its’ abundant supporting care and health benefits, including improving quality of life, maintaining muscle strength during therapy, reducing treatment-related complications and improving survival outcomes of cancer patients (46, 76–79).
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Supplementary Figure 1 | Gating strategies for flow cytometry. (A) Gating strategy for panel 1. Cells were defined as T cells (CD3+), CD4 T cells (CD3+ CD4+), CD8 T cells (CD3+ CD8+), NK cells (CD3- CD24- SSClow CD49dim/hi Nkp46dim/hi). (B) Gating strategy for panel 2. Cells were defined as Neutrophils (Ly6G+), Macrophages (Ly6G- SSChi F4/80+) and Dendritic cells (Ly6G- F4/80- MHC-II+ CD11c+ CD11b+/-).

Supplementary Figure 2 | Health data from the orthotopic tumor growth studies reveals no significant differences between the groups. (A) The collected running distance of the exercising mice, shown as median of the groups (solid lines) with indication of the SD (transparent areas) (orange = EX, light blue = Post-sur EX). (B) Average running distance of the exercising mice (C) Average food intake. (D) Body weight of the mice a study start, tumor inoculation (Tumor), tumor resection (Resection), and at study end/humane endpoints (Study end).

Supplementary Figure 3 | Analysis of primary tumors reveals no significant differences between the groups in orthotopic model. (A) Visual representation of the experimental design and highlighting the focus of the data – i.e. examinations of resected tumors. (B) The tumor growth of mice with or without access to running wheels (Control/Post-sur EX= 58, EX=26). The solid line represents mean tumor growth, while the shaded area between the stippled lines constitutes the SD. Tumor growth data was analyzed with a nonlinear regression model using the exponential growth with log(population) equation, but not significant difference was detected. (C) Time from tumor inoculation to resection. (D) Weight of resected tumors. (E) Representative images of the degree of tumor hypoxia determined. (F) Percentage of tumor tissue affected by hypoxia (Control/Post-sur EX= 24, EX=13). (G) Flow cytometry analysis of the immune landscape in the resected tumors (Control/Post-sur EX= 28, EX=13). Parametric data was analyzed with an unpaired t-test (Figure C, G: T cells, MP) or a Welch's t test (Figure G: DC) and nonparametric data with a Mann Whitney test (Figure C, F, G: NK cells, CD8, NP). Tumor growth data was analyzed with a nonlinear regression model using the exponential growth with log(population) equation. (NK cells = natural killer cells, CD8 = CD8 positive T cells, DC= dendritic cells, MP= Macrophages, NP=Neutrophils).

Supplementary Figure 4 | Collected health data from the experimental lung metastasis studies. (A) The collected running distance of the exercising mice, shown as median of the groups (solid lines) with indication of the SD (transparent areas). Orange= EX group, light grey= Pre-EX group, light blue=Post-Ex group. (B) Average running distance of the exercising mice (analyzed with a Kruskal-Wallis test with Dunn’s multiple comparisons test). (C) Mean food intake prior to metastasis induction. (D) Mean food intake after metastasis induction. Parametric data was analyzed with a Welch's t test (Figure C, D). (E) Body weight of the mice at study start, metastasis induction, and at study end (Analyzed with a two-way ANOVA).
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Background

MiR-136 is abnormally expressed in many types of metastatic tumors and is closely associated with tumor cell proliferation, apoptosis, invasion, and metastasis, indicating its important role in tumor development and progression. This review summarizes current knowledge regarding miR-136’s molecular mechanisms, functional roles, and impact on chemotherapy in different human cancers.





Methods

A literature search was conducted in PubMed and Web of Science using “miR-136” and “metastatic tumors” as English keywords, and in CNKI and Wanfang databases using the same terms in Chinese. Studies related to miR-136 research in metastatic tumors and high-quality evidence from similar studies were included. Meta-analyses, dissertations, conference papers, low-quality articles, unavailable full-text articles, and republished articles were excluded.





Results

This review synthesizes the current understanding of miR-136’s role in various cancers, including osteosarcoma, gastric cancer, gallbladder cancer, esophageal cancer, prostate cancer, colorectal cancer, breast cancer, glioma, and thyroid cancer. miR-136 acts as a tumor suppressor by targeting various genes, including MTDH, PTEN, MAP2K4, MUC1, LRH-1, MIEN1, RASAL2, CYR61, and KLF7. It influences multiple signaling pathways, including the ERK/mitogen-activated protein kinase, Wnt/β-catenin, Ha-Ras, PI3K/Akt, Aurora-A kinase, nuclear factor-κB, and JNK pathways. Furthermore, miR-136 is involved in chemoresistance by modulating ROCK1, PPP2R2A, and the miR-136-Notch3 signaling axis.





Conclusions

MiR-136 demonstrates promising potential as a novel biomarker and therapeutic target in various human cancers. Further research is needed to fully elucidate its complex roles in cancer development, progression, and drug resistance, particularly regarding its potential in immunotherapy.





Keywords: miRNA, miR-136, metastatic tumors, target, immunotherapy




1 Introduction

MicroRNAs (miRNAs) are a class of non-coding, single-stranded RNA molecules, approximately 22 nucleotides long, encoded by endogenous genes. They participate in the transcriptional regulation of gene expression in animals and plants (1). By recognizing and binding to the 3′ untranslated region of target gene mRNA, miRNAs inhibit mRNA translation or promote degradation (2, 3). miRNAs can also affect histone modifications and promoter site methylation to regulate target gene expression (4, 5). A single miRNA can regulate the expression of multiple target genes (6, 7), by modulating various mRNAs, miRNAs functionally participate in a range of physiological and pathological processes, including cell differentiation, proliferation, migration, and apoptosis (8, 9). Abnormal miRNA expression has been reported in various types of metastatic tumors (10, 11), suggesting their potential oncogenic or tumor-suppressive functions. MiR-136 is abnormally expressed in many types of metastatic tumors and is closely associated with tumor cell proliferation, apoptosis, invasion, and metastasis, indicating its significant role in tumor development and progression (12–21). Moreover, miR-136 contributes to cancer resistance to various chemotherapeutic agents (21–24). Given its critical involvement in tumor biology, miR-136 represents a promising biomarker and therapeutic target for early cancer detection and treatment. This review summarizes the signaling pathways and mechanisms of action of miR-136 in various metastatic tumors, providing a comprehensive understanding of its role in metastatic tumors.




2 Literature search strategy

This review was indexed in PubMed and Web of Science using “miR-136” and “metastatic tumors” as English keywords. “miR-136” and “metastatic tumors” were used as Chinese keywords in CNKI and Wanfang databases. Studies were included based on the following criteria: (1) relevance to miR-136 research in metastatic tumors; and (2) provision of high-quality evidence. The following exclusion criteria were applied: (1) studies not published in English or Chinese; (2) meta-analysis, dissertations, conference papers, and (3) low-quality, unavailable full-text and republished articles. Studies were selected according to these criteria (Figure 1). miR-136 and the target genes in tumors are listed in Table 1.

[image: Flowchart showing the article selection process. Initially, 179 articles were identified from various databases. After removing duplicates and 15 unavailable articles, 164 remained. Titles and abstracts were reviewed, eliminating 37, leaving 127 articles. Finally, 40 low-quality studies were excluded, resulting in 90 articles being included.]
Figure 1 | Literature search strategy.

Table 1 | miR-136 and the target genes in tumors.


[image: Table listing various cancers and their target genes. Osteosarcoma: MTDH, gastric cancer: PTEN, gallbladder cancer: MAP2K4, esophageal cancer: MUC1, prostate cancer: MAP2K4, colon cancer: LRH-1 and MIEN1, triple-negative breast cancer: RASAL2, glioma: CYR61 and KLF7, thyroid cancer: MTDH.]



3 Role of miR-136-5p in cancers



3.1 miR-136 and metastatic osteosarcoma

Metastatic osteosarcoma (OS) is the third most common primary bone malignancy in children and adolescents (25), and commonly occurs in the proximal tibia, humerus, and metaphyseal region of the distal femur (26). The MTDH gene, located on human chromosome 8, facilitates tumor cells adhesion to distant blood vessels, playing a critical role in cancer spread and metastasis. MTDH is a involved in several oncogenic signaling pathways, such as ERK/mitogen-activated protein kinase, Wnt/β-catenin pathway, Ha-Ras and PI3K/Akt pathways, Aurora-A kinase signaling pathway, and nuclear factor-κB signaling pathway (27, 28). miR-136 inhibits the proliferation, invasion, and migration of osteosarcoma cells by negatively regulating MTDH.




3.2 miR-136 and metastatic gastric cancer

Metastatic gastric cancer (GC) has the highest mortality rate among patients in China (29). Various pathogenic factors contribute to GC development and progression, including environmental factors, diet, infection, and genetic mutations, particularly the abnormal expression of proto-oncogenes or tumor suppressor genes (30). Compared with adjacent non-neoplastic gastric mucosal tissues and normal gastric epithelial cells, miR-136 expression was significantly increased while PTEN mRNA expression was decreased (19). Bioinformatics analysis has identified PTEN as a target of miR-136. Following miR-136 knockdown, PTEN mRNA and protein expression levels increase, whereas p-AKT protein levels decrease. PTEN expression was negatively correlated with miR-136 expression. PTEN negatively regulates various biological processes through the PI3K/AKT signaling pathway, including cell proliferation, migration, invasion, and apoptosis (31–34). Therefore, inhibiting miR-136 can suppress the proliferation, invasion, and metastasis of gastric cancer cells by modulating the PTEN/AKT/p-AKT signaling pathway.




3.3 miR-136 and metastatic gallbladder cancer

Metastatic gallbladder cancer (GBC) is the most common malignancy of the biliary tract and the fifth most common tumor of the digestive tract (35). Compared with normal gallbladder epithelial cells, miR-136 is expressed at lower levels in gallbladder cancer cells (36). Mitogen-activated protein kinase 4 (MAP2K4) has been identified as a target gene of miR-136, which activates the JNK signaling pathway, a key mediator in tumorigenesis and apoptosis (36–38). In gallbladder cancer, miR-136 overexpression inhibits the MAP2K4-mediated JNK signaling pathway, thereby regulating the expression of downstream genes (39). Inhibition of the JNK signaling pathway decreases vascular endothelial growth factor (VEGF) expression, negatively regulating tumor growth and metastasis, as VEGF activates the angiogenesis signaling cascade and promotes tumor vascular endothelial cell proliferation, differentiation, and migration (40). Simultaneous inhibition of the JNK signaling pathway increases the ratio of c-caspase-3/t-caspase-3 and c-caspase-9/t-caspase-9, thereby promoting apoptosis (41, 42). Therefore, miR-136 overexpression inhibits angiogenesis and cell proliferation in gallbladder cancer while promoting apoptosis, suggesting a potential therapeutic role in gallbladder cancer treatment.




3.4 miR-136 and metastatic esophageal cancer

Metastatic esophageal cancer (EC) is the eighth most common cancer and the sixth leading cause of cancer-related deaths worldwide (43), EC comprises two main subtypes: esophageal adenocarcinoma (EAC), which has an increasing incidence, and esophageal squamous cell carcinoma (ESCC), prevalent in East Africa, Central Asia, and China (44). miR-136 expression is reduced in ESCC tissues, while MUC1 mRNA and protein expression levels are elevated compared to those in adjacent normal tissues. Bioinformatic analysis and luciferase activity assays confirm MUC1 as a miR-136 target, with an inverse correlation between their expression levels (45). miRNAs bind to the 3′ untranslated region (3′-UTR) of their target mRNAs, reducing their stability and post-transcriptional expression, thereby influencing biological processes such as cell growth, proliferation, differentiation, and death (46). Additionally, miR-136 upregulation reduces survival, inhibits colony formation, and induces apoptosis in ESCC cells under irradiation, whereas MUC1 upregulation reverses these effects. miRNAs can also influence cellular responses to precision drugs by interfering with DNA repair and drug targets (47).




3.5 miR-136 and metastatic prostate cancer

Metastatic prostate cancer (PCa) is a common malignancy and the second most prevalent tumor of the urinary and reproductive systems (48). The occurrence and progression of PCa are regulated by miRNAs, and PCa-related miRNAs research provides novel biomarkers for diagnosis and treatment (49, 50). miR-136 expression is reduced in PCa tissues and cell lines, whereas its upregulation inhibits PCa cells. A luciferase reporter assay has confirmed that mitogen-activated protein kinase 4 (MAP2K4) is a miR-136 target gene. MAP2K4 is upregulated in PCa tissues, and its expression levels are inversely correlated with miR-136 levels. MAP2K4, located on chromosome 17, is involved in various tumorigenic and pathophysiological processes, including cell proliferation, invasion, metastasis, and apoptosis (51–53). In PCa, MAP2K4 overexpression promotes cell proliferation and metastasis while inhibiting G1-S phase arrest and apoptosis (39, 54).Thus, miR-136 may suppress PCa proliferation and invasion by targeting MAP2K4, making it a potential candidate for PCa therapy.




3.6 miR-136 and metastatic colorectal cancer

Metastatic colon cancer (CC) is one of the most prevalent malignancies and the fourth leading cause of cancer-related deaths worldwide (55). Hepatic receptor homolog-1 (LRH-1), a member of the nuclear receptor subfamily, is a recognized oncogene in many cancers (56), promoting the proliferation, invasion, and migration of cancer cells (57). LRH-1 plays a crucial role in various biological processes, including bile acid homeostasis, reverse cholesterol transport, steroid production, differentiation, and development (58). LRH-1 knockdown has been shown to inhibit colon cancer cell proliferation and induce G0/G1 cell cycle arrest (59). Additionally, LRH-1 promotes colon cancer cell growth by inhibiting the recruitment of p53 to the promoter of the cell cycle inhibitor p21 (60). Wnt signaling is aberrantly activated in approximately 80% of colon cancers (61), and its downstream genes, including cyclin D1, cyclin E1, and c-Myc, are implicated in the proliferation and metastasis of colon cancer cells (62). LRH-1 is a novel co-activator of Wnt signaling pathway transduction (59, 63), and can interact with transcription factor 4 and β-catenin to promote the expression of cyclin D1, cyclin E1, and c-Myc (63). miR-136 offers a novel pathway for the inhibition of Wnt signaling by significantly reducing the expression of cyclin D1, cyclin E1, and c-Myc in colon cancer through LRH-1 suppression (20).

MIEN1, located in the 17q12 region of the chromosome near the Her-2/neu locus (64), is frequently dysregulated in various cancers (65, 66). MIEN1 expression is elevated in colorectal cancer tissues and is closely associated with tumor serous invasion, lymph node metastasis, and advanced Dukes stage (67). miR-136 has been shown to inhibit colon cancer cell invasion, migration, and EMT progression by regulating the Akt/NF-κB signaling pathway through its target gene, MIEN1 (66).




3.7 miR-136 and metastatic breast cancer

Metastatic breast cancer (BC) is the most common cancer in women and a leading cause of cancer-related deaths (68, 69). Triple-negative breast cancer (TNBC) is a heterogeneous group of breast cancers characterized by the loss of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) gene expression (70). The Ras pathway is one of the most commonly dysregulated pathways in cancer, with Ras protein mutations occurring at high frequency (71). Ras activity is negatively regulated by Ras GTPase-a activating proteins (RasGAPs), which catalyze the hydrolysis of Ras-GTP to Ras-GDP (72). Interestingly, RASAL2, a GAP, has been identified as an oncogene promoting tumor production and metastasis in various cancers (73–75), However, rather than suppressing tumors, RASAL2 facilitates mesenchymal invasion and metastasis (73, 76, 77). In TNBC, miR-136 has been shown to act as a tumor suppressor by directly targeting RASAL2. Through downregulation of RASAL2, miR-136 effectively inhibits tumor growth and metastasis, underscoring its therapeutic potential in TNBC.




3.8 miR-136 and metastatic glioma

Metastatic glioma is a common malignancy (78, 79). Bioinformatic studies suggest that miR-136 can function as either a tumor suppressor or an oncomiR, depending on the context. Overexpression of miR-136 has been shown to inhibit glioblastoma cell proliferation by targeting CYR61. Signal transduction via the mTOR pathway is activated alongside miR-136 expression and is dependent on the activities of AKT, ERK1/2, and mTORC1. miR-136 expression is reduced in glioma tissues compared to adjacent normal tissues. KLF7, a target gene of miR-136 (18), promotes polyamine biosynthesis and glioma progression by activating arginine succinate lyase (80). Overexpression of miR-136 has been shown to inhibit glioma cell growth and migration.




3.9 miR-136 and metastatic thyroid cancer

Metastatic thyroid cancer (TC) is a common endocrine neoplasm, accounting for approximately 3.1% of all human malignancies (81). Papillary thyroid cancer, the most prevalent pathological subtype of TC, constitutes approximately 80% of cases. Its incidence is higher than that of other subtypes, such as anaplastic, follicular, and medullary thyroid cancer. The incidence of TC has increased in many countries. Although the overall mortality rate of TC is relatively low, with a 5-year survival rate of 98%, the clinical outcomes of advanced TC remain poor. Nearly half of patients with distant TC metastases die within 5 years of diagnosis. Recurrence and lung metastasis remain the leading causes of mortality in TC patients. Studies have reported higher levels of miR-136 in papillary adenocarcinomas compared to benign nodular goiter (82). MTDH has been identified as a target gene in various cancers (13, 17), with its overexpression playing a key role in cancer development. A luciferase reporter assay has confirmed the targeted regulatory relationship between miR-136-5p and MTDH (15).





4 miR-136 and chemoresistance in tumors

Chemotherapy is one of the most common clinical treatments for tumors; however, chemoresistance remains a widespread challenge (83, 84). Cisplatin, one of the most effective chemotherapeutic agents (85), inevitably encounters drug resistance, limiting the efficacy of other agents and leading to potential treatment failure. Abnormal miRNA expression can disrupt the regulation of chemotherapy drug target proteins, ultimately contributing to drug resistance. miR-136, one of the most extensively studied miRNAs, is abnormally expressed in various tumors. miR-136 overexpression reduces ROCK1 expression in cisplatin-treated tumor cells and attenuates the Akt/mTOR signaling pathway, leading to chemoresistance (86). Additionally, miR-136 overexpression promotes anlotinib resistance in non-small cell lung cancer by targeting PPP2R2A, thereby activating the Akt pathway. miR-136 can be transferred from anlotinib-resistant cells to anlotinib-sensitive cells via exosomes, inducing drug resistance and promoting cell proliferation (22). In gliocytomas, miR-136 overexpression enhances temozolomide cytotoxicity (24). In ovarian cancer, the miR-136-Notch3 signaling axis plays a crucial role in the development of chemoresistance (87). These findings suggest that miRNA-mediated chemoresistance and chemo sensitization can be modulated to enhance chemotherapy efficacy, offering new strategies for overcoming tumor drug resistance.




5 miR-136 and immunotherapy

Immunotherapy is one of the most effective cancer treatment strategies. Among immune checkpoint molecules, miRNA-based PD-L1 regulation is the most widely studied. PD-L1, expressed on immune and cancer cell surfaces, inhibits T-cell proliferation by binding to its receptor, PD-1. In NSCLC, miR-34a directly binds to the 3’-UTR of PD-L1, inhibiting its expression. miR-140 functions as a PD-L1 modulator in osteosarcoma (88), whereas miR-15a and miR-15b exert antitumor effects by blocking PD-L1 in neuroblastoma (89). In breast cancer cells, PD-L1 activates PDCD4 via the PI3K/Akt pathway, a process significantly enhanced by miR-21 (90). However, the role of miR-136 in tumor immunotherapy remains unclear and requires further investigation.




6 miR-136 and other miRNAs

miR-136 stands out for its involvement in epigenetic regulation (e.g., targeting EZH2) and its ability to enhance chemosensitivity in cancer cells. Like miR-34a and let-7, miR-136 acts as a tumor suppressor by targeting anti-apoptotic proteins and inhibiting proliferation. Similar to miR-21 and miR-155, miR-136 regulates the PI3K/AKT pathway, but it does so in a tumor-suppressive manner, unlike the pro-tumorigenic effects of miR-21 and miR-155. In conclusion, miR-136 shares some functional roles with other miRNAs in cancer, such as regulating apoptosis and proliferation, but its unique involvement in epigenetic regulation and chemosensitivity distinguishes it from other miRNAs. Its downregulation in cancer highlights its potential as a therapeutic target or biomarker.




7 Summary

MiRNAs regulate the expression of their corresponding target genes and exhibit direct or indirect carcinogenic or tumor-suppressive effects in various cancers. Many studies have identified miR-136 as a tumor suppressor gene. miR-136 is an anti-invasive miRNA that inhibits mesenchymal invasion and transfer in TNBC. The miR-136/RASAL2/MET axis functions as a repressor of TNBC metastasis. miR-136 also negatively regulates colon cancer progression by targeting LRH-1, preventing aberrant activation of Wnt signaling. In gliomas, miR-136 inhibits proliferation and induces apoptosis by regulating AEG-1 and BCL-2 gene expression. Inhibition of miR-136 expression upregulates its target AEG-1 gene and significantly improves the metastatic ability of hepatoma cells. Additionally, miR-136 suppresses lung cancer cell proliferation, invasion, and migration. In osteosarcoma, it negatively regulates MTDH, exerting tumor-suppressive effects. miR-136 also inhibits the MAP2K4-mediated JNK signaling pathway, thereby influencing downstream gene expression. These findings suggest that miR-136 has broad tumor-suppressive roles, making it a potential therapeutic target. Furthermore, miRNAs regulate multiple target genes, underscoring their functional diversity and importance in cancer treatment.




8 Future outlook

miR-136 plays a role in various signaling pathways in cancer and has been identified as a promising biomarker for cancer diagnosis and prognosis. Additionally, several cell-based and preclinical studies have shown that blocking or inhibiting miR-136 can lead to the regression of various cancer types, making it a strong candidate for cancer drug discovery. miR-136 is also actively involved in regulating drug resistance, and any effective miR-136 targeting strategy could help reduce cancer cell resistance and recurrence. Several small-molecule inhibitors of miR-136 have been reported; however, its functions in both cancerous and normal cells are not fully understood. Using advanced sequencing techniques and powerful bioinformatics tools to explore the regulatory function of miR-136 in complex oncogenic pathways will enhance our understanding and reveal new potential applications for miR-136 in cancer diagnosis and treatment. Beyond investigating miR-136 itself, exploring effective drug delivery methods is also essential. The emerging research focus on exosomes offers new avenues for drug delivery. Exosomes are messengers in cell-to-cell communication in the tumor microenvironment, and exosomal circRNAs have been reported to function as miRNA sponges, which are important in tumors. However, the role of miR-136 in human cancer requires further investigation. This review summarizes miR-136’s feasibility as a diagnostic or prognostic biomarker and provides new perspectives on cancer resistance and drug susceptibility research.
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Introduction

Metastasis formation poses a significant challenge to oncologists, as it severely limits the survival of colorectal cancer (CRC) patients. Recently, we demonstrated that CD44 promotes spontaneous distant metastasis in a CRC xenograft model. The depletion of CD44 was associated with reduction in hypoxia, EMT, as well as improved mitochondrial metabolism in primary tumor. Collectively, these effects decreased the metastatic potential of the CRC xenograft tumors under investigation. In this study we explore the molecular mechanisms by which CD44 knockdown (kd) leads to such substantial changes of tumor properties.





Methods

Using miRNA-Seq data combined with bioinformatic analysis, we investigated the role of miRNA expression changes in the metastasis prevention observed with CD44 kd.





Results

Among the differentially expressed miRNAs, three members of Let-7 family (let-7a-5p, let-7b-5p, and let-7c-5p), two isoforms of miR-203a (canonical miR-203a-3p and its +1 5’-isoform), miR-101-3p, miR-200b-3p|+1 5’-isoform, miR-125a-5p, and miR-185-5p were identified as potentially involved in regulating CD44-mediated metastasis. Gene set analysis of differentially expressed mRNA targets of these miRNAs, along with an examination of key regulators driving the observed changes in both mRNA and miRNA expression profiles, suggests that the CD44-STAT3-Let-7 miRNA axis as one of the most relevant in regulation of colon cancer metastasis via the CD44 receptor.





Discussion

Our findings suggest a regulatory relationship between CD44, Let-7 miRNAs, and STAT3 in HT-29 tumors. Additionally, we propose the potential involvement of both isoforms of miR-203a (canonical and its +1 5’-isoform) in this regulatory network and suggest a role for miR-101-3p and miR-125a-5p in metastasis regulation through CD44 kd.





Keywords: CD44, Let-7 miRNAs, miR-203a-3p, miR-101-3p, miR-125a-5p, miR-185-5p, miRNA 5’-isoform, colon cancer metastasis




1 Introduction

Despite significant advancements in colorectal cancer (CRC) treatment in high-income countries, CRC remains one of the most prevalent malignant cancers worldwide (1, 2). While the overall 5-year survival rate for CRC patients is approximately 64%, prognosis largely depends on the presence of metastases. For patients with metastatic CRC, the survival rate drops to less than 15% (2), highlighting metastasis as a major clinical challenge (3, 4).

Recently we demonstrated that cluster of differentiation 44 (CD44), a multifunctional transmembrane glycoprotein, promotes spontaneous distant metastasis in a CRC xenograft model (5). Specifically, CD44 depletion reduces the intermediate epithelial/mesenchymal phenotype and stem cell-like properties in HT-29 xenografts while enhancing mitochondrial content, oxidative phosphorylation, and angiogenesis in CD44 knockdown (kd) xenograft tumors. In this study, we investigate the molecular mechanisms underlying these substantial changes in tumor properties following CD44 kd. Previous studies have shown that CD44 interaction with matrix hyaluronan (HA) activates microRNAs (miRNAs) signaling pathways associated with tumor progression, invasion, and chemoresistance (6). Therefore, miRNAs may play a role in the molecular mechanisms triggered by CD44 knockdown.

MiRNAs are small noncoding RNAs that regulate mRNA stability or translation by complementary binding of their seed region (nucleotides 2–7/8 at the 5′ end of a miRNA) to the 3′ untranslated region (3′-UTR) of target mRNAs (7). In various cancers, including CRC, miRNAs often exhibit dysregulated expression, acting as either oncogenes or tumor suppressors that influence cancer initiation and progression (8–11).

Additionally, the processing of miRNA precursors (pri-miRNAs and pre-miRNAs) by RNase-III family nucleases, Drosha and Dicer, can generate not only canonical miRNAs but also isoforms due to shifts in the cleavage position, primarily by Dicer (12–14). If this shift occurs at the 5’-end of a miRNA, it alters the seed region sequence, resulting in 5’-isoforms with potentially modified mRNA target profile. Emerging evidence suggests that both canonical miRNAs and their 5’-isoforms play significant roles in regulating cellular biological processes (15–17). Therefore, in this study, we investigate how changes in the expression of both canonical miRNAs and their 5’-isoforms contribute to the suppression of metastasis following CD44 kd in CRC tumors.




2 Materials and methods



2.1 Xenograft tumor samples

Xenograft tumor samples were generated in our previous study (5). Briefly, CD44 was knocked down (CD44 kd) in HT-29 cells using a pan-CD44 shRNA construct (stable reduced total CD44 expression by > 95%). HT-29 cells transduced by the same lentiviral vector containing a sequence against firefly luciferase (Luc) was used as a control cell line. Pathogen-free Balb/c severe combined immunodeficient (scid) mice (n = 12) aged 9–14 weeks with a weight of 25–30 g at the beginning of the experiment were inoculated subcutaneously above the right scapula with 1 × 106 HT-29 Luc or HT-29 CD44 kd cells in a medium without supplements. All of mice developed s. c. primary tumor (PT). All mice had to be euthanized due to tumor ulceration except two animals of the CD44 kd group. Of these two, one tumor reached the endpoint tumor weight (10% of the body weight), and the other animal had not reached any termination criteria when the experiment was stopped after 71 days. PTs were dissected and cut into several pieces for histology, proteomics, kinomic profiling, RNA sequencing.




2.2 RNA extraction

Approximately 50 mg of fresh-frozen xenograft PT tissue was crushed in liquid nitrogen in the presence of QIAzol Lysis Reagent (Qiagen, Hilden, Germany). The total RNA was isolated using miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. All RNA samples were treated with DNase I during the isolation procedure. The RNA yield was determined by UV absorbance using a NanoDrop 1000 spectrophotometer (Peqlab, Erlangen, Germany). The RNA quality was assessed by analyzing the ribosomal RNA integrity number (RIN) on an Agilent 2100 Bioanalyzer using the RNA 6000 Nano kit (Agilent Technologies, Palo Alto, CA, USA). The RIN values of the isolated RNA samples ranged from 6.7 to 9.6.




2.3 Library preparation and sequencing

Libraries for miRNA sequencing were prepared from total RNA samples using NEBNext Multiplex Small RNA Library Prep Kit for Illumina. Each sample was sequenced on the Illumina NextSeq 550 to generate single-end 50-nucleotide reads: 7 control samples (shLuc) and 8 samples with CD44 knockdown (shCD44).

Libraries for mRNA sequencing were prepared as part of our previous study, all details are described in (5).




2.4 RNA-seq data processing

mRNA-seq data were obtained from our previous work (5), while miRNA-seq were processed using the standard bioinformatical pipeline. Adapter sequences (AGATCGGAAGAGCACACGTCT) were removed using cutadapt v2.10 (18). The quality of RNA-seq FASTQ files was assessed by FastQC v0.11.9 (Babraham Bioinformatics, Cambridge, UK).

miRNA 5’-isoform (isomiR) read counts were produced by IsoMiRMap v1.0 (19), using miRbase v22.1 database (20) as a source of reference miRNA sequences. The annotation of isomiRs was conducted using the method proposed in (21), which builds on a modified version of the approach in (19). Specifically, the number following the initial “|” character represents the shift from the canonical 5′-end in the 5′→3′ direction. For example, miR-203a-3p|0 represents the canonical isomiR of miR-203a-3p, while miR-203a-3p|+1 denotes an isomiR shortened by one nucleotide at the 5′-end of the canonical miR-203a-3p.

Both mRNA and isomiR read counts tables were normalized for size factors using DESeq2 v 1.44.0 (22). Then, after gene length normalization, the mRNA table was transformed to fragments per kilobase of transcript per million mapped reads (FPKM) scale. Similarly, the miRNA table was transformed to per million mapped reads (RPM) scale.

Unsupervised principal component analysis (PCA) in the presence of RIN factor showed no significant difference between CD44 kd and control groups (Supplementary Figure S1). Moreover, applying t-test to RIN of these groups we confirm this notion (t-test p-value > 0.05). Other covariates (mice sex and age) unrelated to the sequencing were verified in our previous publication (5).




2.5 Differential expression analysis

Differentially expressed genes and isomiRs were identified using DESeq2 with 0.05 false discovery rate (FDR) threshold. Also, we required genes to change their expression level more than 2 times to classify them as differentially expressed.

Among the differentially expressed isomiRs, the greatest attention was paid to the ones of significant expression, i.e, with RPM greater than 100. Also, the 10.000 most expressed protein coding genes were selected for the analysis.




2.6 RT-qPCR

cDNA was synthesized using 500 ng of total RNA as a starting material and SuperScript VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, USA) according to the manufacturer’s recommendations. qPCR analysis was carried out using the SYBR Green 5x qPCRmix-HS SYBR reaction mix (Evrogen, Moscow, Russia) as described in (23). Primer pairs were designed and characterized as described in (24). PTMA, SF3A1, HPRT1, and MRPL19 were selected as reference genes based on the validation procedure described in (25). PCR efficiencies of the used primer sets were higher than 1.9. RNA samples were analyzed in triplicate and averaged. Ct values for target genes were normalized to the reference genes and processed based on the ΔΔCt method (26).




2.7 Prediction of isomiR target genes

Validated targets of differentially expressed canonical miRNA isoforms were extracted from DIANA-Tarbase v8 database (27). Predicted targets of non-canonical miRNA isoforms were obtained from TargetScan v8 conserved miRNA database (28) provided by IsomiRTar portal (21). These targets were analyzed for a seed region presence to identify more conservative isomiR-mRNA interactions.




2.8 Enrichment analysis

For canonical isomiRs, Fisher’s exact test was used to prove the validated target genes to be overrepresented among the differentially expressed ones. Also, the test was applied to the collection of down-regulated targets to identify enriched hallmark gene sets taken from MSigDB v3 database (29). For both procedures, we fixed a 0.05 FDR threshold to adjust for multiple testing.

Using EnrichMir tool (30) for analysis of non-canonical isomiRs, fold change distributions of the predicted targets and non-target genes were compared Kolmogorov-Smirnov test was utilized to distinguish fold change distributions of genes with and without seed regions.




2.9 Analysis of key transcription factors regulating differentially expressed mRNA and miRNAs

The search of possible key transcription factors regulating differentially expressed mRNA upon CD44 kd were carry out using TRRUST online tool (31). For analysis top 500 down- and up-regulated genes were selected.

Transcription factors regulating miRNAs were found based on TransmiR v3.0 database (32). TF–miRNA regulations are incorporated into TransmiR v3.0 based on ChIP-seq data.





3 Results



3.1 CD44 kd is associated with changes in isomiR expression profiles

Growing evidence suggests that not only canonical miRNAs but also their 5’-isoforms with shifted seed regions play a role in post-transcriptional gene regulation. To explore the potential significance of this phenomenon we performed deep sequencing of HT-29 xenograft tumor samples to identify differentially expressed canonical miRNAs and their 5’-isoforms following CD44 kd. The complete set of canonical and non-canonical miRNA 5′-isoforms will be collectively referred to as isomiRs, with canonical miRNAs representing a subset of all isomiRs. Unsupervised principal component analysis (PCA) showed that the control (shLuc) and shCD44 samples grouped well by isomiR expression profiles (Figure 1).

[image: A PCA biplot shows two clusters of samples: blue points labeled "shLuc" and orange points labeled "shCD44." The x-axis represents PC 1 with 21.205% variance, and the y-axis represents PC 2 with 13.902% variance.]
Figure 1 | IsomiR expression analysis in HT-29 xenograft tumors. Control (shLuc) and CD44 kd (shCD44) samples grouped well by isomiR expression profiles (PCA analysis).

Firstly, we distinguished significantly expressed isomiRs from lowly expressed ones using a threshold of 100 RPM in average expression, identifying a total of 200 isomiRs. Among these, the top 92 most highly expressed isomiRs accounted for 95% of the total isomiR expression and were selected for further analysis.

Following CD44 kd, 13 of the most abundant isomiRs exhibited a statistically significant increase in expression, while 8 showed a decrease (Figure 2). Notably, the majority of differentially expressed isomiRs (18 of 21) were canonical, allowing us to leverage experimentally validated miRNA targets databases to analyze their regulatory activity. Consequently, we extracted the targets of these canonical isomiRs from the DIANA-Tarbase database and assessed their overrepresentation among differentially expressed protein-coding genes. For upregulated isomiRs, we analyzed the downregulated genes, and vice versa. Among the differentially expressed canonical isomiRs, only 8 of 18 showed statistically significant enrichment (Fisher’s test FDR < 0.05), and all of them were upregulated in the shCD44 group (Table 1). Notably, three of these isomiRs belong to the Let-7 family and share the same seed region, leading to a substantial overlap in their target genes.

[image: Volcano plot showing microRNA expression data, with log2(fold change) on the x-axis and log2(1 + RPM) on the y-axis. Points are colored red and blue, indicating different significance levels. Some microRNAs are labeled, such as miR-30d-5p|0 and miR-146a-5p|0. The plot highlights significant changes among microRNAs.]
Figure 2 | IsomiR differential expression analysis in HT-29 xenograft tumors following CD44 kd. Red and green points indicate differentially expressed isomiRs (FDR < 0.05), with green points representing the most abundant isomiRs, accounting for 95% of cumulative expression. Red points denote isomiRs with expression levels exceeding 100 RPM threshold. The grey horizontal line marks this threshold. In total, 13 highly abundant isomiRs were upregulated, while 8 were downregulated. IsomiR annotation was conducted following the methods described in (19, 21). Specifically, the number following the initial “|” character indicates the shift from the canonical 5′-end in the 5′→3′ direction. For example, miR-203a-3p|0 represents the canonical isomiR of miR-203a-3p, while miR-203a-3p|+1 denotes an isomiR shortened by one nucleotide at the 5′-end of the canonical miR-203a-3p.

Table 1 | Enrichment analysis of validated mRNA targets of canonical isomiRs.


[image: A table lists several miRNAs with their corresponding odds ratios, p-values, and FDR values. miR-378a-3p has an odds ratio of 2.1, p-value less than 0.001, and FDR of 0.001. miR-185-5p shows an odds ratio of 1.8, p-value 0.002, and FDR 0.007. Other miRNAs like miR-125a-5p, miR-203a-3p, let-7a-5p, let-7c-5p, let-7b-5p, and miR-101-3p have odds ratios ranging from 1.4 to 1.5, with varying p-values and FDRs. A footnote explains the calculation of the odds ratio.]
Unfortunately, no comprehensive databases currently exist for experimentally validated targets of non-canonical isomiRs (5'-isoforms). Therefore, predicted targets were retrieved from the TargetScan database. It is well known that such databases have limited overlap and contain a substantial number of false positive interactions (22). To improve target specificity, we filtered the predicted targets to include only those containing seed regions. These refined targets were then used to assess the overall impact of upregulated isomiRs following CD44 kd. As shown in Table 2 and Supplementary Figure S2, the predicted targets of nearly all selected canonical isomiRs were significantly overrepresented among differentially expressed mRNAs (Kolmogorov-Smirnov test FDR < 0.05), with the exception of miR-378a-3p|0 (Table 2, Figure 3). Among the 5'-isoforms, the predicted targets were significantly overrepresented for miR-203a-3p|+1 and miR-200b-3p|+1 (Table 2, Figure 3). We excluded two isomiRs from further analysis: miR-378a-3p|0, due to the lack of significant overrepresentation of targets, and miR-29a-3p|-1, because its fold change direction was inconsistent with the fold change distribution of its targets. As a result, seven canonical miRNAs and two 5’-isoforms were selected for further investigation.

Table 2 | Enrichment analysis of the predicted mRNA targets of differentially expressed canonical and non-canonical isomiRs.


[image: Table listing isomiRs, their distance, p-value, and false discovery rate (FDR). miR-185-5p|0 has the highest distance of 0.51; miR-200b-3p|+1 has a p-value of 0.005, and miR-378a-3p|0 shows distinct FDR at 0.082. Other isomiRs have p-values and FDRs less than 0.001. An asterisk notes the distance as a Kolmogorov-Smirnov test statistic.]
[image: Four cumulative distribution function plots show the log2 fold change against the proportion for different miRNA seed types: 6mer, 7mer-A1, 7mer-m8, and 8mer, with a no-seed control. Each plot represents a different miRNA: hsa-miR-203a-3p|+1, hsa-miR-200b-3p|+1, hsa-miR-378a-3p|0, and hsa-miR-29a-3p|-1.]
Figure 3 | Enrichment analysis of isomiR seed regions. Enrichment analysis of isomiR seed regions in differentially expressed mRNAs revealed significant differences in the log2(fold change) distributions of genes with and without a corresponding seed (Kolmogorov-Smirnov test FDR < 0.05) for the 5’-isoforms miR-203a-3p|+1 and miR-200b-3p|+1. In contrast, for miR-378a-3p, the FDR was greater than 0.05. MiR-29a-3p|-1 exhibited a conflicting shift in fold change distribution, as its predicted targets showed decreased expression despite miR-29a-3p|-1 itself being downregulated.




3.2 Pathway enrichment analysis of differentially expressed mRNA-targets of changed miRNAs

To evaluate the potential biological roles of the identified canonical miRNAs—let-7a-5p, let-7b-5p, let-7c-5p, miR-203a-3p, miR-101-3p, miR-185-5p, and miR-125a-5p—we performed a gene set enrichment analysis on the differentially expressed, validated mRNA targets for each miRNA individually (Supplementary Figure S3) and collectively for all seven miRNAs (Figure 4A). The 5'-isoforms were not included in the analysis, as no experimentally confirmed mRNA targets are currently known for them. This analysis highlighted such key processes associated with tumor metastasis as Epithelial-to-Mesenchymal Transition (EMT), TGF-β signaling, and Notch signaling.
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Figure 4 | Pathway enrichment analysis of differentially expressed mRNA-targets for (A) seven selected canonical miRNAs—let-7a-5p, let-7b-5p, let-7c-5p, miR-203a-3p, miR-101-3p, miR-125a-5p, and miR-185-5p—and (B) all 11 highly expressed upregulated canonical miRNAs. Overrepresented biological processes are highlighted in red.

We also performed gene set enrichment analysis on the differentially expressed mRNA targets of all 11 highly expressed, upregulated canonical miRNAs (Figure 2). Interestingly, when we included the mRNA targets of the four additional miRNAs (miR-378a-3p, miR-30d-5p, miR-92a-3p, and miR-31-5p) alongside with the seven previously selected, no new overrepresented processes were identified, while Inflammatory Response lost statistical significance (Figure 4B). This suggests that the initially selected miRNAs may play a pivotal role in regulating tumor metastasis. A similar analysis of seven highly expressed downregulated miRNAs (Figure 2) revealed no overrepresented pathways among the upregulated mRNA targets (Supplementary Figure S3, panel H).




3.3 Possible regulators of miRNA changes in HT-29 xenograft tumors upon CD44 kd

In the genome, eight of the nine miRNAs/isomiRs identified in our study are localized in intergenic regions as part of several miRNA clusters [Table 3 (33, 34)], each with its own promoters. Therefore, we sought to identify transcription factors that could serve as key regulator of miRNA/isomiR expression in HT-29 xenografts with CD44 kd. Notably, the ninth miRNA, canonical miR-185-5p, is encoded within an intron of the protein-coding gene TANGO2.

Table 3 | MiRNA localization in genome.*.


[image: Chart listing microRNAs, their clusters, and genomic locations. Entries include miRNA let-7a-5p in cluster let-7a-1, located in Chromosome 9; let-7b-5p in cluster let-7a-3, located in Chromosome 22; and miR-185-5p located in Chromosome 22, TANGO2 gene intron. Data from Kabekkodu et al.]
First, we analyzed transcription factors (TFs), which are key regulators that may contribute to changes in mRNA expression profiles following CD44 kd. Using the TRRUST online tool, we identified 75 TFs. We then hypothesized that if some of these TFs regulate gene expression in xenograft tumors, their expression should also change after CD44 kd. As a result, we identified 16 TFs as potential regulators of mRNA expression changes. Building on this, we reasoned that TFs involved in miRNA expression regulation should also be among these 16. To investigate further, we searched the TransmiR v3.0 database for TFs that could regulate the expression of differentially expressed miRNAs/isomiRs and selected those that were also present in the list of 16 TFs. This analysis identified 11 TFs, which are presented in Table 4. For the differentially expressed 5’-isomiRs we identified, we considered the TFs that regulate their canonical forms, as both the canonical miRNA and its 5’-isoforms are encoded by the same gene. Thus, we considered eight canonical miRNAs in our analysis of key TFs (Table 4).

Table 4 | Possible regulators (transcription factors) of miRNA expression.


[image: A table lists various microRNAs with corresponding genes. The microRNAs are let-7a-1, let-7a-2, let-7a-3, let-7b-5p, let-7c-5p, miR-203a-3p, miR-200b-3p, miR-101-3p, miR-125a-5p, and miR-185-5p. Associated genes include EGR1, EP300, EPAS1, KLF4, NFKB1, NPM1, SMAD3, SMARCA4, SREBF1, SREBF2, and STAT3. EGR1 and EP300 are common to all.]
Among the identified TFs, STAT3 and NF-κB were also found to be key regulators of transcriptome changes in HT-29 xenograft tumors following CD44 kd, as indicated by gene enrichment analysis in our previous study (5). Another gene identified gene, EP300, encodes the transcriptional co-activator p300, which activates STAT3 and NF-κB by acetylating them (35, 36). According to mRNA-Seq data, the expression of STAT3 and EP300 was downregulated following CD44 kd (5). This downregulation was further confirmed by qPCR analysis in our study. Interestingly, STAT3 and p300 were identified as possible regulators of six and seven out of the eight miRNAs we studied, respectively (Table 4). We propose that TFs regulating nearly all identified miRNAs play the most important role. These key TFs include EGR1, NPM1, SMARCA4, and KLF4. NPM1 was the most highly expressed regulator gene identified (Supplementary Table S1). It encodes nucleophosmin, a nucleolar phosphoprotein (37), which has been reported to function as both an oncogene and a tumor suppressor depending on cell types.

SMAD3 and SREBF2 were the second and third most highly expressed TF genes (Supplementary Table S1), but they were identified as potential regulators of only five and four of the eight miRNAs, respectively (Table 4).

Notably, EPAS1 was the second most downregulated TF gene (2.7-fold), encoding HIF-2α, a key factor in the hypoxic response. However, we did not observe its downregulation at a protein level (5). Additionally, HIF-2α was identified as a regulator of only two of eight miRNAs. For these reasons, we did not include this TF in further consideration.





4 Discussion

In our previous study, we demonstrated that CD44 kd induces substantial changes in HT-29 xenograft tumors, leading to reduced metastasis. In this study, we investigate the molecular mechanisms underlying this effect. Our analysis of isomiR profile identified seven canonical miRNAs and two miRNA 5’-isoforms—let-7a-5p, let-7b-5p, let-7c-5p, miR-203a-3p, miR-203a-3p|+1, miR-101-3p, miR-200b-3p|+1, miR-125a-5p, and miR-185-5p—that may play a role in these mechanisms.

Pathway enrichment analysis of differentially expressed mRNA-targets of the altered miRNAs revealed several key pathways critical for tumor metastasis, including TGF-β signaling, Notch signaling, and EMT. Notably, the Notch signaling pathway plays a crucial role in maintaining stem-like properties in tumor cells (38). Dysregulation of this pathway has been linked to EMT, angiogenesis, and metastasis (38). In CRC, elevated Notch1 expression is associated with lymph node metastasis, while reduced Notch2 expression predicts poor prognosis (38). Notch ligands JAG1, JAG2, and DLL4 are significantly upregulated in CRC, correlating with poor outcomes (38). Interestingly, Let-7 miRNAs and miR-203a-3p have been reported to inhibit the Notch signaling pathway (39), potentially contributing to metastasis suppression.

Additionally, the Let-7 family of miRNAs acts as tumor suppressors by inhibiting STAT3 expression, thereby hindering tumorigenesis and metastasis (40–43). Aberrant STAT3 signaling is associated with CRC (44). Consistently, let-7a-5p expression inversely correlates with metastasis in CRC patients (45). Suppression of Let-7 miRNA biogenesis or expression promotes EMT and metastasis in CRC (46–48). Importantly, our analysis suggests that STAT3 may be a key regulator in CD44 kd HT-29 xenografts. CD44 cooperates with STAT3 in various tumor types, contributing to cancer invasion, metastasis, disease recurrence, and chemoresistance (49). HA-activated CD44 can activate STAT3 via phosphorylation through PI3K signaling cascades (50). Additionally, CD44 can bind nuclear STAT3 and p300 acetyltransferase, promoting STAT3 acetylation, which enhances cell proliferation and cancer stem cell like properties in colon and other cancer cells (51, 52). In our study, CD44 kd reduced expression of EP300 (which encodes p300), indicating diminished STAT3 activity. Beyond activation, CD44 also regulates STAT3 expression (49), aligning with our observation of decreased STAT3 levels in CD44 kd tumors. Notably, STAT3 functions as both an activator and a repressor of miRNA expression (44, 53, 54). Our analysis identified STAT3 as a potential regulator of nearly all significant miRNAs found in this study (Table 4). Considering all these findings, we hypothesize a bidirectional regulatory relationship in HT-29 tumors: Let-7 miRNAs downregulate STAT3 expression, while STAT3 suppresses miRNA expression, forming a complex interplay that regulates CRC properties. Notably, miR-203a-3p upregulation observed in CD44 kd tumors may also contribute to the inhibition of the STAT3 signaling (39). We illustrated the possibility of such interactions in HT-29 xenograft tumors on scatterplots (Figure 5).
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Figure 5 | Co-distribution of miRNA and target gene expression. The expression of Let-7 miRNAs significantly anticorrelates with their target gene, STAT3, while miR-203a-3p shows a similar anticorrelation with CEACAM5 and CEACAM6. STAT3, CEACAM5 and CEACAM6 are significantly downregulated following CD44 kd.

Both increased and decreased expression of miR-203a-3p has been linked to CRC recurrence and poorer survival (34, 55, 56). This discrepancy may be due to patient variability (race/ethnicity, disease stage) (57), or the distinct roles played by the two isoforms of miR-203a-3p identified in our study. While existing data only provide information on the total miR-203a-3p expression in CRC, further research is needed to delineate the functions of its isoforms. Despite these uncertainties, miR-203a-3p inhibits invasion and migration of SW480 and HT29 cells (58), downregulates EMT markers, and increased E−cadherin expression (58), supporting its tumor-suppressive role in CRC. Additionally, the canonical miR-203a-3p isoform targets stem cell markers CEACAM5/6, which were downregulated at the protein level in xenograft tumors with CD44 kd (5). Thus, miR-203a-3p upregulation may reduce CEACAM5/6 expression (Figure 5) and stem-like properties in CRC cells following CD44 kd. Testing this hypothesis could provide valuable insights into the molecular underpinnings of this effect.

MiRNA-101-3p has also been shown to have a tumor suppressive role in CRC (59–64). Notably, its expression can be inhibited by EGR1 TF (64), which was downregulated upon CD44 kd and identified as a potential regulator of nearly all significant miRNAs found in this study (Table 4). MiRNA-101-3p may exert its antitumor effects in CRC by suppressing the Wnt/β-catenin signaling pathway (59).

MiR-125a-5p has also been identified as a tumor suppressor. Specifically, it inhibits CRC cell proliferation, migration, invasion, and EMT (65–68). Additionally, miR-125a-5p has been shown to suppress HT-29 xenograft tumor growth (69).

MiR-185-5p has not been as extensively studied in CRC as other canonical miRNAs identified in our study. However, several lncRNAs were identified as molecular sponges for miR-185-5p, promoting CRC cell proliferation, migration, and invasion (70, 71). This miRNA warrants further investigation for its role in colorectal cancer. To our knowledge, no information is available on the miR-200b-3p|+1 isoform in CRC. However, the extensive data supporting the tumor suppressor function of its canonical isoform, miR-200b-3p|0 (e.g (61, 72–74).), makes miR-200b-3p|+1 particularly intriguing for further investigation.

NPM1 was the most highly expressed regulatory gene in this study. It serves as a histone chaperone and transcriptional co-regulator, interacting with various proteins such as c-Myc, c-Fos, p53, ARF, ATF5, RUNX1, and Rb (37, 75–77). It may also directly regulate transcription by binding gene promoters, though this role remains understudied (78). Interestingly, NPM1 can act as either an oncogene or a tumor suppressor, depending on the cell type (37). Altered expression of Let-7 miRNAs has been associated with mutated form of NPM1 in acute myeloid leukemia (79), suggesting that NPM1 may influence miRNA expression in CRC. However, this connection remains ambiguous and warrants further investigation.

Overall, our findings suggest that the CD44-STAT3-Let-7 miRNA axis is one of the most plausible regulatory pathways in CRC metastasis via the CD44 receptor. Additionally, our study indicates the potential involvement of both the canonical miR-203a-3p and its +1 5'-isoform in this network. Our data also suggest a role for miR-101-3p and miR-125a-5p in metastasis regulation through CD44 kd. A limitation of this study is the lack of gain-of-function and loss-of-function experiments using miRNA mimics and inhibitors to directly demonstrate the role of Let-7 miRNAs, miR-203a-3p, miR-101-3p, and miR-125a-5p in metastasis. However, previous studies support their tumor-suppressive and antimetastatic effects in CRC (46, 47, 56, 58, 61, 65, 80, 81). A particularly valuable future experiment would involve using miRNA mimics or inhibitors followed by RNA-seq to identify genes directly regulated by these miRNAs and those independently affected by CD44 kd. Further investigation into the regulation of Let-7 miRNAs and miR-203a-3p by transcription factors NPM1, KLF4, and SMARCA4, as well as miRNA-101-3p by KLF4, could provide deeper insights into the molecular mechanisms underlying metastatic progression in CRC.
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Extracellular vesicles (EVs) have been identified as important mediators of cancer metastasis, especially in the establishment of organ-specific metastatic niches. These membranous vesicles secreted by tumor cells release diverse bioactive cargo, including proteins, nucleic acids, and lipids, thereby allowing for intercellular communication and microenvironment modulation. Recent evidence demonstrates that EVs can also contribute to the formation of pre-metastatic niches by reprogramming immune cells, modifying the stromal environment, and inducing epithelial-mesenchymal transition (EMT) to promote metastatic colonization. In this review, we describe the molecular mechanism of organotropic metastasis orchestrated by EVs, with special emphasis on immune modulation and tumor microenvironment reprogramming. We also explore the potential of EVs as biomarkers for early detection of metastasis and as potential therapeutic targets for combating metastatic progression. Dissociating EV species and their influence on tumor dissemination will undoubtedly pave the way for implementing novel anti-cancer strategies to intercept tumor dissemination at its very early stages.
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1 Introduction

Metastasis, the spread of cancer cells from a primary tumor to distant organs, is responsible for the majority of cancer-related deaths (1, 2). Importantly, metastatic dissemination is often organ-specific (organotropic), meaning certain cancers have an affinity to colonize particular organs (1, 3). This concept of “seed and soil,” first proposed over a century ago (4), suggests that disseminating tumor cells (the seeds) can only grow in permissive foreign microenvironments (the soil). However, the molecular mechanisms that prepare a distant organ to become conducive for metastatic growth remained unclear for many years.

Extracellular vesicles (EVs) have recently emerged as critical mediators in preparing this pre-metastatic “soil”. EVs are membrane-bound vesicles released by cells into body fluids, ranging from exosomes of endosomal origin to larger microvesicles shed from the plasma membrane (5, 6). Tumor cells secrete abundant EVs loaded with proteins, nucleic acids, lipids, and other factors that reflect the tumor’s molecular profile. Far from mere cellular debris, these vesicles serve as long-distance communication vehicles that can modulate the behavior of recipient cells and even remodel the microenvironment of distant tissues (7–9). Accumulating evidence indicates that tumor-derived EVs drive organotropic metastasis (3, 10) (Figure 1). They can home to specific organs and condition the local milieu to favor subsequent tumor cell colonization. For instance, integrins on the surface of tumor exosomes have been shown to determine their organ specificity, directing exosome uptake by target organ cells and thereby dictating metastatic destination (11, 12). Moreover, EV cargo can reprogram immune cells in target organs, dampening anti-tumor immunity and promoting a tumor-friendly niche. Cancer-derived EVs help “fertilize” distant soils, creating pre-metastatic niches that enable circulating tumor cells to seed and grow successfully (3). This review focuses on the role of EVs in organ-specific metastasis, with particular emphasis on how EV-mediated immune modulation underpins the formation of pre-metastatic niches. We discuss how EVs contribute to each step of the metastatic cascade, from enhancing the invasive capacity of primary tumor cells via epithelial-mesenchymal transition (EMT) to establishing immunosuppressive, pro-metastatic environments in specific distant organs. By examining these processes, we aim to clarify how EVs orchestrate organ-selective metastasis and highlight their potential as targets for novel anti-metastatic therapies.

[image: Illustration showing organotropic metastasis. A primary tumor releases metastatic cancer cells into the bloodstream, leading to brain, liver, lung, and bone metastasis. Extracellular vesicles are depicted influencing the process, with a detailed inset of a vesicle.]
Figure 1 | Overview of organotropic metastasis and role of extracellular vesicles (EVs). his schematic illustrates how tumor-derived EVs contribute to organ-specific metastasis. This schematic illustrates how tumor-derived EVs contribute to organ-specific metastasis. The figure highlights the journey of EVs from the primary tumor site to distant organs. Key cargo molecules (e.g., integrins, miRNAs, cytokines) are depicted. Image created with BioRender.com.




2 Biogenesis of EVs and composition of cargo

EVs have evolved from being considered extracellular debris to recognized mediators of intercellular communication. According to the Minimal Information for Studies of Extracellular Vesicles (MISEV) 2023, EVs are classified into small EVs (<200 nm) and large EVs (>200 nm) (13) and by biogenesis into three main categories: exosomes, microvesicles, and apoptotic bodies. Exosomes (30–150 nm) originate via the endosomal pathway, microvesicles (100–1000 nm) bud directly from the plasma membrane, and apoptotic bodies (500–2000 nm) are released during the final stages of programmed cell death (14, 15). Among these, exosomes have gained particular attention in cancer research due to their ability to carry oncogenic cargo, modulate immunity, and direct organotropic dissemination (10).

The EVs form through two primary membrane budding mechanisms: the endosomal and the plasma membrane pathways (6). The process is well reviewed in a recent report and will not be visually illustrated here (16).



2.1 Endosomal pathway in EV formation

EV biogenesis through endosomal pathway begins with the invagination of the plasma membrane to form early endosomes (17). These structures mature into multivesicular bodies (MVBs), which generate intraluminal vesicles (ILVs) via inward budding. Ceramide, a cone-shaped sphingolipid, often facilitates this process. When MVBs fuse with the plasma membrane, ILVs are secreted as exosomes. Alternatively, MVBs may fuse with lysosomes or autophagosomes for degradation (18).




2.2 ESCRT-dependent and independent mechanisms of vesicle formation

The formation of ILVs within MVBs is regulated by both endosomal sorting complex required for transport (ESCRT)-dependent and ESCRT-independent pathways (18). The ESCRT machinery consists of four sequentially acting core complexes (ESCRT-0, -I, -II, and -III) and associated regulatory proteins such as the ATPase Vps4. These complexes coordinate the recognition of ubiquitinated cargo and membrane budding into the MVB lumen. In parallel, ESCRT-independent mechanisms, involving lipid molecules like ceramide and proteins such as tetraspanins, also contribute to vesicle formation and cargo selection. Together, these systems ensure the precise biogenesis and secretion of exosomes.





3 Relationship between types of EV and molecular cargo

The molecular composition and biogenesis mechanisms of EVs vary significantly across different vesicle subtypes, each serving distinct biological functions in normal physiology and disease states (19). EVs were often classified as ectosomes (large EVs >200 nm) and exosomes (small EVs <200 nm) based on their size and place of origin (13). Additionally, EVs are classified into many subtypes based on the mode of biogenesis (such as microvesicles, exosomes, autophagic EVs, and apoptosomes) and concept (such as migrasomes, oncosomes, stressome, and matrix vesicles) (20, 21) (Figure 2) (Table 1). Further refinements in exosome classification have identified distinct subtypes: small exosomes (Exo-S; CD63) (40–80 nm) and large exosomes (Exo-L; CD9) (80–150 nm) (22). Additionally, microvesicles have been categorized into specific subtypes: ARMM (40–100 nm) containing ARRDC1 (arrestin-domain-containing protein-1) and TSG101, whereas regular microvesicles (150–1000 nm) and oncosomes (1-10 µm) contain annexin A1 (23).

[image: Diagram illustrating types of extracellular vesicles: exosome, microvesicles, migrosome, oncosome, and apoptotic body. Each is depicted with components like DNA, RNA, proteins, and vesicles. A legend explains symbols used for various biomolecules.]
Figure 2 | Types of extracellular vesicles (EVs). This figure depicts the major subtypes of EVs, exosomes, microvesicles, migrasomes, oncosomes, and apoptotic bodies classified based on size, consisting of the outer lipid membrane and transmembrane proteins. It illustrates their typical bioactive cargos (proteins, lipids, mRNAs, miRNAs) and surface markers (e.g., CD63, CD81, Annexin V). Image created with BioRender.com.

Table 1 | Classification of extracellular vesicles.


[image: Table listing extracellular vesicle types with details: Name, Category, EV Class, Size, Biogenesis, and Markers. Examples include Exosome under Microvesicles with size 30–150 nm and markers CD63, CD9, CD81. Other types like Apoptotic bodies and Autophagic EVs are included with respective characteristics.]


3.1 Microvesicles

Microvesicles, also termed ectosomes, form through the direct outward budding of the plasma membranes and transport a diverse cargo of bioactive molecules. This cargo includes epithelial growth factor receptors (EGFR) that mediate cell proliferation signals, matrix metalloproteinases (MMPs) that facilitate extracellular matrix (ECM) remodeling, and vascular endothelial growth factors (VEGF) that promote angiogenesis (24). The formation of microvesicles begins with the activation of Small GTPase proteins that initiate plasma membrane budding. This is often assisted by floppies that facilitate the translocation of phosphatidylserine from the inner to the outer leaflet of the plasma membrane.

The ATP-binding cassette transporter 1 (ABCA1) plays a crucial role by promoting asymmetric phospholipid distribution, creating structural imbalance within the plasma membrane. This imbalance triggers extracellular signal-regulated kinase (ERK) activation, leading to myosin light chain kinase (MLCK) phosphorylation and ultimately resulting in the scission of ectosomes from the plasma membrane. The ESCRT machinery, mainly through the ALG-2-interacting protein X (Alix) interaction with the ESCRT-III complex, facilitates exosome biogenesis and ectosome secretion into the ECM.




3.2 Migrasomes

Migrasomes represent a recently identified class of EVs formed when retraction fibers are released from the trailing edge of migrating cells (25). These distinctive structures range from 500–3000 nm in diameter and display a characteristic pomegranate-like morphology containing multiple smaller vesicles in their lumen. While sharing some morphological features with MVBs, migrasomes notably lack the lysosomal-associated membrane protein 1 (LAMP1), a typical MVB marker. Their biogenesis depends on three key processes: actin filament formation, enrichment of integrin adhesion receptors, and generation of tetraspanin-rich microdomains, particularly tetraspanin-4 (TSPN4). Migrasomes are enriched with proteins implicated in cell migration, tumor invasiveness, cell adhesion, and cell-ECM interactions, suggesting their importance in tissue remodeling and cancer progression (26).




3.3 Apoptotic bodies

Apoptotic bodies are released from membrane blebs during the controlled process of programmed cell death (27). The cargo of apoptotic bodies varies based on their origin, size, and cause of apoptosis (28). Apoptotic bodies contain 1028 proteins (annexin, RAB11, cytosolic, heat shock proteins), DNA, microRNA, and lipids. Their formation is initiated by CASPASE-3 cleavage of Rho-associated protein kinase-1 (ROCK1), which induces phosphorylation of the MLC and subsequent contraction of cortical actin-myosin networks (29). During apoptosis, phospholipid scramblase proteins such as transmembrane protein 16F (TMEM16F) and XK-related protein 8 (Xkr8) facilitate the exposure of phosphatidylserine on the outer leaflet of the plasma membrane. This externalized phosphatidylserine interacts with bridging molecules like Annexin V, milk fat globule-EGF factor 8 (MFG-E8), and growth arrest-specific protein 6 (Gas6), effectively marking these vesicles for recognition and clearance by phagocytic cells (30, 31).




3.4 Cancer-specific EVs

Oncosomes, a cancer-specific EV subtype, carry molecular cargo that promotes tumor metastasis. This includes specific coding and noncoding RNAs, microRNAs (miRNAs) (e.g., miR-1227 and miR-125a), the membrane protein caveolin-1, matrix-degrading enzymes such as MMPs, and ADP-ribosylation factor 6 (ARF6) (32, 33). These vesicles are enriched with enzymes involved in tumor-associated metabolic pathways and are typically formed by the shedding of non-apoptotic membrane blebs from amoeboid-migrating cancer cells.

In addition to conventional transmembrane and cytosolic proteins, EVs, including exosomes, oncosomes, and blebbisomes, also incorporate glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs) (34, 35). These lipid-linked proteins play essential roles in immune modulation, cell adhesion, and signal transduction. Their selective enrichment in certain EV subtypes suggests functional specialization. For instance, GPI-APs such as uPAR (urokinase-type plasminogen activator receptor) and Thy-1 have been detected in large EVs like oncosomes and blebbisomes, contributing to tumor invasion and cell motility (21). The presence of these GPI-APs may influence EV uptake, immune evasion, and pre-metastatic niche remodeling during the metastatic cascade. However, their precise mechanistic roles remain an area of active research. A recent review has elegantly explored the biogenesis and functional relevance of GPI-APs in tumor-derived EVs using colorectal cancer (CRC) as an example; hence, it will not be covered here (36).

Tumor-derived EVs have emerged as key regulators of organotropic metastasis, capable of pre-conditioning target tissues into pre-metastatic niches in specific organs. For example, integrins on exosomes (such as α6β4 and αvβ5) drive organ-specific metastasis to the lung and liver, respectively, by directing exosome uptake into resident organ cells and activating pro-metastatic signaling (11).

A recently discovered class of exceptionally large EVs, termed ‘blebbisomes’ (~ 20 μm in diameter), contains intact cellular organelles such as mitochondria, despite lacking a nucleus (37). These cell-sized vesicles are shed by aggressive cancer cells and have been detected in distant bone marrow. Notably, blebbisomes are enriched with immune checkpoint proteins, including programmed death-ligand 1 (PD-L1), PD-L2, B7 homolog 3 (B7-H3), and V-domain Ig suppressor of T cell activation (VISTA), consistent with the report of Chen et al. (38). This immunosuppressive cargo suggests that tumor-derived EVs provide organ-specific “zip codes” directing metastasis and actively suppress local immunity to establish a permissive microenvironment in target organs.




3.5 Exosomes

Exosomes are the most studied EVs developed by the inward budding of endosomes. The intraluminal vesicles (ILVs) found in the multivesicular bodies undergo exocytosis, or fusion with the plasma membrane, and are released as exosomes into the extracellular matrix (24). The ectosomes (shedding microvesicles) are released by the outward budding of the plasma membrane (ectocytosis). In contrast, the apoptotic cells release apoptotic bodies via plasma membrane blebbing (39). The biogenesis mechanisms of these three EVs are antagonistic, whereas those of other types are more conceptual. A lipid bilayer membrane is present in the EVs, which protects the contents during intercellular transport, and its composition is different from that of the donor cell (40).

Exosomes contain proteins (Alix, TSG101, HSP70, integrins), lipids (cholesterol, ceramide, sphingolipids), glycan, polysaccharides, mRNA, miRNA, and are enriched by CD63, CD9, and CD81. Exosomes originate from cancer cells with DNA, RNA, and mutated proteins. The cargo of ectosomes is almost like exosomes and contains MMPs (e.g., MMP2), cytoskeletal proteins (e.g., α-actin and β-actin), integrins, ribosomal proteins, mitochondrial proteins, and centrosomal proteins.





4 Regulatory mechanisms of EV formation and release

Tetraspanins (TSPNs) play a pivotal role in EV biogenesis and function. These small integral membrane proteins, characterized by four transmembrane domains, include 33 different variants identified in humans (41). Different TSPN proteins serve distinct functions in vesicle formation. High expression of TSPN6 promotes exosome release, while cluster of differentiation 81 (CD81) and CD82 regulate the formation of plasma membrane-derived EVs and influence membrane morphogenesis. Tetraspanins may also modulate actin cytoskeleton reorganization through interaction with Rho family GTPases, potentially influencing cell motility and invasion capacity (42, 43). Studies in prostate cancer cells showed that CD9 knockdown and CD151 overexpression altered the EV proteome composition, enhancing their migratory and invasive characteristics. This demonstrates how cargo alterations in EVs regulated by TSPNs can significantly impact cellular migratory and invasive features (44).

Exosome secretion is a highly regulated process that involves the release of vesicles, often of endocytic origin, into the extracellular environment. During this phase, MVBs produced by endocytosis either fuse with lysosomes for destruction or with the plasma membrane for exosome release (45). A number of components, including SNARE proteins, microtubules, the actin cytoskeleton, and Rab GTPases, work together to orchestrate this secretion efficiently. The end stage of exosome release involves SNARE-mediated membrane fusion, where v-SNAREs on the MVB membrane interact with t-SNAREs (such as SNAP23) on the cell membrane. Phosphorylation of SNAP23 promotes the formation of the SNARE complex, which in turn mediates exosome secretion (45).

The precise compositions of the diverse cargo found in EVs, including exosomes, vary based on several factors, such as the kind of cell, the manner of biogenesis, and physiological conditions. The cargo mostly comprises proteins, lipids, and nucleic acids. Common proteins in EVs are either associated with the biogenesis mechanisms, signal transduction, and antigen presentation, or are transmembrane proteins (45, 46). Specific lipids, including sphingomyelin, cholesterol, desaturated lipids, phosphatidylserine, and ceramide, are linked to distinct EV types, and the lipid composition of EVs is similar to that of the cells of origin. MVB-derived EVs have more phosphatidylserine, which helps recipient cells internalize them, even though EV lipids typically lack phosphatidylcholine and diacylglycerol (45, 46).

The genetic content of EVs is diverse, encompassing DNA and various RNA types, with a particular enrichment with small RNAs up to 4 kb in size. These RNA molecules can exist in different forms: associated with ribonucleoproteins like argonaute 2 (AGO2), bound to high-density and low-density lipoproteins (HDLs and LDLs), or directly connected to EVs. The precise detection of RNA distribution among these carriers depends on the isolation methods employed (47, 48).




5 Function of EVs in intercellular communication

Communication between EVs and recipient cells primarily occurs through the horizontal transfer of cargo, particularly mRNA and miRNA, along with other bioactive molecules. EVs have surface molecules that enable attachment to the recipient cells and initiate signal transduction to modulate the functional properties of the recipient cell. EVs generated from malignant cells contain bioactive materials with oncogenic properties, and their DNA could serve as diagnostic biomarkers (49). These EVs play a significant role in mediating communication between malignant cells and tumor-associated cells.




6 Significance of understanding EVs in relation to metastasis

Most cancer-related fatalities are caused by metastasis (95%) (50). EVs, especially exosomes, play a critical role in EMT, a key driver of metastasis (51, 52). A detailed account of EMT and the signaling pathways involved is presented in the dedicated section “EVs and EMT.” The mutated nucleic acids and oncogenic proteins in the EVs act on recipient cells, leading to tumorigenesis, metastasis, and drug resistance (53, 54). Exosomes have been identified to promote the growth and progression of various cancers, including breast, prostate, lung, and pancreatic cancer (55).

Cancer cells alone cannot mediate metastasis; a collective effort must be made to support the tumor environment. Only a few proportions of primary tumors can form micrometastatic foci in nonmalignant tissues via several pathways (56). These metastatic niches occur through cancer invasion into the basement membrane and extravasation into the bloodstream. The tumor cells, during metastasis, pass through harsh environments (blood and lymph shear stress), cross endothelial barriers, evade immune surveillance, proliferate, and finally adapt to the microenvironment (57, 58). Tumor-derived EVs contribute to pre-metastatic niche formation by reprogramming immune and stromal cells. The immunological and molecular processes driving this phenomenon are discussed in the “EVs in Pre-Metastatic Niche Formation and Immune Modulation” section.

Before cancer cells metastasize, epithelial cells show mesenchymal characteristics (increased motility and reduced adhesion), enriching the tumor cells with metastatic properties (59). Thus, the EMT enables the migration of carcinoma cells to distant organs, regulated by miRNAs and various pathways (51). EVs are long-lived signaling molecules with a high degree of selectivity in the circulatory system (60). This EV characteristic is used by the tumor cell to locate target tissues and create metastatic niches (61). EVs recruit mesenchymal stem cells (MSCs), which influence metastasis within the tumor microenvironment (TME) and play a crucial role in MSC-mediated metastasis (62).

It was recently found that EVs control the intracellular metabolism of tumors and the availability of nutrients in the TME, which encourages metastasis (63, 64). EV cargo, including proteins and miRNAs, plays critical roles in modulating the TME, driving angiogenesis, and initiating EMT. Specific signaling pathways influenced by EVs, such as TGF-β, WNT/β-catenin, and PI3K/AKT, are explored in detail later in this review (65). The release of EVs from cancer cells causes metastasis in TME under extreme conditions (nutrient deprivation, acidity, and hypoxia); even nonmalignant cells leak EVs that affect metastasis in TME (66, 67).



6.1 EVs and the TME

Notably, EVs, particularly small EVs (sEVs), significantly impact numerous stages of the metastatic cascade, contributing to the spread of cancer (8). Tumor-derived sEVs directly influence the motility and invasiveness of tumor cells by induction of directional motility via ECM components and the facilitation of invasive structures, such as invadopodia (68–70). EVs can contribute to the degradation of the ECM by spreading MMPs present both in small EVs and large EVs shed by tumors. The sEVs from cancer-associated fibroblasts (CAFs) may also trigger an invasive response in recipient cancer cells due to the activation of some signaling pathways. Tumor sEVs reprogram the physiology of neighboring and distant non-tumor cells to support the spread and growth of disseminated cancer cells, mainly through the induction of vascular permeability and conditioning pre-metastatic niches in target organs (71). They could do this by interacting with specific target cells that will subsequently activate relevant signaling pathways to form pre-metastatic niches in remote organs. It is unclear how sEVs, which are released from the primary tumor body, function in vivo to encourage the development of this pre-metastatic niche.

In contrast to the biogenesis of sEVs, a recent example is the knockdown of RAB proteins such as RAB27A, which reduces the secretion of sEVs and inhibits metastasis in animal models (72). However, targeting such molecules, like RAB27A, also affects other cellular processes and secretions. Thus, complementary methodologies need to be developed to understand the functions of EVs in vivo. Proteoglycans (PGs) are such macromolecules consisting of a core protein decorated with chains of glycosaminoglycans, such as heparan sulfate (HS) and chondroitin sulfate, which are highly polyanionic due to sulfation, and thus determine their interactions with various ligands. PGs are known to form a crucial part of the ECM in mammalian tissues and participate in different pathophysiological processes. It has been demonstrated that HSPGs sequester and bind pro-tumorigenic factors like growth factors, cytokines, and chemokines that aid in tumor progression. HSPGs are once again at the core of EV-mediated intercellular communication, as recent studies have identified them for both exosome synthesis and EV uptake (73–75). PG remodeling encompasses changes in glycosaminoglycan content and structure and the altered expression of core proteins, all factors highly important in understanding the principle behind EV-mediated cell-to-cell signaling. Membrane PGs are crucial players in EV formation and function and play roles in EV biology and intercellular communication.

Proteins, mRNAs, miRNAs, and other noncoding RNAs can all be loaded into EVs, and research into the transfer of miRNAs through EVs is ongoing, particularly in oncology. Functional transfer of EV-mediated miRNAs is rarely clearly proved, despite the general agreement that EV-transferred miRNAs can alter recipient cells’ gene expression. The molecular conformations by which EVs mediate the transfer of miRNAs into recipient cells, including how miRNAs associate with RISC in recipient cells, are still poorly understood (76–78). Some publications indicate that pre-miRNAs loaded into the RISC machinery could be secreted by tumor cells in EVs and might undergo miRNA maturation extracellularly (79). Indeed, the exact nature of the carrier of RISC/miRNA in EVs and the relevance of EV-mediated miRNA transfer in cancer, including in vivo, has not yet been proven. Tosar and Cayota have extensively reviewed how tRNA fragments encapsulated in sperm regulate gene expression in embryos (80). These findings point out the role of EVs in transporting regulatory RNAs from generation to generation.




6.2 Interactions between EVs and immune cells

The TME comprises various immune cells, including macrophages, dendritic cells, lymphocytes, neutrophils, myeloid-derived suppressor cells, and natural killer cells, all influencing tumor progression (81). Tumor-associated macrophages (TAMs) are the most common among these cell types and communicate with tumor cells in both directions through EVs, encouraging metastasis (82). Tumor-derived EVs can induce macrophage polarization toward the M2 phenotype, enhancing tumor cell motility, invasion, and EMT (83). Cal et al., in their study, showed that EVs containing THBS1 polarize macrophages towards an M1 phenotype in oral squamous cell carcinoma cells, but those expressing miR-29a-3p and CMTM6 cause macrophages to shift towards an M2 phenotype, which contributes towards metastasis (84). Similarly, Wang and Qiu, reported that EVs enriched with miR-301a promote M2 polarization through the PTEN/PI3Kγ pathway in pancreatic cancer, which increases their motility and invasion (85). EVs produced from CRC have miRNAs such as miR-25-3p, miR-130b-3p, and miR-425-5p, stimulating M2 polarization via the PTEN/PI3K pathway (86). This process enhances the EMT, increases VEGF secretion, and fosters tumor cell escape (87). Likewise, EVs from liposarcoma contain miR-25-3p and miR-92a-3p, which stimulate interleukin 6 (IL-6) secretion by macrophages, ultimately increasing tumor cell invasiveness (88).

M2 TAMs can further influence tumor progression by secreting EVs that modulate tumor cells. M2-derived EVs enriched with miR-155 and miR-196a-5p inhibit the tumor-suppressor gene RASSF4 in non-small cell lung cancer, encouraging their invasiveness (89). Pancreatic adenocarcinoma-derived M2 EVs contain miRNA-501-3p, which activates TGF-β signaling, causing enhanced invasiveness (90). Similarly, in esophageal cancer, EVs carrying long noncoding RNA (lncRNA) downregulate miR-26a in tumor cells, upregulating ATF2 and promoting metastasis (91). In gastric cancer, M2 TAM-derived EVs transport ApoE, which activates PTEN/PI3K signaling and remodels the cytoskeleton to facilitate migration (92).

Tumor-associated neutrophils, particularly N2 neutrophils, also contribute to metastasis by aiding pre-metastatic niche development, promoting angiogenesis, and assisting tumor cells in extravasation (93). Emerging research suggests tumor-derived EVs may activate neutrophils in pre-metastatic niches through pathways such as toll-like receptor 3 (TLR3) signaling in lung metastasis or NF-κB induction in gastric cancer. However, further investigation is required to fully elucidate the function of EVs in neutrophil-driven metastasis (94).

The initial phase of the pre-metastatic niche formation involves macrophage recruitment, driven by EV-mediated signaling from tumor cells. In pancreatic cancer, EVs containing macrophage inhibitory factor (MIF) selectively interact with Kupffer cells in the liver, leading to TGF-β secretion. Hepatic stellate cells are then activated, generating fibronectin and enlisting bone marrow-derived macrophages to prime the niche (95). Similarly, the lungs are also home to EVs originating from breast cancer that include ANXA6, which is released in response to chemotherapy. These EVs activate the CCL2-CCR signaling axis, drawing monocytes that mature into macrophages at metastatic locations (96).

Once recruited, macrophages become polarized in reaction to EVs produced from cancer, creating an environment that supports tumor growth. In ovarian cancer, EVs carrying miR-21-3p reach the pre-metastatic niche, activating the STAT3 pathway and promoting M2 macrophage polarization (97). This process results in immune suppression and increased IL-6 secretion, further reinforcing STAT3 signaling. A similar mechanism occurs in CRC, where tumor-derived EVs enriched with miR-21-5p interact with TLR7 on Kupffer cells in the liver, driving macrophage polarization and IL-6 secretion. Understanding these EV-mediated mechanisms could provide valuable insight into therapeutic strategies to modulate immune responses in metastatic cancers (98).





7 EVs drive the metastatic cascade

Once tumor cells acquire invasive capabilities, EVs act as important facilitators at multiple steps of the metastatic cascade. One key step is the EMT, wherein carcinoma cells shed epithelial traits and gain mesenchymal, migratory properties necessary for dissemination. The mechanisms by which EVs promote EMT are detailed in the section “EVs and EMT.” Beyond EMT induction, EVs contribute to other early metastatic events. They can promote localized invasion by remodeling the ECM. Tumor EVs often contain matrix-degrading enzymes (e.g., MMPs) that facilitate ECM degradation when delivered to neighboring stromal cells or directly deposited into the matrix (99, 100). In addition, EVs stimulate the formation of invasive structures; for instance, small EVs from CAFs have been reported to enhance invadopodia formation in cancer cells, aiding tissue penetration (101). EV cargo, such as chemokines and integrins, can also increase tumor cell motility and guide directional migration toward blood vessels. Simultaneously, EVs can carry immunomodulatory molecules that aid metastatic cells in evading immune surveillance during transit. For example, some EVs carry programmed death-ligand 1 (PD-L1) on their surface, which can bind and inhibit T cells, thereby protecting circulating tumor cells from immune attack (38). Thus, tumor-derived EVs significantly amplify metastatic efficiency from the primary site through a combination of biochemical and immune-modulating effects. However, the influence of EVs is perhaps most profound in their ability to prepare future metastatic sites. Rather than metastasis occurring in purely receptive organs by chance, tumor EVs actively condition specific distant organs even before cancer cells arrive. This pre-conditioning involves establishing a hospitable microenvironment known as the pre-metastatic niche. The organ-specific nature of this process is remarkable; EVs seem to “know” where to go and what changes to induce upon arrival. The following section discusses how EVs modulate barrier function and cytoskeletal dynamics, home to particular organs, and orchestrate pre-metastatic niche formation, mainly by recruiting and reprogramming immune cells in those target tissues for an efficient metastasis.



7.1 EVs in modulating barrier function and cytoskeletal dynamics

EVs play a crucial role in modulating epithelial and endothelial barrier integrity, a key step in metastasis (11, 102). Tumor-derived EVs have been shown to disrupt tight junctions and increase vascular permeability, thereby facilitating tumor cell intravasation and extravasation (11). For instance, EVs enriched with VEGF, TGF-β, or MMPs can compromise endothelial barrier function by degrading junctional proteins like claudin-5, occludin, and ZO-1, promoting paracellular permeability at distant metastatic sites (102). In melanoma, cancer cells secreted EVs promote vascular permeability by upregulating inflammatory mediators such as S100A8, S100A9, and TNF-α, leading to bone marrow progenitor cell recruitment (103). Similarly, exosomes derived from human breast cancer cells induce vascular leakiness in the lung through S100 protein upregulation and Src kinase activation, highlighting a mechanism of organ-specific endothelial priming (11). Additionally, metastatic breast cancer cells release miR-105-enriched exosomes that directly target and degrade tight junction protein ZO-1 in recipient endothelial cells, compromising barrier integrity and increasing susceptibility to metastatic invasion (104). Collectively, these findings suggest that tumor-derived EVs mediate endothelial barrier disruption; however, further studies are needed to delineate the organ-specific mechanisms by which EVs regulate vascular integrity.

Moreover, EVs contribute to cytoskeletal remodeling in both tumor and stromal cells. By delivering active molecules such as Rho GTPases, integrins, tetraspanins (e.g., CD9, CD81), and integrins, EVs induce actin cytoskeleton reorganization, which enhances cell motility, invasion, and the formation of invasive structures like invadopodia (44, 100, 101). This cytoskeletal reprogramming facilitates EMT and primes stromal and endothelial cells in the pre-metastatic niche to adopt pro-invasive phenotypes. EVs from CAFs and hypoxic tumor cells have been reported to influence the expression and activity of actin-binding proteins (e.g., cofilin, fascin) and promote membrane ruffling, lamellipodia, and filopodia formation in recipient cells (68). The cytoskeletal alterations are crucial for tumor cell migration and successful colonization at secondary sites. Taken together, EV-mediated barrier disruption and cytoskeletal reorganization are central to tumor progression and represent additional layers of complexity in the metastatic cascade.




7.2 EVs function in fostering a conducive environment for metastatic colonization

EVs are crucial in forming pre-metastatic niches, essential for colonizing distant organs by metastatic cancer cells. Lyden proposed the idea of a pre-metastatic niche (105). The pre-metastatic niche is characterized by four stages, as stated by Liu and Cao: tumor-derived secreted factors (TDSFs), Bone marrow-derived cells (BMDCs), suppressive immune cells, and host stromal cells (106). Hoshino discovered that exosomes produced from tumors played a decisive role in organ-specific metastasis (11). Exosomes from tumors mediate non-random transfer patterns by creating a favorable microenvironment at potential metastatic sites. Exosomes play a crucial role in metastasis by actively homing to metastatic sites, influencing the spread of cancer cells, and redirecting their migration. Their organ-specific targeting is driven by surface integrins, allowing selective uptake by recipient cells and ultimately facilitating metastatic progression (107).

Tumor development and metastasis largely depend on chronic inflammation, creating a pre-metastatic niche in the local inflammatory milieu. EVs can upregulate pro-inflammatory genes, recruit immune cells, and create a supportive environment for tumor growth. The biological cargo carried by EVs can trigger modifications that support a pre-metastatic niche, like improving angiogenesis and enabling long-distance cellular communication (108). Moreover, leaky blood vessels help create a pre-metastatic niche by attracting circulating EVs (109). The cancer-derived exosomes inherit the organotropism of their parent cancer cell, which targets niche cells at various metastatic locations (11). Oncoprotein MET (found in metastatic melanomas) instructs bone marrow progenitor cells to adopt a vasculogenic phenotype to form the pre-metastatic niche in the lungs (103).




7.3 EVs and EMT

EVs are crucial in promoting EMT in cancer, which is characterized by a lack of epithelial polarity and cell-cell adhesion, whereby the epithelium transforms into mesenchymal-like cells with increased motility, enhancing the metastatic propensity of malignant cells. EVs orchestrate EMT by transferring biological molecules (e.g., proteins, lipids, and nucleic acids), between cancer cells and the TME, including mRNAs, miRNAs, and lncRNAs. Indeed, CAFs or hypoxic tumor cells secreted EVs, have been reported to carry EMT-driving molecules, such as TGF-β and HIF-1α, and specific miRNAs, such as miR-21 and the miR-200 family (51). The uptake of these EVs by less aggressive cancer cells can trigger the downregulation of E-cadherin and the upregulation of mesenchymal markers like vimentin, thereby increasing the motility and invasiveness of tumor cells. EV-associated miRNAs (such as members of the miR-200 family or miR-21) can also silence epithelial maintenance genes in target cells, further driving EMT and metastatic potential.




7.4 Signaling pathways involved in EV-mediated EMT

EVs induce several major signaling pathways to mediate the EMT of cancer cells.



7.4.1 TGF-β signaling

EVs have been shown to transport a wide range of bioactive materials, including proteins, mRNAs, and noncoding RNAs connected to TGF-β signaling. These elements can alter recipient cell activity, affecting metastasis and carcinogenesis. TGF-β is known to induce EMT, enhancing the invasiveness and metastatic potential of cancer cells (110–112). EVs can migrate the active TGF-β receptors from cancerous cells to surrounding cells and stimulate the TGF-β signaling in recipient cells (113). TGF-β signaling is initiated when ligands bind to type I and II receptors, inducing their oligomerization and activating protein kinase activity. The best-studied co-receptor for TGF-β is the type III receptor that binds all three TGF-β isoforms with high affinity and presents them to the signaling complex that further recruits signaling proteins (113). Upon phosphorylation, SMAD (the substrate of TGFβRII) oligomerizes with SMAD4, enters the nucleus, and regulates gene transcription. This pathway is also greatly influenced by non-protein-coding RNAs, such as miRNAs and lncRNAs (114, 115).




7.4.2 WNT/β-catenin pathway

In the TME, the WNT/β-catenin pathway is essential, especially when EVs are involved. WNT signaling is crucial for several cellular processes, including cell migration, differentiation, and proliferation, and its dysregulation is commonly linked to the development of cancer (116). Mutant versions of β-catenin, frequently present in various malignancies, especially CRC, can be carried by EVs. When recipient cells have wild-type β-catenin, these mutant β-catenin can trigger WNT signaling. By encouraging the transcription of WNT target genes important in cell proliferation and survival, this mechanism accelerates the growth and progression of tumors (117). WNT ligands such as WNT3A and WNT5A are transported between cells by EVs. Depending on the situation and the kind of receptors found in recipient cells, these ligands can either stimulate or inhibit WNT signaling pathways (117). EVs activate the WNT/β-catenin signaling pathway, causing stabilization and nuclear translocation of β-catenin. The latter is required for transcription genes responsible for EMT, such as Snail and Twist.




7.4.3 PI3K/AKT and MAPK/ERK pathways

PI3K/AKT and MAPK/ERK pathways are crucial signaling cascades that significantly influence TME by interacting with EVs (32). These pathways play a role in growth, survival, and metastasis, among other cellular functions, and cancer progression is frequently linked to their dysregulation. Phosphorylated AKT and other active elements of the PI3K/AKT signaling pathway can be carried by EVs. These EVs can activate PI3K/AKT signaling when they are absorbed by recipient cells, which improves cell survival and proliferation. In this aspect, Liem et al. have shown that insulin therapy increases the amount of EVs secreted by CRC cells, which are loaded with carcinogenic cargo that encourages the formation of tumors (118). EVs may transfer oncogenic proteins and miRNAs that activate PI3K/AKT and MAPK/ERK signaling cascades. These pathways support EMT by promoting cell survival, migration, and invasion while repressing epithelial characteristics.




7.4.4 Notch signaling

Notch signaling is well-known for determining the fate of cancer cells, promoting their growth, and preserving their stem-like characteristics. EVs can carry ligands for the Notch receptor, activating Notch signaling in recipient cells. Small EVs from cancer cells can package and transfer notch signaling components, like the Notch intracellular domain (NICD). EVs and Notch signaling can interact through non-classical routes that bypass conventional ligand-receptor interactions (119). By regulating Notch activity more sophisticatedly, this pathway enables tumor cells to engage with the TME and modify their behavior efficiently. For example, without direct contact between donor and recipient cells, small EVs can activate Notch signaling, thereby increasing the aggressiveness of tumors (119). The EMT process, essential for cancer invasion and metastasis, is intimately related to Notch signaling. When this pathway is dysregulated, cancer cells may exhibit EMT traits that improve their capacity for migration (120).






8 EVs and pre-metastatic niche formation



8.1 EVs in pre-metastatic niche formation and immune modulation

A pre-metastatic niche is a favorable microenvironment established in a distant organ prior to the arrival of CTCs. Tumor-derived EVs are now recognized as key instigators of pre-metastatic niche formation, largely by mobilizing and reprogramming immune cells in target organs (121). One well-characterized example is pancreatic cancer, which preferentially metastasizes to the liver. Pancreatic tumor exosomes carrying MIF home to the liver and specifically interact with Kupffer cells (resident hepatic macrophages), triggering the release of TGF-β (95). The increase in TGF-β activates hepatic stellate cells to produce fibronectin, a matrix protein that helps recruit bone marrow-derived monocytes to the liver. These monocytes then differentiate into macrophages within the nascent niche, completing an EV-driven loop of immune cell recruitment and activation that primes the liver for metastasis (95). Similarly, in breast cancer, chemotherapy stress can stimulate tumor cells to shed EVs enriched in annexin A6 (ANXA6). These ANXA6+ EVs travel to the lung and induce resident lung cells to secrete C-C motif chemokine ligand 2 (CCL2), attracting CCR2+ monocytes into the pre-metastatic niche. The recruited monocytes mature into pro-tumoral macrophages at the metastatic site (96). These examples illustrate how tumor EVs lay the groundwork by orchestrating the influx and localization of myeloid cells in a specific organ. Once immune cells have been recruited to a future metastatic site by EV signals, tumor-derived EVs continue to modulate their phenotype toward a pro-metastatic, immunosuppressive state. In the pre-metastatic niche, arriving macrophages are often skewed toward an alternatively activated, M2-like phenotype that promotes tumor growth. EV cargo plays a direct role in this polarization. For instance, ovarian cancer-derived EVs carrying miR-21-3p have been found to enter resident macrophages at distant sites and activate the STAT3 signaling pathway, driving these macrophages into an immunosuppressive M2 state (97). These EV-educated M2 macrophages secrete IL-6 and other factors that further reinforce STAT3 activation in a positive feedback loop while suppressing local anti-tumor immune responses. In CRC, tumor EVs enriched with miR-21-5p similarly engage TLR7 on liver Kupffer cells, inducing them to produce IL-6 and adopt an M2 polarization, thereby establishing an inflammatory, tumor-promoting niche in the liver (98). The immunosuppressive milieu is compounded by the expansion of regulatory T cells and myeloid-derived suppressor cells (MDSCs) that are often drawn into or activated within the niche, partly in response to EV-induced cytokines and chemokines. In addition to macrophages, other immune and stromal components are influenced by EVs during niche formation. Neutrophils, for example, can be activated by tumor EVs in pre-metastatic sites. Studies suggest that EV-associated “danger signals” (such as specific RNAs or heat shock proteins) engage pattern recognition receptors on neutrophils, leading to a pro-inflammatory neutrophil response that paradoxically supports metastasis (122). These activated neutrophils (sometimes termed N2 neutrophils) secrete factors that enhance tumor cell extravasation and seeding and promote angiogenesis in the pre-metastatic organ. Likewise, EVs may directly condition other stromal cells, such as fibroblasts and endothelial cells in the target organ. For instance, EV uptake can prompt local fibroblasts to become pro-inflammatory and pro-fibrotic or cause endothelial cells to upregulate adhesion molecules that increase vascular permeability and cell adhesion. Such changes in the stroma make the tissue more amenable to subsequent cancer cell invasion. Crucially, tumor EVs often carry oncoproteins and immunomodulatory molecules, ensuring any arriving cancer cells will face reduced immune resistance. Tumor-derived EVs have been found to contain immune checkpoint proteins such as PD-L1 and other suppressive ligands (37). By depositing these factors into the pre-metastatic organ, EVs create localized immunosuppression; resident T cells, natural killer cells, and other immune effectors are functionally inhibited even before tumor cells arrive. This means that when cancer cells finally appear, they encounter a “primed” microenvironment replete with supportive stromal cells, growth factors, new vasculature, and subdued immune surveillance. Altogether, the actions of EVs ensure that the pre-metastatic niche is rich in growth-permissive signals (e.g., fibronectin, S100 proteins, VEGF), pro-inflammatory mediators (e.g., TNF-α, IL-6) that paradoxically aid tumor development, and immunosuppressive cell populations. In essence, EVs rewire the normal tissue homeostasis of target organs into a pro-metastatic configuration. Through these concerted effects, EVs impart organotropism to metastasis. The specificity of EV targeting is partly dictated by molecules on their surface (certain integrin combinations on EV membranes can direct them preferentially to lungs vs. liver, for example) (11). Once docked in the target organ, EVs unleash a cascade of molecular events, recruit bone marrow progenitors, educate macrophages and neutrophils, alter the vasculature, and suppress adaptive immunity that establishes a niche conducive to metastatic colonization. This multi-pronged remodeling of distant tissues by tumor EVs is a driving force behind organ-specific metastasis, highlighting that metastasis is not solely a property of the cancer cell (“seed”) but also a result of systemic conditioning of the “soil” by tumor-secreted factors.





9 EVs as diagnostic and prognostic biomarkers of metastasis



9.1 The potential of EVs in predicting and monitoring metastasis

EVs contain a wealth of tumor-specific information, such as proteins, nucleic acids, and lipids, reflecting cancer cells’ molecular status (Figure 3). This makes them promising biomarkers for predicting and monitoring metastasis. As EVs can be easily isolated from body fluids (e.g., blood, urine, saliva), they offer a non-invasive approach to assess tumor progression and metastatic potential. For instance, specific miRNAs (e.g., miR-21, miR-23a) or proteins (e.g., TGF-β, integrins) in circulating EVs have been correlated with metastatic spread in cancers such as breast, lung, and CRC. Furthermore, EMT markers may be detected during EV profiling, indicating a shift towards a more invasive phenotype. Clinicians may be able to more precisely track the development of metastases, treatment response, and disease progression by monitoring alterations in the molecular makeup of EVs over time.
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Figure 3 | Expression of Exosomal markers in human cancers. The box plots show the mRNA expression levels of prominent exosome markers (A) TSG101, and (B) CD63, across paired tumor and normal tissue samples in various solid tumor types. Plots were created using the TNMplot.com (https://tnmplot.com/analysis/) platform. For each tumor type, the left box represents normal tissue, and the right box represents tumor tissue. This comparative analysis underscores the overexpression of classical exosome markers in tumor samples, supporting their utility as potential diagnostic and prognostic biomarkers. red*: Mann-Whitney p<0.05 and expression >10 in tumor or normal.




9.2 Advances in EV-based liquid biopsy for cancer patients

EV-based liquid biopsy holds promise for early cancer detection, identifying minimal residual disease, and tracking the emergence of drug resistance. Based on the molecular makeup of tumor-derived EVs, clinical research is currently investigating the potential of EVs for patient stratification, prognostic prediction, and therapeutic customization. However, challenges such as standardization of EV isolation methods and validation of specific EV biomarkers must be addressed to fully integrate EV-based liquid biopsy into routine clinical practice (123). Among others, a seminal report by Melo et al. has illustrated the importance of circulating exosomes in predicting pancreatic cancer prognosis (124).

EVs can be isolated from biofluids in a minimally invasive manner, providing real-time insights into the tumor’s molecular profile and its dynamic changes. Recent advances in technologies like next-generation sequencing (NGS), digital PCR, and high-resolution mass spectrometry have enhanced the sensitivity and specificity of EV-based assays for detecting cancer biomarkers.





10 Therapeutic implications

In therapeutics, engineered EVs offer innovative strategies for targeted drug delivery (125). Modified EVs can be loaded with chemotherapeutic agents, RNA therapeutics, or immunomodulatory molecules to enhance treatment efficacy while minimizing systemic toxicity (126, 127). Several clinical trials are evaluating the use of EVs as carriers for gene therapy and immunotherapy, showcasing their potential in personalized medicine (128). Despite these advancements, challenges such as standardizing EV isolation methods, ensuring reproducibility, and addressing off-target effects remain key hurdles in translating EV-based therapies into routine clinical practice.

Despite these challenges, several promising approaches are being explored, including EV inhibitors (e.g., GW4869, which blocks EV biogenesis), antibodies to block specific surface markers on EVs, and engineered EVs to deliver therapeutic payloads that suppress tumor progression.




11 Limitations and challenges in EV-based research and application

While EVs offer significant promise in understanding and managing metastatic progression, several limitations must be acknowledged. Firstly, the inconsistencies of following standardized protocols for EV isolation, characterization, and quantification lead to discrepancies across studies, complicating reproducibility and clinical translational efforts. Additionally, EV heterogeneity, arising from differences in size, biogenesis, cargo content, and cellular origin, makes it challenging to define specific functional subsets and their roles in metastasis.

Another key challenge is the uncertainty surrounding EV cargo loading mechanisms and organ-specific targeting. Although integrins have been implicated in directing EVs to specific organs, the full spectrum of molecular ‘address codes’ remains poorly understood. Furthermore, the functional transfer of EV cargo (e.g., miRNAs) to recipient cells, especially in vivo, is challenging to confirm definitively due to technical limitations in tracking cargo uptake and downstream gene regulation.

From a therapeutic standpoint, large-scale EV production, purification, and cargo loading present logistical hurdles. Moreover, issues such as ‘off-target effects’, ‘short circulating half life’, and ‘immunogenicity of engineered EVs’ must be resolved before clinical implementation can be fully realized. These limitations underscore the urgent need for advanced analytical tools, robust animal models, and integrative multi-omics approaches to delineate EV functions with greater precision and reliability.




12 Conclusion and future directions

Extracellular vesicles have revolutionized our understanding of intercellular communication in cancer metastasis. Their ability to transfer oncogenic signals, modulate the immune system, and establish pre-metastatic niches highlights their crucial role in disease progression. However, important ‘technical and biological limitations’, including EV heterogeneity, standardization challenges, and incomplete mechanistic understanding, must be addressed to unlock their full clinical potential.

Given their significance, future research should focus on refining EV-based liquid biopsy techniques for early cancer detection, standardizing isolation methods to improve reproducibility, and developing strategies to block pro-metastatic EVs while selectively enhancing anti-tumor EVs. Moreover, integrating multi-omics approaches with EV research can uncover novel biomarkers and therapeutic targets. Advancements in bioengineering can further optimize EV-based drug delivery systems for more precise and efficient cancer treatment. Bridging the gap between fundamental EV biology and clinical application will be essential in harnessing their full potential in oncology. As research progresses, EV-based diagnostics and therapeutics may pave the way for more effective, personalized interventions, ultimately improving patient outcomes in metastatic cancer.
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Lipid metabolism reprogramming has long been noticed as the hallmark of ovarian cancer, in order to maintain proliferative features including rapid cell division, metastasis capability, and chemotherapy resistance, as well as to survive under environmental stress, alteration of lipid metabolic pathways takes place, especially over-expression of rate-limiting enzymes, enhances lipid uptake, fatty acid synthesis, β-oxidation, lipid storage, and cellular membrane construction. In lipid-rich ascites and omental tumor microenvironments, the biological functions of stromal and immune cells change, forming a premetastatic niche and immunosuppressive tumor microenvironment via modifying extracellular matrix components and secreting cytokines. The crosstalk between stromal, immune, and ovarian cancer cells results in tumor proliferation, metastasis, and escape of immune surveillance. Given the importance of lipid metabolism for ovarian cancer survival, targeting lipid metabolism key enzymes in ovarian cancer or stromal tumor microenvironment may bring novel insights for ovarian cancer treatment.
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1 Introduction

Ovarian cancer is one of the most lethal gynecological malignancies. As the eighth most common cancer among women worldwide, ovarian cancer accounts for an estimated 3.7% of cases and 4.7% of cancer deaths in 2020 (1). The current primary treatment for ovarian cancer still consists of cytoreductive surgery and chemotherapy that combines platinum compounds and taxanes. Currently, acquired drug resistance in ovarian cancer is mainly considered the result of drug efflux caused by P-glycoprotein, encoded by ATP-binding cassette B1 (ABCB1), which is significantly affected by various lipid compounds especially those residing in their close proximity in the plasma membrane. However, the development of P-glycoprotein as a therapeutic target has been unsuccessful (2). Emerging evidence implicates a key role for non-mutational drug resistance mechanisms underlying the survival of residual cancer “persister” cells. Drug-tolerant persister cancer cells exhibited phenotypic plasticity, including metabolic adaption, stem-like characteristics, and dormancy to temporarily survive therapeutic pressure (3). Hence, there is an urgent demand for new clinical biomarkers targeting chemotherapy resistance occurrence and exploring novel therapeutic strategies.

Ovarian cancer features a unique tumor microenvironment (TME) characterized by hypoxia, large amounts of fat in the omentum, and ascites, all of which contribute to complex biological behaviors such as cellular metabolic reprogramming, reduced perfusion of chemotherapeutic drugs, and the promotion of an immunosuppressive environment. In order to survive in this environment, tumor cells undergo reprogramming of lipid metabolism to adapt to the metabolic and oxidative stress in the microenvironment, which mostly involves dysregulation of metabolic key enzyme activities and expression. During metabolic stress conditions, fatty acids (FAs) stored in lipid droplets (LDs) are hydrolyzed via activating fatty acid oxidation (FAO). This process aims to maintain rapid cancer cell division via adequate energy supply and cell membrane construction. These processes require cooperation between multiple enzymes. Increased reliance on oxidative phosphorylation (OXPHOS) has been reported as a distinctive hallmark of chemotherapy resistance cancer cells in numerous tumor types (4, 5). The unique peritoneal metastasis microenvironment of ovarian cancer is composed of tumor cells, immune cells including CD4+ and CD8+ T cells, tumor-associated macrophages (TAMs), natural killer cells (NK cells), dentritic cells (DCs), and myeloid-derived suppressor cells (MDSCs), as well as stromal cells including adipocytes, fibroblasts, human peritoneal mesothelial cells, and endothelial cells. The crosstalk between stromal cells, immune cells, and cancer cells enhances proliferative and drug-resistant phenotypes of cancer cells through the exchange of cytokines and activation of multiple downstream signaling pathways. Ovarian cancer cells also form a nutritional coupling relationship with stromal cells in TME, characterized by mutual metabolic dependency, particularly in terms of nutrient uptake, utilization, and sharing, indicating that these metabolic interactions create a cooperative “ecosystem” where tumor cells and surrounding cells rewire the metabolism pathways, supporting cancer growth and evading immune attack. Until recently, the stromal TME contribution to this metabolism reprogramming has not been fully appreciated, particularly in ovarian cancer.

These notable changes in metabolic pathways act as stress responses, allowing cancer cells to adapt to harsh TME, leading to chemotherapy resistance. Here, we summarized the detailed mechanisms of altered lipid metabolism influencing the immune, stromal and ovarian cancer cells in TME, gaining a better understanding of carcinogenesis, metastasis, and chemoresistance occurrence, providing novel insights into chemotherapeutic strategies, and finding solutions for reversing the immunosuppressive TME.




2 Lipid metabolism involved processes



2.1 Lipid uptake

Many cancers (colon, breast, prostate, lung, ovarian cancer, and hematologic malignancies) stimulate lipolysis in adipocytes, followed by the uptake of FAs from the surrounding adipose tissue. The FAs enter the cancer cell through specific FA receptors and binding proteins (e.g., CD36, FATP1) and are used for membrane synthesis, energy metabolism, or lipid-derived cell signaling molecules (derivatives of arachidonic and linolenic acid). The access to increased lipids in ovarian cancer relies on both endogenous and exogenous pathways. Endogenous pathway depends on the intracellular de novo lipid synthesis, which utilizes acetyl-CoA as substrate. Exogenous pathway of lipid uptake requires the assistance of several lipid transporters, namely CD36, FA-transport proteins (FATPs), as well as FA-binding proteins (FABPs) (Figure 1c). The over-expression of CD36, FATPs, and FABPs had been indicated in ovarian cancer and other malignancies, correlating to cancer proliferation and aggressive behavior including metastasis (6). CD36 is a transmembrane glycoprotein receptor with a high affinity for long-chain FAs and cholesterol facilitating transmembrane passage and mediating intracellular trafficking via FABPs and endosomes. CD36-mediated activation of SRC/MAPK, AKT/GSK3β/β-catenin signaling axes, STAT3, and SOX2 had been shown to induce epithelial-mesenchymal transition (EMT) and promote proliferation, cancer stemness, metastasis as well as drug resistance (7). FABPs have been shown to directly promote ovarian cancer metastasis by facilitating the transcellular delivery of FA from omental host adipocytes to the ovarian cancer cells (8). Recent studies also indicated the inhibition of FATPs sensitizes ovarian cancers to oncolytic virus therapy via lipid modulation of the TME (9). Taken together, these studies illustrate that ovarian cancer promotes lipolysis and FAs uptake through transporters including CD36, FATPs, and FABPs, fueling tumor growth, metastasis, and drug resistance. Targeting these lipid metabolic pathways could enhance therapeutic responses.
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Figure 1 | Lipid metabolic pathway alteration and crosstalk between ovarian cancer cells and adipocytes. (By Figdraw.) (a) Endogenous FAs de novo synthesis was elevated in ovarian cancer cells under the demand of original materials for higher FAO rate, membrane structure construction, and forming signaling factors, which facilitates tumor progression. (b) FAO correlated process was accelerated due to the over-expression of CPT1A, which is responsible for transporting fatty acyl-CoA from cytosol to mitochondrial matrix. (c) Lipids are first processed into storage form before being accumulated and stored in LDs. Correlating enzymes that turn FAs into TAGs have been found up-regulated in cancer cells, which is consistent with the fact that high LD accumulation is a type of stress response. (d) Cell membrane components consist of phospholipids, polyunsaturated FAs, and cholesterol to maintain the integrity and fluidity of membranes, which often relates to adhesion or metastasis of malignancies. (e) The crosstalk between ovarian cancer and adipocytes involves the secretion of pro-tumor factors and increased lipolysis of adipocytes, providing ovarian cancer cells with more FAs for FAO.




2.2 De novo fatty acid synthesis

The de novo FAs synthesis is over-expressed in human ovarian cancer and in most common human solid tumors. The de novo FAs synthesis is mostly based on two key rate-limiting enzymes, namely acetyl-CoA carboxylase 1 (ACC1) and FA synthase (FASN). Before the biological synthesis of lipids begins, citrate obtained from the tricarboxylic acid cycle (TCA cycle) was transported into the cellular matrix and catalyzed to acetyl-CoA by ATP-citrate lyase (ACLY). ACCs can start the synthesis process via carboxylating acetyl-CoA to malonyl-CoA, while FASN continues catalyzing both acetyl-CoA and malonyl-CoA to form saturated FAs (SFAs) palmitate (C16:0), which are then provided for FAs and cholesterol synthesis. Extension of 16-carbon palmitate requires the involvement of FAs elongases (FAEs), the process is completed in the endoplasmic reticulum (ER) or mitochondrion, with NADPH as the hydrogen provider. After condensation, hydrogenation, dehydration, and rehydrogenation, two carbons are added. Normally the reaction in ER can extend palmitate to 24-carbon FA, whereas the reaction in mitochondrion can extend to 24 to 26-carbon FAs (Figure 1b).

ACLY catalyzes the citrate produced from the TCA cycle, either from glucose by glycolysis or glutamine, thus ACLY is considered a bridge connecting glycometabolism and lipid metabolism. ACLY is transcriptionally regulated by sterol regulatory binding element binding protein 1 (SREBP1), yet other factors such as insulin, glucagon, and TGF-β can also enhance the phosphorylation of ACLY (10). In ovarian cancer, the expression of ACLY is observed to have elevated compared to normal ovarian tissues, and increased expression level of phosphorylated ACLY in ovarian cancer was commonly associated with cancer grade, FIGO stage, and poorer prognosis. Pharmaceutical blockade of ACLY was reported to reverse the acquired cisplatin resistance in ovarian cancer (11).

FASN facilitates the rapid proliferation of tumors through the synthesis of palmitic acid (80%), stearic acid (10%), and myristic acid (10%). The accumulation of SFAs alters membrane physical properties by reducing fluidity and permeability, which correlates to higher risks of cancer progression (12, 13). The activity or expression of FASN is recognized and regulated by SREBPs through the binding site of its proximal promoter. The SREBP-FASN axis can be regulated by the PI3K-AKT signaling pathway and many proteins, including membrane-bound transcription factor protease site 2 (MBTPS2), CD36, and spindle protein 1 (SPIN1). Pharmacological inhibition of FASN using orlistat, C75, and TVB-2640 had achieved significant effects in ovarian cancer treatment as well as reversing chemotherapy resistance. The changes in FASN activity are considered the stress response of cancer cells reacting to changes in TMEs and have been identified as a significant contributor to the proliferation, metastasis, and progression of cancer.

The role of ACC1 in tumor progression, metastasis, and response to treatment is regulated by protein phosphorylation, allosteric modulator binding, and protein-protein interactions. AMP-dependent protein kinase (AMPK) phosphorylates ACCs, thus inactivating the enzyme, whereas protein phosphatase 2A dephosphorylates ACCs, activating the enzyme to produce malonyl-CoA. An ACC allosteric inhibitor, 5-tetradecepoxy-2-furanoic acid (TOFA), regulates ovarian cancer proliferation and cell cycle progression, ACC1 has been regarded as an attractive therapeutic target for ovarian cancer. Therefore, de novo FAs synthesis is upregulated in ovarian cancer, driven by increased ACLY, ACC, and FASN-mediated enzymatic activity, which promotes proliferation, metastasis, and chemoresistance.




2.3 Fatty acid oxidation

The increase of FAO, or β-oxidation, had long been noticed as a cancer hallmark, often correlated to the enhancement of FAs storage (Figure 1a). FAO is the major source of energy supply in cancer cells, meeting the requirement for high energy consumption during rapid cell division. Carnitine palmitoyltransferase 1A (CPT1A) is the rate-limiting enzyme in FAO, mediating the transportation of FAs from the intracellular matrix to the mitochondrial matrix, where FAs are oxidized to produce acetyl-CoA as an essential source for ATP, NADH, and FADH2 production in the TCA cycle. In our previous research, CPT1A had been identified to be differentially expressed with significance in paclitaxel-resistant ovarian cancer cell line A2780, and inhibition of CPT1A resulted in a prominent decrease of paclitaxel-resistant phenotype (14). Other studies revealed CPT1A as a clinical biomarker of platinum resistance using multiomic analysis (15). Ovarian cancer cells elevate the expression of CPT1A to maintain a high FAO level. CPT1A interacts with many cellular signaling pathways, including c-MYC and AMPK in breast cancer. The target also promotes cancer proliferation, metastasis, or therapeutic resistance through oncogenic signaling pathways including PI3K/AKT/mTOR, VEGF, ERK, and Src pathways. Furthermore, over-expression of CPT1A can also promote EMT and cancer cell stemness, leading to the invasion and metastasis of cancer cells (16). Thus, inhibiting FAO is an attractive means for ovarian cancer, given its critical role in sustaining tumor aggressiveness and treatment resistance.




2.4 Lipid storage

Lipid storage in cancer cells is mainly completed via the accumulation of LDs. Cancer cells introduce LDs as powerful methods to ensure energy supply and intracellular redox balance, modulate autophagy and mediate cellular membrane biosynthesis, and protect cancer cells from damage including ER stress, ferroptosis, and lipid peroxidation, therefore promoting cancer proliferation. Different types of lipids have corresponding storage forms. Emerging research indicates that LDs promote the proliferation, migration, and survival of cancer cells by alleviating cell stress and/or providing substrates for membrane lipid synthesis and FAO (17). Fatty acyl-CoA, the derivative of FAs, was converted into diacylglycerols (DAGs), further catalyzed into triacylglycerols (TAGs) by diacylglycerol acyltransferases (DGATs), and stored in LDs in the form of TAGs, whereas exogenous and endogenous cholesterols and other sterols are stored in the form of sterol esters such as cholesterol esters (CEs) (Figure 1c). LDs accumulation is associated with poor clinical prognosis, LDs marker adipophilin may serve as an independent indicator of a poor prognosis in ovarian cancer. PFK158 downregulates PLA2G3 (Group III Phospholipase A2) in ovarian cancer cells and human-derived primary ascites cells, inhibits LD biogenesis, decreases cell growth, and sensitizes the cells to platinum drug-mediated cytotoxicity (18). Tirinato et al. discovered that an increased number of LDs is a characteristic of radioresistant cancer cells in breast, bladder, lung, glioma, and prostate cancers. Restoring LD levels makes cancer cells more radiosensitive and enhances the efficacy of radiotherapy (19). Together, these data suggest that DGATs, PLA2G3 and possibly hormone-sensitive lipase could be promising targets for anticancer treatment. Therapies targeting LD biogenesis, growth, and degradation might be promising avenues for treating cancer. However, further work is needed to validate these therapeutic targets and strategies.




2.5 Cancer cell membrane construction

The biosynthesis of cell membranes relies on FA storage, which is the primary component. High fluidity and integrity of cell membrane is often correlated with metastatic behavior, this characteristic is based on the changes in membrane lipid composition, especially monounsaturated FAs (MUFAs) and polyunsaturated FAs (PUFAs) increase. This process is catalyzed by stearoyl-CoA desaturases (SCDs), elongation of very-long-chain FAs gene family (ELOVLs), and FA desaturases (FADSs). SCDs catalyze SFAs into MUFAs, including palmitoleic acid (C16:1) and oleic acid (C18:1), whereas ELOVLs and FADSs conduct the conversion between PUFAs (Figure 1d) (20). Previous research proved that elevation of SCDs was observed in multiple malignancies and often correlates to tumorigenesis, the homeostasis of the SFA/MUFA ratio is mediated by SCD1, which is an important cancer risk assessment factor; the conversion between SFA and MUFA relates closely to cancer prognosis. Pharmaceutical inhibition and genetic ablation of SCD1/FADS2 retarded tumor growth, cancer stem cell (CSC) formation, and reduced platinum resistance in ovarian cancer (21). PI3K/AKT/mTOR signaling pathway activates SREBP1, further modulating SCD1 for higher MUFA biosynthesis and protecting cancer cells from lipid peroxidation and ferroptosis (22). Inhibition of SCD1 in ovarian cancer enhances the sensitivity to ferroptosis inducers (23). Study conducted by Wang et al. pointed out that adequate PUFAs in omental conditioned medium or ascites suppressed RhoA-GTPase activities, further downregulated nuclear YAP1 in MФs, leading to increased protumoral M2-type TAM polarization accompanied by elevated OXPHOS metabolism. Loss of YAP1 had also been reported in ovarian cancer metastatic tissues in the same research, suggesting clinical relevance (24). Other component shifts in cancer cell membranes include increased phospholipids and cholesterol. Members of phospholipids, particularly phosphatidylcholine, contribute to most parts of the cellular membranes and produce lipid second messengers, promoting metastasis and chemotherapy resistance. As the key enzyme of phospholipid metabolism, Choline kinase (ChoK) has been reported to be activated in numerous types of cancer, and overexpression of ChoKα contributes to ovarian cancer progression, metastasis, and aggressiveness (25). Thus, Cancer cell membrane composition, particularly elevated FAs (MUFAs/PUFAs) mediated by SCDs, ELOVLs, and FADSs, promotes metastasis and therapy resistance. Targeting these pathways may suppress tumor growth and sensitize cells to therapy.

Cholesterol is another factor for maintaining membrane integrity and fluidity, which is endogenously synthesized via the mevalonate pathway utilizing acetyl-CoA as the starting material, further involving the biosynthesis of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), mevalonic acid (MVA), and squalene, as well as conversion into other molecules, finally catalyzed into cholesterol. Synthesized cholesterol in the ER is transported to the cell membrane through the Golgi apparatus. Similar to other lipid metabolism key enzymes, SREBPs are the transcription factors of cholesterol synthesis rate-limiting enzyme HMG-CoA reductase (HMGCR), especially SREBP2. Excess cholesterol is removed from the cell via efflux mediated by ATP-binding cassette transporter A1 (ABCA1) (26). The reprogramming of cholesterol metabolism in both cancer cells and stromal TME can promote tumor growth, migration, and angiogenesis. Therefore, inhibiting cholesterol metabolism pathways is likely to substantially improve cancer treatment.





3 Lipid metabolism alteration contributes to immunosuppressive TME through crosstalk between stromal cells and immune cells.



3.1 Stromal cells



3.1.1 Cancer-associated adipocytes

Ovarian cancer represents a type of cancer that is associated with adipocyte-rich, highly hypoxic microenvironments. Since peritoneal metastasis is a characteristic feature of ovarian cancer, this may suggests that ovarian cancer cells prefer a lipid rich microenvironment (27, 28). In recent decades, cancer-associated adipocytes (CAAs) aroused interest in cancer chemoresistance research (Table 1). Most studies choose ovarian cancer to correlate obesity and drug-resistance responses since ovarian cancer is one of the most obesity-associated types of cancer.


Table 1 | Stromal cells in the TME.
	Stromal cells
	Lipid metabolism alteration
	Factors secretion
	Cancer types
	Tumor proliferative effects
	Reference



	Cancer-associated adipocytes
	Lipolysis↑
Lipid uptake↑
CD36 expression↑
	LEP, MCP-1, TIMP-1, miRNA, HGF, FGF, IL-6, IL-8, IL-33
	Ovarian cancer
	Therapeutic resistance,
Metabolic reprogramming,
Increase metastatic capability
	(40)


	Cancer-associated fibroblasts
	CD36 expression↑
Lipid Uptake↑
Lipogenesis↑
	VEGF, TGF-β, IL-6, uPA, COX-2, CXCL1, CXCL10, CCL5,CRMP2
	Ovarian cancer
Colorectal cancer
	Promote tumor growth,
Increase metastatic capability,
Extracellular matrix remodeling
Generate alternative carbon sources for cancer cells
	(41, 42)


	Cancer-associated mesenchymal stem cells
	FASN expression↑
FAS↑
	SDF-1, CXCL1, CCL2, IL-8, CCL2, ITLN1
	Ovarian cancer
Oral squamous cell carcinoma
	Promote tumor growth,
Enhance chemotherapy resistance,
Increase the cancer stem cell-like (CSC) pool,
Increase tumor-associated fibrosis,
Angiogenesis
	(43, 44)


	Mesothelial cells
	LCN2 expression↑
Increase ovarian cancer lipid transport and accumulation
	LPA, IL-6, IL-8, SDF-1, CX3CL1, CCL2, ITLN1
	Ovarian cancer
	Promote tumor growth,
Increase adhension and metastatic capability
	(45)


	Endothelial cells
	Modulate glycerophospholipids metabolism of ovarian cancer cells
	IL-8, VEGF
	Hepatocellular carcinoma
Ovarian cancer
	Tumor angiogenesis
Tumor cell proliferation and invasion
	(46, 47)







CAAs directly contribute to ovarian cancer progression mostly via increased lipolysis and produce more FAs, which are further transferred to ovarian cancer cells and enter through CD36, FATPs, and FABPs, providing energy for rapid cellular division and metastasis of ovarian cancer cells through enhanced FAO. The adequate lipids from adipocytes significantly support tumorigenesis and stemness of cancer cells. CAAs also secrete multiple cancer-associated adipokines that function in extracellular matrix remodeling, metastasis, chemotherapy resistance, and EMT promotion, such as leptin, monocyte chemoattractant protein-1 (MCP-1), tissue inhibitor of metalloproteinase-1 (TIMP-1), adiponectin, exosomal microRNAs, plasminogen activator inhibitor 1 (PAI-1), tumor necrosis factor-alpha (TNF-α), hepatocyte growth factor (HGF), fibroblast growth factor (FGF), interleukin-6 (IL-6), IL-8, and IL-33 (Figure 1e). Omental adipocytes undergo pyroptosis upon exposure to IL-6 and IL-8 produced by ovarian cancer cells, triggering the release of ATP that enhances macrophage infiltration and free FAs which are taken up by ovarian cells, thereby contributing to increased chemotherapy resistance. Though CAAs can modulate ovarian cancer metastasis, studies also reported that ovarian cancer can induce CAA formation via activating the TGF-β1/SMAD3/TRIB3 pathway in reverse, which suppresses the phosphorylation of CEBPβ. Then, CAAs secrete collagen I, collagen VI, and fibronectin to remodel the extracellular matrix and promote the adhesion of ovarian cancer cells (29).

Cancer cells mostly acquire chemoresistance via several mechanisms, such as increasing drug efflux, concealing molecular targets for drugs, intracellular inactivation of chemotherapies, dormancy maintenance, DNA damage repairing, survival signals enhancement, and self-regeneration. Several mechanisms have been proposed to explain chemoresistance influenced by CAAs. Chen et al. also revealed that the adipocyte-rich microenvironment promoted cisplatin and paclitaxel resistance in in vitro assays after applying human adipose tissue extracts. This chemoresistance phenotype is enhanced via upregulation of PPAR-γ/ABCG2 axis. Chemotherapy sensitivity can be restored after PPAR-γ knockdown using short hairpin RNA both in ovarian cancer cell lines and in nude mice models. The expression of PPARγ/ABCG2 was correlated to chemoresistance in ovarian cancer clinical specimens as well (30). Glycosylated angiopoietin−like 4 (ANGPTL4) secreted by CAAs could bind integrin α5β1 located on the surface of ovarian cancer cells, further activating down-stream c−myc/NF−κB pathway and stimulate the expression of the anti-apoptotic protein Bcl−xL, elevating the expression levels ABC family members such as ABCB1, ABCC1 and ABCG2 (31). Other views agree that extracellular vesicles (EVs) in the tumor micro-environment involve ovarian cancer chemoresistance, metastasis, and immune evasion mostly by transporting multiple miRNA EVs to facilitate CAA-ovarian cancer interactions.

Therefore, these researches demonstrate that CAAs promote tumor progression by releasing FAs (via CD36/FABPs) to fuel ovarian cancer cell growth, metastasis, and chemoresistance through enhanced FAO. Targeting the metabolic crosstalk between CAAs and tumors holds significant clinical promise for ovarian cancer treatment.




3.1.2 Cancer-associated fibroblasts

Cancer‐associated fibroblasts (CAFs) are crucial factors in the TME that interact with cancer cells and promote carcinogenesis by secreting cytokines, chemokines, and EVs in ovarian cancer development (32). Single-cell transcriptomic profiling demonstrates that CAFs make up a heterogeneous population of cells with distinct functions. Cancer cells recruit and induce the transformation of the tumor-resident endothelial cells, epithelial cells, mesenchymal or hematopoietic stem cells, smooth muscle cells, and quiescent normal fibroblasts (NFs) to CAFs through paracrine signaling mechanisms (33). Activation of CAFs can be conducted via the JAK/STAT signaling pathway, the focal adhesion kinase (FAK) pathway, and the platelet-derived growth factor signaling (PDGF) pathway, as well as the NF-κB pathway (34). Several cytokines including IL-1β, IL-6, TGF-β also play pivotal roles in the activation process.

Compared to NFs, CAFs were observed to store more LDs, meanwhile showing microtubule organization centers amplification, inhibition of lipogenesis in CAFs inhibited lipid contents, and the number of microtubule organization centers. These evidences suggest that CAFs possess cancer-like phenotypes via lipid metabolism reprogramming and microtubule organization center amplification. A higher expression level of CD36 was observed notably in αSMA+/VIM+/PDGFRβ+ CAFs, which is associated with short-term survival. Considering CD36 plays a vital role in FA metabolism and immune regulation, its over-expression provides CAFs with FAs required as energy resources (35). Further, sphingolipid metabolism is also found to be altered in the stroma of ovarian cancer. Sphingosine kinases mediate the TGF-β signaling pathway via producing sphingosine-1-phosphate (S1P), which combines with S1P receptors, resulting in p38 MAPK phosphorylation. In this way, the tumor-promoting functions of CAFs were elevated.

CAFs are key contributors to tumor progression and therapeutic resistance through the remodeling of the tumor extracellular matrix composition and structure. Similar to modulation completed by CAAs, the crosstalk between cancer cells and CAFs depends on the communication conducted by EVs via receptor-ligand interactions or membrane fusion. The major component of the tumor extracellular matrix structure is fibrillar collagen (36). In brief, CAFs remodel extracellular matrix via stiffening collagen into short thick fibrils, up-regulating lysyl-oxidases (LOXs) and matrix metalloproteinases (MMPs), down-regulating hyaluronidases (HYALs), as well as secreting chemokines such as periostin, which changes tumor immune microenvironment by inducing migration of protumorigenic-M2 macrophages and correlates with lower tumor immune infiltration. In this way, CAFs form premetastatic niches essential for cancer cell invasion.

During chemotherapy, CAFs protect ovarian cancer cells in multiple ways. CAFs can activate several signaling pathways in ovarian cancer cells by releasing growth factors including miRNAs, which help cancer cells tolerate DNA damage via promoting proliferation and cell cycle entry, as well as suppressing cell apoptosis (37). CAFs also reduce ovarian cancer cells’ uptake of chemotherapeutic drugs via elevating the expression level of lipoma-preferred partner (LPP), which promotes tumor angiogenesis and enhanced tumor vessel leakiness (38). Moreover, CAFs promote the EMT transition of ovarian cancer cells, which increases the self-renewal ability and enhances the stemness of cancer cells. Apart from the previously described capabilities, CAFs can also alter the immune cell milieu by suppressing the activity of immune effector cells meanwhile recruiting immune suppressor cells, therefore allowing cancer cells to escape immune surveillance (39).

Thus, we discuss the current understanding of CAF-immune interactions, their effect on tumor progression and therapeutic response, and the possibility of exploiting CAF-immune interactions as potential targets for cancer therapy. CAFs have emerged as major promoters of immune evasion. Targeting CAF-ovarian cancer crosstalk may thus offer dual benefits in restoring antitumor immunity and sensitizing tumors to conventional therapies. CAFs display significant functional heterogeneity, with specific subsets serving as prognostic biomarkers in ovarian cancer.





3.2 Immune cells

The TME refers to the cellular environment in which tumor cells exist, of which immune cells are critical components. The localization and function of immune cells in the TME are complex and have a profound impact on the clinical outcome of patients (Table 2). The crosstalk between immune cells and stromal cells has been extensively recognized in recent years (Figure 2).


Table 2 | Immune cells in the TME.
	Immune cells
	Lipid metabolism alteration
	Factors secretion
	Cancer types
	Function alteration
	Reference



	CD8+ T cells
	FAO↑
Lipid uptake↑
Lipid peroxidation↑
	IL-2, IFN-γ,TNF-α, CCL4, CCL5, TGFβ
	Melanoma
Colon cancer
Ovarian cancer
	Anti-tumor responses inhibition
	(76, 77)


	Natural killer cells
	Lipid uptake↑
Lipid accumulation↑
	IFN-γ, TNFα, IL-6, GM-CSF CCL5
	Melanoma
Chronic myeloid leukemia
	Anti-tumor responses inhibition
	(61)


	Dendritic cells
	FASN↑
Lipid uptake↑
Lipid peroxidation↑
	IL-2, IL-10, IL-6, IL-12, CCR7, CCL2, CCL3, CCL4, TNF-α, MCP-1, CXCL10, IFN
	Lymphoma
Colon cancer
Ovarian cancer
	Antigen presentation process limitation
Anti-tumor interferon responses inhibition
	(78, 79)


	Regulatory T cells
	FAO↑
FAS↑
Lipid uptake↑
FASN↑
	IL10, CTLA-4, IFN-γ
	Melanoma
Colon cancer
	Inhibit CD8+ T cell activation
Promote tumor growth
	(55)


	Tumor associated macrophages
	FAO↑
Lipid uptake↑
	TNFα, IL-1, IL-6, IL-12, IFN-γ
	Ovarian cancer
	Increase metastatic capability
Promote angiogenesis
Extracellular matrix remodeling Immune response inhibition
M2-polarization
	(80, 81)


	Myeloid-derived suppressor cells
	FAO↑
Lipid uptake↑
Lipid accumulation↑
	MMP9, iNOS, ROS, VEGF, ARG1, TNFα, TGFβ, PGE2, IL-6, CCL2, CXCL1, CXCL2, CXCL5.
	Fibrosarcoma
Melanoma
Lung cancer
	Promote angiogenesis
Increase metastatic capability
	(82, 83)
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Figure 2 | Interaction between stromal cells and immune cells in lipid-rich TME. (By Figdraw.) In the stromal TME, the interaction of cancerous, stromal, and immune cells tends to transform TME cells into a pro-tumor characteristic by secreting proliferative cytokines and lipid metabolites. Activation of lipolysis in adipocytes and adipokines secretion serve as energy resources and provide proliferative TME. Remodeling extracellular matrix completed by CAFs prepares cancer cells for metastasis, meanwhile inducing an immunosuppressive TME through secreting EVs and inhibiting CD8+ T cells’ immune response. Immune cells also exhibited enhancement in lipid metabolism, which results in immunosuppressive phenotypes, such as down-regulation of tumor-specific antigen presentation, increased anti-inflammatory signaling molecules, as well as increased M2-polarization of TAMs.



3.2.1 T cells

T cell function and fate are shaped by nutrient availability and the precise regulation of metabolic pathways in immunosuppressive malignancy. CD4+ T cells mainly include T helper cells (Th cells) and immune regulatory T cells (Tregs). CD8+ T cells mainly include cytotoxic T lymphocytes (CTL), they can secrete cytotoxic effector cytokines such as interferon-γ (IFN-γ), TNF-α, IL-2, IL-4, and IL-5. For effector and memory CD8+ T cells, the optimal uptake, trafficking, and catabolism of extracellular FAs are essential. CD8+ T cells that infiltrate ovarian tumors are retained in a dysfunctional state characterized by bioenergetic anomalies, aberrant activation of cellular stress responses, and negligible effector function that cannot be reversed through classical immunotherapeutic approaches (48, 49). In lipid-rich TME, CD8+ T cells take up more free FAs via CD36. The increased intracellular lipid content results in heightened lipid peroxidation and drives dysfunction in effector CD8+ T cells, leading to their exhaustion (50, 51). Lipid metabolism alteration impairs cytotoxic effects of T cells in most cases, the alteration may also act in contrast under certain situations. Hwang et al. noticed that overexpression of TAGLN2 after applying TAGLN2 mRNA in ER-stressed CD8+ T cells increased their lipid uptake, mitochondrial respiration, and cytotoxic capacity. The contradiction suggested a potential clinical strategy of activating certain targets in ovarian cancer, therefore reshaping biological behaviors of CD8+ T cells in lipid-rich TME, enhancing their anti-tumor capability (52).

Current studies point out the importance of lipid metabolism in adaptive immune response. High levels of cholesterol in TME caused by tumor cells can elevate the expression levels of suppressive immune checkpoints of T cells, thereby making T cells lose the anti-tumor effect. Enhancement of FA metabolism also decreases the anti-tumor capability of CD8+ T cells. High expression of checkpoint targets including CTLA-4 and PD-1 in activated T cells inhibit glucose transporter 1 (GLUT1) and glycolysis, meanwhile increasing the expression of CPT1A and promoting cellular FAO level, accelerating the switch from T effector cells to T memory cells (53). The conversion between cell types reduces the quantity of anti-tumor T effector cells. Ma et al. (54) discovered the expression level of immune checkpoints positively correlated with total cholesterol content in tumor-infiltrating CD8+ T cells, T cells with the highest cholesterol content were the most exhausted population and had the highest apoptosis rate in both colon cancer and myeloma patient samples. They proposed that cholesterol accumulation in tumor-infiltrating CD8+ T cells may be the cause of their exhaustion phenotype and impair their function in TME.

In the TME, T cells and other stromal or immune cells engage in bidirectional communication via cytokine secretion, influencing immune function through the regulation of lipid metabolism. In addition to affecting cellular signaling, adipocytes also influence CD8+ T cell function through secreted metabolites, CAAs-secreted leptin shifts the metabolism of CD8+ T cells from glycolysis to FAO. As a result, immune escape and metastatic ability of cancer cells are promoted. Recruitment of Tregs in TME is also widely noticed as a method for tumor immune escape, Capable of autocrine immunosuppressive cytokines, Tregs secrete tumor growth factor-β (TGF-β), IL-10, and IL-35 to inhibit the proliferation and activation of T cells. The activity of SREBP and downstream FASN was found to be up-regulated in tumor-associated Tregs, which contributed to Tregs functional maturation, further correlated with tumor growth and anti-PD-1 immunotherapy inhibition (55). Moreover, Tregs are capable of promoting the SREBP1-dependent metabolic fitness of M2-type TAMs via repression of CD8+ T cell derived IFN-γ (56). Taken together, dysfunction of lipid metabolism undermines the regular function of stromal cells and differentiated T cells in TME, down-regulating immune response.

In summary, CD36-mediated lipid uptake in tumor-infiltrating CD8+ T cells typically induces ferroptosis and exhaustion through lipid peroxidation, targeted metabolic reprogramming can paradoxically enhance their mitochondrial fitness and cytotoxicity, revealing therapeutic opportunities to reverse T cell dysfunction in lipid-rich ovarian cancer microenvironments.




3.2.2 NK cells

Ovarian cancer progression is associated with compromised immunosurveillance and is partly attributed to damage caused by the abnormal lipid metabolism of natural killer (NK) cells. Alteration of arachidonic acid metabolism impairs the cytokine signaling of NK cells through inhibition of STAT1 phosphorylation, as well as upregulating detoxification enzymes via induction of reactive oxygen species (ROS) (57). Encapsulating docosahexaenoic acid (DHA) and IL-15/IL-15Rα-secreting bioengineered adipocytes reactivate NK/CD8+ T cells in ovarian and colon cancer ascites, thus enhancing NK/CD8+ T cells anti-tumor activities (58).

Though NK cells have been extensively investigated in other cancer types, the influence of NK cells in ovarian cancer TME is poorly understood. Kobayashi et al. (59) applied transcriptional profiling of NK cells from Em-myc lymphoma samples, indicating the up-regulation of CD36, FABP4, FABP5, and PPARγ along with elevated FA level, proving NK cells in a lymphoma environment rewired lipid metabolism pathway at a substantial transcriptional level. This lipid metabolic reprogramming caused a suppressed production of IFN-γ and GZMB in human NK cells, impaired NK cell function. Besides, Tang et al. discovered that mTORC1/SREBP2 conducted abnormal cholesterol metabolism impairs antitumor immunosurveillance by causing NK cell dysfunction in hepatocellular carcinoma that develops from non-alcoholic fatty liver disease, inhibition of the mTORC1/SREBP2 may alleviate NK cell suppression to prevent obesity-promoted hepatocellular carcinoma (60, 61). Lehmann et al. also reported nerve growth factor receptor (NGFR) driving the up-regulation of SCD1, high production of unsaturated FA increased melanoma cell membrane fluidity and blocked the expression of NK cell-activating surface ligands such as CD112. Therefore, melanoma cells were able to escape from NK cell surveillance (62). Though lipid metabolic reprogramming mostly leads to NK cell suppressive TME, alteration in adipocytes may reverse the situation and bring novel clinical strategies. Zhang et al. applied IL-15-P2A-IL-15Rα-T2A-mCherry cDNA sequence stable transfected 3T3-F442A preadipocyte cells and encapsulated them with DHA. The bioengineered adipocytes lead specific expansion and activation of NK/CD8+ T cells response to the IL-15/IL-15Rα complex in malignant ascites, therefore reversing immunosuppressive phenotype of ascitic immune cells and enabling them to recognize and attack cancer cells (58).

These findings demonstrate that lipid metabolism critically regulates NK cell function in the TME, with dysregulated lipid processing, including excessive FAO, cholesterol accumulation, and impaired arachidonic acid metabolism. NK cell cytotoxicity is suppressed through inhibition of IFN-γ production, granzyme B secretion, and STAT1 signaling. Therapeutic strategies targeting these metabolic pathways could potentially restore NK cell function and enhance antitumor immunity. Bioengineered stromal cells also show significant therapeutic promise by restoring anti-tumor immunosurveillance through enhanced crosstalk with NK cells.




3.2.3 Dendritic cells

DCs include classical DCs 1 (cDC1s), classical DCs 2 (cDC2s), plasmacytoid DCs (pDCs) and monocyte-derived DCs (moDCs). DCs have a strong antigen-presenting function that promotes adaptive immune responses and is important for mediating innate tumor immunosurveillance. Current immunotherapies include tumor vaccines, improving T lymphocyte function, application of immune checkpoint blockers, and adoptive cell therapy, all of which are initiated by the presentation of tumor-specialized antigens by antigen-presenting cells (APCs), especially DCs.

The abnormal accumulation of lipids in DCs is one of the major causes of DC dysfunction, this is mainly realized by up-regulating the expression levels of scavenger receptor A (SRA), lipoprotein lipase (LPL), and FABP4. Excessive lipid uptake is commonly seen as a sign of ER stress and oxidation damage because increased ROS mediates lipid peroxidation (63). The mechanism of lipid peroxidation in tumor-associated DCs to the ER stress response is mediated by the inositol-requiring protein 1 (IRE-1) and its downstream target X-box binding protein 1 (XBP1). This process of lipid accumulation in DCs is associated with reduced antigen processing ability, which is mainly caused by defective transportation of peptide-MHC (pMHC) class I complexes to the cell surface. This phenomenon further leads to the immune escape of tumors. Research conducted by Zhao et al. (64) revealed that melanoma-infiltrating DCs drove FAO over-activation via upregulating the expression of FA transporter proteins, thus inhibiting the activation of T cells and establishing immune-privileged sites. It was also demonstrated that high expression of FASN in ovarian cancer caused defective antigen presentation function of DCs, and consequently lower stimulatory effect for T cell proliferation. Therefore, lipid accumulation causes failure of DCs to induce an anti-tumor T-cell response, causing failure in immunotherapy.

Thus, lipid accumulation in DCs driven by elevated SRA, LPL, and FABP4 promotes ER stress through IRE1-XBP1 signaling and oxidative damage via ROS. These metabolic changes disrupt antigen processing by impairing pMHC-I transport, while excessive FAO and FASN overexpression further inhibit T cell activation. While these mechanisms are linked to immune evasion in melanoma and other cancers, their role in ovarian cancer remains poorly explored, highlighting the need for studies on metabolic interventions to improve DC function in this context.




3.2.4 Macrophages

TAMs are usually divided into two types according to their polarization status: the M1-type TAMs and the M2-type TAMs. M1-type TAMs are induced by lipopolysaccharides (LPS) and IFN-γ, which possess pro-inflammatory and anti-tumorigenic phenotypes. The M2-type TAMs are induced by IL-4 and IL-10, which display both anti-inflammatory and pro-tumor functions.

Recent studies indicate TAMs in lipid-enriched TME accelerate ovarian cancer progression through lipid metabolic reprogramming. Adequate PUFAs and their derived metabolites in the TME of ovarian cancer mediate the crosstalk between ovarian cancer cells and TAMs, participating in the regulation of the signaling pathways of TAMs, affecting protumoral M2-type TAM polarization and functional characteristics, creating an immunosuppressive TME and eventually accelerating ovarian cancer progression and peritoneal metastases. TAMs promote membrane-cholesterol efflux and depletion of lipid rafts of ovarian cancer cells. Genetic deletion of ABC transporters, which conduct cholesterol efflux, prohibits the tumor-promoting functions of TAMs and reduces tumor progression. MCP-1 is the essential factor for TAM recruitment, the positive correlation between MCP-1 levels, TAMs, and tumor progression proposes that peritoneal metastasis of ovarian cancer is conducted by omental adipocytes which secrete MCP-1 and modulate the biological behavior of TAMs and ovarian cancer cells through MCP-1/CCR-2 axis. Apart from inducing M2-type TAM polarization, lipid metabolic alteration may directly influence TAMs dysfunction and ovarian cancer progression. Luo et al. revealed that PLIN2, a specific LD surface target, directly promoted lipid accumulation in ascites-associated macrophages, which further elevated the expression levels of SPP1 and CXCL8, and facilitated ovarian cancer progression and metastasis (65). Hence, TAM lipid metabolism and its influence on cancer progression and metastasis may offer new aspects for developing anti-tumor treatments targeting TAMs.

Increasing evidence indicates that lipid metabolism reprogramming, encompassing FA uptake and utilization, and cholesterol efflux, controls M2-type TAM polarization and further impacts the tumorigenesis of various cancers. FA uptake in TAMs is mainly conducted by the over-expression of CD36 and FABPs, TAMs uptake the tumor cell-derived FAs via CD36, especially monounsaturated long-chain FAs. PPAR-γ is a ligand-activated nuclear receptor, which can bind to the response element presented in the proximal region of the CD36 promoter to regulate the expression of CD36 and further promote the process of lipid uptake, meanwhile increasing lipid accumulation via FABP4/PPAR pathway, thus forming a positive feedback and promote M2-type TAM polarization, resulting in highly immunosuppressive TME (66).

Tumor cells mediate membrane cholesterol efflux in TAMs via secreting hyaluronic acid, causing lipid raft depletion and promoting STAT6 and PI3K-mTORC2-Akt signaling pathways activation, which enhanced IL-4 signaling and inhibited gene expression induced by IFN-γ, eventually induced TAMs toward the M2 phenotype.

The specific deletion of CPT2, which is located on the inner mitochondrial membrane that functions in FAO, was found to cause the impeding M2-type TAM polarization in mice models (67). The pro-tumor function of M2-type TAMs is extensively investigated, they promote tumor growth, metastasis, and tumor angiogenesis, meanwhile, it is been widely reported that M2-type TAMs promote therapy resistance, and removal of TAMs improves the efficacy of docetaxel in castration-resistant prostate cancer (68).

Therefore, in ovarian cancer’s lipid-rich microenvironment, M2 polarization is driven by PUFA metabolites, CD36/FABP4-mediated FA uptake, PPARγ activation, and cholesterol efflux via ABC transporters. These findings highlight lipid metabolism as a central regulator of TAM function in ovarian cancer, offering promising therapeutic targets to disrupt the pro-tumorigenic TME.




3.2.5 Myeloid-derived suppressor cells

MDSCs are heterogeneous populations of immature myeloid cells which involved in tumor proliferation, metastasis, and immune tolerance. Typically, MDSCs impair anti-tumor immune responses by blocking the proliferation and antitumor activities of effector CD8+ T cells, multiple pathways involved in this process, including elevated expression of arginase 1 (Arg1), secreting immunosuppressive cytokines such as IL-10, inducible nitric oxide synthase (iNOS) and ROS production. MDSCs also support the de novo development of Treg cells through TGF-β-dependent and TGF-β-independent pathways (69). Further forming an immunosuppressive TME.

Lipid metabolism alteration plays a vital role in MDSCs functioning. Dong et al. indicated that tumoral NAC1 directly enhanced the transcription of CXCL16 by binding to CXCR6, hence promoting MDSCs recruitment to the tumor. Inhibition of NAC1 reduced the recruitment and immunosuppressive function of MDSCs in the TME, led to significant increases of cytotoxic tumor infiltrating CD8+ T cells, potentiated anti-PD-1 therapy, and suppressed tumor progression in ovarian cancer (70). Bioactive lipid prostaglandin E2 (PGE2), a derivative of arachidonic acid, can be produced by MDSCs and increases stem cell-like properties, as well as PD-L1 expression in epithelial ovarian cancer (71).PEG2 also regulates PD-L1 expression in MDSCs via COX2/mPGES1/PGE2 pathway, which reprograms PGE2 metabolic pathways in TME and provides an opportunity to reduce tumor immune suppression (72). Recent studies also conclude that tumor-associated MDSCs up-regulate FAO as a primary energy source, this is supported by higher mitochondrial mass, increased FA uptake via CD36 and FA transport protein 4 (FATP4), and over-expression of lipid metabolism key enzymes such as CPT1 and acyl-CoA dehydrogenase (73). Lipid accumulation in MDSCs enhances their immunosuppressive effect, primarily due to oxidized lipids produced by ROS and MPO. Polyunsaturated FAs, being highly prone to oxidation, facilitate MDSC-mediated suppression of effector CD8+ T cells in the TME. Xin et al. (74) identified the role of proto-oncogene PIM-1 in PPAR-mediated lipid metabolism in myeloid cells. They reported a strong relationship between PIM-1 expression, increased FAO, immune checkpoint blockade treatment resistance, and PD-L1 blockade, inhibiting PIM-1 showed reduced MDSCs population and improved the cytotoxic killing effects of CD8+ T cells. Thus, these studies indicate that excessive lipid uptake and oxidation lead to resistance against PD-1/PD-L1 pathway treatments (75). Pharmacologic inhibition targeting MDSCs lipid metabolic key enzymes may alleviate tumor development and improve the anti-tumor effects of clinical immunotherapy. These findings establish lipid metabolism as a promising therapeutic target to counteract MDSC mediated immunosuppression and enhance immunotherapy responses in ovarian cancer.






4 Conclusion

Lipid metabolic reprogramming in ovarian cancer cells is characterized by enhanced FAs and cholesterol uptake, FA synthesis, FAO, and lipid storage, provides energy supply, prepares raw materials for cellular membrane construction, and signaling factors formation, these biological processes have notable meaning in the occurrence of cancer development, aggressive behaviors, and chemoresistance. In lipid-rich TME, function alteration mainly involves stromal and immune cells including CAFs, Tregs, CD8+ T cells, and TAMs, the crosstalk between these cells forms premetastatic niche and immunosuppressive TME, leading to metastasis and tumor immune escape, eventually promoting proliferative phenotype of ovarian cancer. Thus, this review provides novel aspects of targeting proliferative features via inhibiting lipid metabolism reprogramming in ovarian cancer and decreasing the lipid accumulation in stromal TME, thereby restoring the sensitivity of both chemotherapy and immunotherapy.

As described previously, since peritoneum is a lipid-rich environment, it is easy to explain why peritoneal metastasis happens and further causes ovarian cancer development and poorer prognosis. Novel technologies including metabolomics, proteomics, single-cell RNA sequencing, and spatial transcriptomics can be utilized to detect the accurate metabolic alteration taking place in the stromal TME cells, revealing the detailed mechanisms and impacts of intercellular communication. Lipid metabolism reprogramming in ovarian cancer manifested as multi-level systemic dysfunction. In detail, it involves changes in key enzyme activities, abnormal up-stream and down-stream modulation in metabolic pathways, and overall disorder of lipid-carbohydrate-amino acid metabolic network. Existing drugs targeting lipid metabolism exhibited limited clinical efficacy is fundamentally due to two reasons. Traditional small molecule single target inhibitors are prone to off target effects, meanwhile compensatory regulation of the metabolic network leads to failure of monotherapy. The present situation urges for the development of synergistic, multi-target therapy. Notably, the metabolic dysfunction exists not only in tumor cells, but widely in stromal cells and immune cells in the TME. Based on the understanding, two emerging strategies, namely bioengineered matrix/immune cell therapy and nanocarrier targeted delivery system, have opened up new attempts for metabolic intervention therapy of ovarian cancer.

Our review may be able to provide novel insights into inhibiting metastasis in ovarian cancer and promoting therapeutic efficacy. Taken together, the investigation targeting stromal TME holds promise in improving outcomes for patients with late-stage or developed drug resistance, and provides patients with the hope for a cure.
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Purpose

Liver metastases in thyroid cancer are rare but fatal, with poorly defined risk profiles and survival outcomes. This study aimed to characterize epidemiology, risk factors and outcomes of this disease using a population-based approach, further explore the potential impact of the immunotherapy era on the prognosis of these patients.





Methods

Data on 116,801 thyroid cancer cases from SEER program (2010-2021) were analyzed. The clinicopathological features of patients with and without liver metastases were compared. Logistic regression analyses were employed to identify the predictors for liver metastases, while survival determinants were determined using Cox regression models. The predictive nomogram was developed for liver metastasis risk assessment, validated using concordance index, calibration curves, receiver operating characteristic (ROC) curves, and decision curve analysis (DCA). In addition, we further compared the prognostic outcomes of these patients in the immunotherapy era.





Results

The prevalence of liver metastasis in thyroid cancer was 0.22% (95%CI 0.20%-0.25%), predominantly in medullary thyroid carcinoma (MTC) and anaplastic thyroid carcinoma (ATC). MTC exhibited the highest risk of metastasis (OR=35.7, 95%CI 24.1–52.8). The nomogram for liver metastasis risk (C-index=0.98) demonstrated robust discriminatory ability and clinical utility. The median overall survival (OS) was 6.0 months (95%CI 4.0–8.0), with survival rates of 38.1% at 1 year, 28.3% at 3 years, and 16.5% at 5 years. Patients with ATC and rare histology types experienced significantly shorter survival. No statistically significant difference in mOS and median cancer-specific survival (mCSS) of these patients between the pre- and post-immunotherapy eras were observed (P>0.05 for both).





Conclusion

This study establishes the first population-based predictive framework for liver metastases in thyroid cancer, underscoring risk stratification and survival. These findings also highlight the critical need to optimize survival outcomes for this aggressive metastatic phenotype in immunotherapy era.
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Introduction

Thyroid cancer (TC) has emerged as the fastest-growing malignancy of the endocrine system, with a widespread and persistent increase in TC incidence (1). According to the incidence and mortality estimates from GLOBOCAN 2022, it is projected that approximately 1,100,000 new TC cases and 91,000 TC-related deaths will occur in 2050, respectively (2). The incidence of thyroid cancer varies substantially by geographic location, particularly among the female population and in higher-income countries. Among the major pathological types of TC, approximately 90% are papillary thyroid carcinoma (PTC), 4% are follicular thyroid carcinoma (FTC), 2% are medullary thyroid carcinoma (MTC), and 1% are anaplastic thyroid carcinoma (ATC) (3). While the differentiated subtypes (PTC and FTC) typically exhibit indolent behavior, the prognosis significantly worsens when distant metastases occur, particularly in patients with ATC and MTC patients (4, 5). Although the incidence of distant metastases at the initial diagnosis of TC is only 4%, the prevalence of distant metastases may increase to 33% in high-risk patients during the course of treatment and follow-up (6). The presence of distant metastases is the most significant prognostic factor associated with poor outcomes (7, 8).

Current epidemiological investigations have identified lung and bone as the predominant metastatic sites for TC (9, 10). Liver metastases from TC are rare, with a reported frequency of approximately 0.5%, and population-based incidence estimates vary across single-center reports (6, 11, 12). Liver metastases tend to occur during the terminal phase of TC and represent a serious clinical event. Shah DH et al. reported that survival after diagnosis of liver metastases among 11 patients with well-differentiated thyroid carcinoma ranges from 1 to 60 months (11). Brient C et al. found that the median survival after the diagnosis of liver metastases in a series of 14 patients with differentiated thyroid cancer was 17.4 months (6). However, the accurate prognosis for these patients has not been clearly defined due to the rarity of this condition. Therefore, the clinicopathological characteristics and treatment of thyroid cancer patients with liver metastases warrant urgent investigation, as the current understanding of this disease is primarily based on small sample studies or case reports. The Surveillance, Epidemiology, and End Results (SEER) program is one of the most comprehensive and authoritative population-based cancer registries globally (13, 14). Its longitudinal design, initiated in 1973, and standardized reporting protocols ensure robust collection of rare oncologic events with minimal selection bias. In the present study, we aimed to explore the incidence, risk factors, and prognosis of TC patient with liver metastases by utilizing the data from these patients recruited in the SEER database between 2010 and 2021.

Immunotherapy has emerged as a cornerstone in the management of advanced solid tumors (15). However, patients with liver metastases often exhibit suboptimal responses to immune checkpoint inhibitors, likely due to the liver’s unique immunosuppressive microenvironment (16). Notably, a landmark study conducted in 2019 was the first to evaluate the PD-1 inhibitor (pembrolizumab) in refractory thyroid cancer, demonstrating both anti-tumor efficacy and manageable toxicity (17). Nevertheless, the clinical utility of immunotherapy in thyroid cancer patients with liver metastases remains entirely unexplored. To address this critical knowledge gap, we conducted an indirect temporal comparison of survival outcomes by stratifying patients based on diagnosis timelines relative to the immunotherapy era (pre-2019 vs. post-2019), allowing us to preliminarily assess the real-world impacts of evolving therapeutic paradigms.





Materials and methods




Data sources

The SEER database, maintained by the National Cancer Institute (NCI), encompasses approximately 48% of the U.S. population across geographically diverse regions. SEER prospectively collects data on cancer incidence, clinicopathological characteristics, treatment modalities, and survival outcomes. The database (Incidence - SEER Research Plus Data, 17 registries, Nov 2023 Sub, 2000–2021) was queried to identify thyroid cancer patients with liver metastases diagnosed between 2010 and 2021. This retrospective analysis of de-identified, publicly available data from the SEER database qualifies for exemption from institutional ethics review.





Patients enrollment

The patients were identified based on the tumor locations (Site recode ICD-O-3/World Health Organization [WHO] 2008: Thyroid) and the status of liver metastases, as explicitly defined by the “Extent of Disease. SEER Combined Mets at DX-liver (2010+)”. To ensure analytical precision, the inclusion was restricted as follows: 1) thyroid cancer as the only one primary tumor; 2) known status of liver metastases (Yes or No); 3) sufficient information on survival time and follow-up for conducting survival analysis.





Variables collection

For each patient, the following variables were identified: 1) Demographic characteristics, including age, sex, race, and marital status; 2) Year of diagnosis, based on 2019 clinical trial that firstly reported the exploratory use of PD-1 inhibitor in advanced thyroid cancer (17), we operationally defined patients diagnosed with thyroid cancer liver metastases after 2019 as the immunotherapy era cohort. 3) Clinicopathological features, including pathological type, AJCC-T/N/M staging at initial diagnosis, and the presence or absence of lung, bone, or brain metastases; 4) Therapeutic details, encompassing surgery, radiotherapy, and chemotherapy; and 5) Survival data, including survival time and survival status. The primary focus of the epidemiological investigation was the incidence of liver metastases, while the endpoints of the survival analysis included overall survival (OS) and cancer-specific survival (CSS). OS was defined as the interval from the initial diagnosis to death from any cause or the last follow-up, while CSS was defined as the interval from the initial diagnosis to death specifically caused by thyroid cancer or the last follow-up.





Statistical analysis

Demographic, clinicopathological, and treatment variables were defined as categorical variables. Age was stratified into clinically meaningful categories: less than 55 years, 55 to 65 years, and greater than 65 years. Histological subtypes were classified as PTC, FTC, MTC, ATC, or other to account for rare variants. Chi-squared (χ²) tests were used to analyze the differences in categorical variables between thyroid cancer patients with and without liver metastases. To identify risk factors for liver metastasis, a two-step analytical approach was employed. Initially, univariable logistic regression analyses were performed, followed by the incorporation of significant risk factors into a multivariate logistic regression analysis to identify independent risk factors, along with their odds ratio (ORs) and 95% confidence interval (CI). Subsequently, the independent risk factors were included in the development of a risk predictive nomogram. The established nomogram was evaluated using Harrell’s C-index and the time-varying area under the curve (AUC) to confirm their predictive performance and discrimination accuracy (18, 19). To assess the predictive accuracy of the nomogram, calibration curves were generated to evaluate the agreement between predicted probabilities and observed outcomes (20). Additionally, decision curve analysis (DCA) was conducted to quantify the clinical applicability of the nomogram model by calculating the net benefit across a range of threshold probabilities (21).

For survival analysis, the Kaplan-Meier curve was utilized to assess the OS and CSS of thyroid cancer patients with liver metastases. The log-rank test was employed to evaluate differences in OS and CSS stratified by various factors. The univariate Cox analysis was used to identify the prognostic factors associated with OS and CSS. Nubmer needed to treat (NNT) was used as a clinically statistic to compare the post-immuno era effectiveness among thyroid cancer patients with liver metastases. NNT represented the number of patients needed to treat with a new method, instead of the standard method, for one patient to benefit. NNT for survival benefit (OS and CSS) for at least 12 months after diagnosis were calculated. Statistical analyses were performed using R software (version 4.3.1; R Foundation for Statistical Computing, Vienna, Austria). A two-sided significance threshold of P < 0.05 was applied to all tests, with results considered statistically significant if they fell below this threshold.






Results




Prevalence of liver metastases in thyroid cancer patients

A total of 116,801 thyroid cancer patients were identified in the SEER database from 2010 to 2020. Among these patients, 261 cases presented with liver metastases at initial diagnosis. The prevalence of liver metastases in thyroid cancer is 0.22% (95%CI 0.20%-0.25%).





Clinicopathological characteristics of thyroid cancer patients with liver metastases

Patients with liver metastases exhibited distinct clinicopathological profiles compared with those without liver metastases. As shown in Table 1, patients with liver metastases were significantly older, with 54.1% (141/261) aged ≥65 years, compared to 16.3% (19,034/116,540) in the non-liver metastases group (p<0.01). A male predominance was also observed, with 49.4% (129/261) versus 23.6% (27,463/116,540) in the non-liver metastases group (p<0.001). Histologically, non-PTC pathological types dominated these cases, particularly MTC (31.8% [83/261]) and ATC (19.5% [51/261]), which were 21-fold and 24-fold more frequent, respectively, than in those without liver metastases, respectively (both p<0.001). These patients presented with aggressive tumor phenotypes characterized by advanced AJCC-T stage (T3-4: 62.8% vs 22.4%) and a higher likelihood of lymph nodal involvement (N1: 63.6% vs 25.7%, p<0.001). Notably, 58.2% of liver metastasis cases exhibited concurrent lung metastases, 49.0% had bone metastases, and 6.9% demonstrated brain metastases, all of which were significantly higher than non-metastatic patients (all p<0.001). Regarding treatment regimens, patients with liver metastases were less likely to receive surgery (38.7% vs 96.2%) and radioisotope therapy (7.7% vs 37.6%), while they were more likely to receive chemotherapy (38.3% vs 1.0%) and external radiotherapy (29.5% vs 2.4%) (all p<0.001).


Table 1 | The demographic and clinicopathological characteristics of thyroid cancer patients with and without liver metastases.
	Characteristics
	TC patients (N=116,801)
	TC patients without Liver metastases (N=116,540)
	TC patients with Liver metastases (N=261)
	Prevalence of Liver metastases (% with 95%CI)



	Age


	<55y
	75,440 (64.6%)
	75,378 (64.7%)
	62 (23.7%)
	0.08, 0.06-0.10


	55-65y
	22,186 (19.0%)
	22,128 (19.0%)
	58 (22.2%)
	0.26, 0.20-0.34


	>65y
	19,175 (16.4%)
	19,034 (16.3%)
	141 (54.1%)
	0.74, 0.63-0.87


	Gender


	Female
	89,209 (76.4%)
	89,077 (76.4%)
	132 (50.6%)
	0.15, 0.13-0.18


	Male
	27,592 (23.6%)
	27,463 (23.6%)
	129 (49.4%)
	0.47, 0.4.-0.56


	Race


	White
	91,699 (78.5%)
	91,506 (78.5%)
	193 (73.9%)
	0.21, 0.18-0.24


	Black
	7,763 (6.6%)
	7,734 (6.7%)
	29 (11.1%)
	0.37, 0.26-0.53


	Other
	15,110 (12.9%)
	15,072 (12.9%)
	38 (14.6%)
	0.25, 0.18-0.34


	Unknown
	2,229 (19.1%)
	2,228 (1.9%)
	1 (0.4%)
	0.04, 0.01-0.25


	Marital status


	Married
	68,067 (58.3%)
	67,929 (58.3%)
	138 (52.9%)
	0.20, 0.17-0.24


	Single
	28,122 (24.1%)
	28,068 (24.1%)
	54 (20.7%)
	0.19, 0.15-0.25


	Unknown
	6,935 (5.9%)
	6,924 (5.9%)
	11 (4.2%)
	0.16, 0.09-0.29


	Other
	13,677 (11.7%)
	13,619 (11.7%)
	58 (22.2%)
	0.42, 0.32-0.54


	Pathological type


	PTC
	104,730 (89.7%)
	104, 673 (89.8%)
	57 (21.8%)
	0.05, 0.04-0.07


	FTC
	7,668 (6.6%)
	7,645 (6.6%)
	23 (8.8%)
	0.30, 0.20-0.45


	MTC
	1,787 (1.5%)
	1,704 (1.5%)
	83 (31.8%)
	4.64, 3.76-5.72


	ATC
	1,027 (0.9%)
	976 (0.8%)
	51 (19.5%)
	4.97, 3.80-6.48


	Other
	1,589 (1.4%)
	1,542 (1.3%)
	47 (18.0%)
	2.96, 2.23-3.91


	AJCC-T


	T1
	65,785 (56.3%)
	65,768 (56.4%)
	17 (6.5%)
	0.03, 0.02-0.05


	T2
	20,951 (17.9%)
	20,932 (18.0%)
	19 (7.3%)
	0.09, 0.06-0.14


	T3
	21,724 (18.6%)
	21,673 (18.6%)
	51 (19.5%)
	0.23, 0.17-0.30


	T4
	4,519 (3.9%)
	4,406 (3.8%)
	113 (43.3%)
	2.50, 2.08-3.00


	TX
	3,822 (3.3%)
	3,761 (3.2%)
	61 (23.4%)
	1.60, 1.25-2.05


	AJCC-N


	N0
	80,358 (68.8%)
	80,301 (68.9%)
	57 (21.8%)
	0.07, 0.05-0.09


	N1
	30,090 (25.8%)
	29,924 (25.7%)
	166 (63.6%)
	0.55, 0.47-0.64


	NX
	6,353 (5.4%)
	6,315 (5.4%)
	38 (14.6%)
	0.60, 0.44-0.82


	AJCC-M


	M0
	113,448 (97.1%)
	113,448 (97.3%)
	0 (0.0%)
	0.00


	M1
	2,660 (2.3%)
	2,399 (2.1%)
	261 (100%)
	9.81, 8.74-11.0


	MX
	693 (0.6%)
	693 (0.6%)
	0 (0.0%)
	0.00


	Lung metastases


	Yes
	1,688 (1.4%)
	1,536 (1.3%)
	152 (58.2%)
	9.00, 7.73-10.5


	No
	115,047 (98.5%)
	114, 945 (98.6%)
	102 (39.1%)
	0.09, 0.07-0.11


	Unknown
	66 (0.1%)
	59 (0.1%)
	7 (2.7%)
	10.6, 5.24-20.3


	Bone metastases


	Yes
	905 (0.7%)
	777 (0.6%)
	128 (49.0%)
	14.1, 12.0-16.6


	No
	115,861 (99.2%)
	115,736 (99.3%)
	125 (47.9%)
	0.11, 0.09-0.13


	Unknown
	35 (0.0%)
	27 (0.0%)
	8 (3.1%)
	22.9, 12.1-39.0


	Brain metastases


	Yes
	151 (0.1%)
	133 (0.1%)
	18 (6.9%)
	11.9, 7.67-18.1


	No
	116,622 (99.8%)
	116,390 (99.8%)
	232 (88.9%)
	0.20, 0.18-0.23


	Unknown
	28 (0.0%)
	17 (0.0%)
	11 (4.2%)
	39.3, 23.6-57.6


	Surgery


	Yes
	112,168 (96.0%)
	112,067 (96.2%)
	101 (38.7%)
	0.09, 0.07-0.11


	No
	4,633 (4.0%)
	4,473 (3.8%)
	160 (61.3%)
	3.45, 2.96-4.02


	Radiation


	Radioisotopes
	43,806 (37.5%)
	43,786 (37.6%)
	20 (7.7%)
	0.05, 0.03-0.08


	Radiotherapy
	2,887 (2.5%)
	2,810 (2.4%)
	77 (29.5%)
	2.67, 2.14-3.32


	None/Unknown
	70,108 (60.0%)
	69,944 (60.0%)
	164 (62.8%)
	0.23, 0.20-0.27


	Chemotherapy


	Yes
	1,215 (1.0%)
	1,115 (1.0%)
	100 (38.3%)
	8.23, 6.81-9.91


	No
	115,586 (99.0%)
	115,425 (99.0%)
	161 (61.7%)
	0.14, 0.12-0.16











Independent risk factor for liver metastases in thyroid cancer patients

To identify the independent risk factors for liver metastases in patients with thyroid cancer, multivariable logistic regression analysis was conducted. The results indicated that age, histology, AJCC-T stage, lymph node metastases, and metastases to the lung, bone, or brain were the independent risk factors (Figure 1). Among these, MTC histology emerged as the strongest predictor for liver metastasis (OR=35.7, 95% CI 24.1-52.8), followed by distant metastases to other organs: lung (OR=7.85), bone (OR=9.22), brain (OR=1.95).

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals (CI) for various factors affecting an outcome. Factors include age, gender, race, marital status, histology, AJCC-T, AJCC-N, and metastases. Each factor is compared against a reference, with OR values and CIs displayed. Significant risk factors include histology types and metastases, with values extending beyond the null hypothesis line at OR 1 on a logarithmic scale.]
Figure 1 | Forest plot of risk factors for developing liver metastases among thyroid cancer (OR with 95%CI axis in logarithmic scale).





Liver metastases predictive nomogram

A risk prediction nomogram model for thyroid cancer patients at risk of developing liver metastases was constructed using the independent predictive factors identified from the above multivariate logistic regression analysis. As shown in Figure 2, the C-index for this risk-predictive nomogram was 0.98, with histopathological subtype being the most significant contributor to the model. The ROC analysis revealed that the area under the curve (AUC) value for this risk-predictive nomogram is 0.98 (95% CI 0.97–0.99), demonstrating excellent discriminatory capacity (Figure 2B). Calibration curves indicated optimal agreement between predicted and observed probabilities (Figure 2B). Decision curve analysis confirmed the clinical utility value of this model in clinical practice (Figure 2B).

[image: (A) A nomogram predicts liver metastases risk based on factors like age, histology, T stage, N stage, and metastases status. (B) An ROC curve shows high accuracy with an AUC of 0.98. (C) A calibration plot compares predicted probabilities with observed outcomes, showing good agreement. (D) A DCA analysis graph evaluates the standardized net benefit across high-risk thresholds.]
Figure 2 | Risk-predictive Nomogram to assess the risk of liver metastases in thyroid cancer patients (A). Receiver operating characteristic (ROC) analysis (B), calibration plot (C), and decision curve analysis (DCA) (D) are used to assess the performance of the established nomogram. To use this nomogram: Locate individual patient value on each variable axis, draw vertical lines to the points scale, sum these points, and align the total with the outcome axis to obtain the predicted probability.

Illustrative examples of risk-predictive nomogram application:

	Example 1: A 70-year-old patient with medullary thyroid carcinoma (MTC), classified as T4N1 stage with lung metastasis. Applying the corresponding point values from the nomogram: age (>65 years): 28.5 points, histology (MTC): 100 points, T-stage (T4): 45.5 points, N-stage (N1): 22 points, lung metastasis (Yes): 57.5 points, bone metastasis (No): 0 points, brain metastasis (No): 0 points. The total score was calculated as 253 points. According to the nomogram’s probability scale, this corresponds to an estimated 40% probability of developing liver metastasis.

	Example 2: A 50-year-old patient with medullary thyroid carcinoma (MTC), classified as T3N1 stage with lung and bone metastases. Applying the corresponding point values: age (<55 years): 0 points, histology (MTC): 100 points, T-stage (T3): 35.5 points, N-stage (N1): 22 points, lung metastasis (Yes): 57.5 points, bone metastasis (Yes): 63.5 points, brain metastasis (No): 0 points. The total score was 278.5 points. According to the nomogram’s probability scale, this corresponds to an estimated 63% probability of developing liver metastasis.







Survival analysis

The survival outcomes for thyroid cancer with liver metastases were significantly poor (Figure 3A). The cohort exhibited a median overall survival (mOS) of 6.0 months (95%CI 4.0 - 8.0), with survival rates of 38.1% at 1 year, 28.3% at 3 years, and 16.5% at 5 years. The CSS analysis revealed similar trends, with a median CSS (mCSS) of 6.0 months (95%CI 4.0-10.0) and corresponding 1-, 3-, and 5-year CSS rates of 40.5%, 28.9%, and 20.9%, respectively. Survival analysis stratified by pathological type indicated that patients with ATC and other rare types of thyroid cancer with liver metastases had significantly shorter mOS and mCSS than MTC, PTC and FTC (P<0.01 for all, Figure 3B).

[image: Graphs show overall (OS) and cancer-specific survival (CSS) in a cohort over five years. The top two charts indicate OS and CSS for the entire group, with decreasing rates over time. The lower two graphs stratify data by histology types (PTC, ATC, FTC, MTC, Other), displaying varied survival probabilities over five years. Both sections include number at risk tables below the graphs.]
Figure 3 | Survival analysis of all thyroid cancer patients with liver metastases (A); stratified by histology type (B).





Prognostic factors for thyroid cancer patients with liver metastases

The univariable Cox regression analysis identified 10 candidate variables potentially associated with OS and CSS. The results demonstrated strong associations between histopathological aggressiveness and deterioration in survival, with ATC emerging as the most significant predictor of poor OS (HR=2.72, 95%CI 1.75-4.22). Notably, the presence of lung metastases was associated with a 111% increased risk of mortality (HR=2.11, 95%CI 1.55-2.85). Conversely, anti-tumor therapy interventions exhibited protective effects: surgical resection reduced the risk of death by 68% (HR=0.32, 95%CI 0.23-0.44), radioisotope therapy by 73% (HR=0.27, 95%CI 0.14-0.52), and chemotherapy by 29% (HR=0.71, 95%CI 0.53-0.94) (Table 2). Similar observations were noted in the CSS analysis, where ATC histology continued to exert a significant adverse impact in the presence of lung metastases, while anti-tumor therapy maintained its protective associations (Table 3).


Table 2 | Univariate Cox regression analysis for OS among thyroid cancer patients with liver metastases.
	Characteristics
	Univariate Cox analysis


	HR with 95%CI
	P value



	Age (vs. <55y)


	55-65y
	1.26 (0.81-1.96)
	0.30


	>65y
	1.92 (1.33-2.76)
	<0.01


	Gender (vs. Female)


	Male
	0.89 (0.67-1.17)
	0.41


	Race (vs. White)


	Black
	0.95 (0.61-1.47)
	0.80


	Other
	0.82 (0.54-1.25)
	0.36


	Unknown
	1.70 (0.24-12.2)
	0.60


	Marital status (vs. Married)


	Single
	1.02 (0.71-1.48)
	0.90


	Other
	1.64 (1.17-2.30)
	<0.01


	Unknown
	0.92 (0.46-1.83)
	0.81


	Pathological type (vs. PTC)


	FTC
	0.71 (0.40-1.29)
	0.26


	MTC
	0.78 (0.52-1.16)
	0.22


	ATC
	2.72 (1.75-4.22)
	<0.01


	Other
	2.69 (1.75-4.12)
	<0.01


	AJCC-T (vs. T1)


	T2
	1.15 (0.51-2.60)
	0.74


	T3
	0.99 (0.50-1.96)
	0.97


	T4
	2.02 (1.08-3.79)
	0.03


	TX
	1.98 (1.03-3.79)
	0.04


	AJCC-N (vs. N0)


	N1
	0.91 (0.65-1.28)
	0.61


	NX
	1.46 (0.94-2.26)
	0.09


	Lung metastases (vs. No)


	Yes
	2.11 (1.55-2.85)
	<0.01


	Unknown
	1.96 (0.85-4.56)
	0.11


	Bone metastases (vs. No)


	Yes
	1.36 (1.01-1.81)
	0.04


	Unknown
	2.04 (0.94-4.44)
	0.07


	Brain metastases (vs. No)


	Yes
	1.82 (1.06-3.10)
	0.03


	Unknown
	2.48 (1.30-4.74)
	<0.01


	Surgery (vs. No)


	Yes
	0.32 (0.23-0.44)
	<0.01


	Radiation (vs. No/unknown)


	Radioisotopes
	0.27 (0.14-0.52)
	<0.01


	Radiotherapy
	0.95 (0.70-1.29)
	0.76


	Chemotherapy (vs. No)


	Yes
	0.71 (0.53-0.94)
	0.02








Table 3 | Univariate Cox regression analysis for CSS among thyroid cancer patients with liver metastases.
	Characteristics
	Univariate Cox analysis


	HR with 95%CI
	P value



	Age (vs. <55y)


	55-65
	1.27 (0.79-2.04)
	0.32


	>65
	1.94 (1.32-2.87)
	<0.01


	Gender (vs. Female)


	Male
	0.88 (0.66-1.16)
	0.37


	Race (vs. White)


	Black
	0.85 (0.53-1.37)
	0.51


	Other
	0.81 (0.52-1.26)
	0.35


	Unknown
	1.73 (0.24-12.44)
	0.58


	Marital status (vs. Married)


	Single
	1.05 (0.71-1.55)
	0.80


	Other
	1.72 (1.20-2.45)
	0.00


	Unknown
	0.93 (0.45-1.92)
	0.84


	Pathological type (vs. PTC)


	FTC
	0.71 (0.38-1.31)
	0.27


	MTC
	0.73 (0.48-1.13)
	0.16


	ATC
	2.54 (1.61-4.03)
	<0.01


	Other
	2.50 (1.58-3.93)
	<0.01


	AJCC-T (vs. T1)


	T2
	1.22 (0.52-2.88)
	0.65


	T3
	1.00 (0.49-2.05)
	1.00


	T4
	2.07 (1.07-3.99)
	0.03


	TX
	1.82 (0.91-3.63)
	0.09


	AJCC-N (vs. N0)


	N1
	0.88 (0.62-1.26)
	0.48


	NX
	1.26 (0.78-2.02)
	0.34


	Lung metastases (vs. No)


	Yes
	2.19 (1.59-3.03)
	<0.01


	Unknown
	2.17 (0.93-5.05)
	0.07


	Bone metastases (vs. No)


	Yes
	1.46 (1.07-1.99)
	0.02


	Unknown
	1.90 (0.82-4.39)
	0.13


	Brain metastases (vs. No)


	Yes
	1.93 (1.11-3.36)
	0.02


	Unknown
	2.62 (1.37-5.00)
	<0.01


	Surgery (vs. No)


	Yes
	0.33 (0.24-0.46)
	<0.01


	Radiation (vs. No/unknown)


	Radioisotopes
	0.29 (0.14-0.57)
	<0.01


	Radiotherapy
	0.99 (0.72-1.36)
	0.94


	Chemotherapy (vs. No)


	Yes
	0.71 (0.52-0.97)
	0.03











Prognosis of thyroid cancer patients with liver metastases in the era of immunotherapy

Further, we compared the OS and CSS of thyroid cancer patients with liver metastases before and after 2019. Out of 261 patients, 71 were classified as being in the immunotherapy era. Although survival analysis revealed no statistically significant differences in OS or CSS between the pre- and post-immunotherapy era cohorts (P>0.05 for both, Figure 4), the Kaplan-Meier curves indicated a distinct trend favoring the immunotherapy era subgroup, particularly beyond 12 months (12-months OS rate: 45.0% vs. 36.3%; 12-months CSS rate: 46.9% vs 38.7%). NNT for 12-months OS benefit from post-immunotherapy era is 11 patients, while NNT for 12-months CSS is 12 patients. This suggests potential clinical benefits in a subset of patients.

[image: Two Kaplan-Meier survival curves compare post-immunotherapy (blue) and pre-immunotherapy (red) cohorts. Chart A shows overall survival probability with a log-rank test p-value of 0.91. Chart B shows cancer-specific survival probability with a log-rank test p-value of 0.99. Both charts plot time in months, with two groups showing similar survival probabilities.]
Figure 4 | Survival analysis of thyroid cancer patients with liver metastases in the immunotherapy era and pre-immunotherapy era (A: OS, B: CSS).






Discussion

This study firstly provides critical insights into the epidemiology, risk factors, clinicopathological features, and clinical outcomes of thyroid cancer patients with liver metastases, leveraging the strengths of a large population-based cohort. The observed prevalence of 0.22% for liver metastases at initial diagnosis underscores the importance of population-based studies in comprehensively understanding this rare metastatic event. Furthermore, this study significantly enhances the knowledge regarding liver metastases among thyroid cancer patients by quantifying risk factors and prognostic indicators, as well as establishing the models for predicting the development of liver metastases. Meanwhile, we conducted the first comprehensive analysis of survival outcomes in thyroid cancer patients with liver metastases during the immunotherapy era, suggesting the potential existence of immunotherapy-responsive subpopulations that warrants further exploration.

Our findings both confirm and challenge existing literature on liver metastases in thyroid cancer. Worldwide, approximately 64.63% of TC cases occur in populations under 55 years old, while nearly 82.99% of TC-related deaths occur in populations aged 55 years and older (2). Elderly patients often have a poor prognosis or aggressive tumor histology (22, 23). In consistent with this, our study also demonstrated that elderly thyroid cancer patients are more likely to develop liver metastases. The biological behavior of MTC is less favorable than that of differentiated thyroid cancer (PTC, FTC), about 10% of patients presenting with distant metastases at initial diagnosis (24, 25). The association between MTC and liver metastasis corroborates previous studies that reported liver involvement in 45% of advanced MTC cases (26). In line with these reported data, our population-level analysis provides stronger evidence for the unique metastatic pattern of MTC, with 4.64% of MTC patients developing liver metastases. Although ATC patients had highest prevalence of liver metastases (4.97%), MTC emerged as the most significant risk factor for developing liver metastases after adjusting for confounding factors. Furthermore, it is understandable that patients with a greater tumor burden or advanced staging often have a higher risk for liver metastases, including advanced T stage/N stage and the presence of lung, bone, or brain metastases.

Our analysis revealed a distinct prognostic paradigm in thyroid cancer patients with liver metastases. Contrary to the behavior typically observed in solid tumors (27–29), nodal involvement (N-stage) was not identified as a prognostic factor in Cox analysis, regardless of OS or CSS. Instead, therapeutic interventions, including surgery, chemotherapy, and radiotherapy, emerged as the primary determinants of survival, consistent with prior investigations (5, 30). This paradigm shift likely reflects the exceptionally aggressive biology of this disease, where advanced stage or tumor burden at diagnosis renders localized tumor characteristics prognostically irrelevant, while treatment response becomes the critical factor associated with survival. The results also confirmed a strong association between histologic subtype and survival outcomes in thyroid cancer patients with liver metastases, aligning with the aggressive biology of ATC. Notably, ATC patients with liver metastases exhibited a significantly worse prognosis compared to those with differentiated subtypes (PTC/FTC). Intriguingly, patients with rare histologic subtypes exhibited survival curve that paralleled those of ATC (1-year OS: 10.3% vs. 13.0%). This suggests that these entities share a comparable level of biological aggressiveness when metastasizing to the liver (31, 32). This finding underscores the urgent need for early therapeutic intervention in these rare subtypes. In contrast, MTC, which is associated with a risk of liver metastases, demonstrated survival outcomes similar to those of PTC and FTC (1-year OS: 54.4% for MTC vs. 68.6% for FTC vs. 46.0% for PTC), despite its high propensity for liver metastasis. This paradox may reflect MTC’s relatively indolent growth kinetics compared to ATC. Collectively, these observations highlight that survival in thyroid cancer with liver metastases is influenced not only by the occurrence of metastasis, but predominantly by the intrinsic malignant potential of the primary histology. Additionally, distinct treatment strategies across thyroid cancer histologic subtypes may contribute to the observed survival differences. For instance, the different prevalence of target gene alterations (e.g., BRAF in PTC, RET in MTC) could directly impact the availability and utilization of corresponding targeted therapies, which would be also a potential underlying factor in these survival differences.

Notably, the steep decline in survival curves highlighted a critical therapeutic window within the first 12 months post-diagnosis, during which over 60% of mortality events occurred. Both OS and CSS curves exhibited a characteristic biphasic pattern—an initial rapid decrease phase followed by prolonged stabilization among a small subset of survivors. The potential heterogeneity in disease aggressiveness across different histologies may contribute to this observation, while treatment approaches represent another significant factor among patients. Consistent with finding related to lung metastases in thyroid cancer (30), surgery, and chemotherapy emerged as important prognostic factors associated with improved survival. Our results suggest that radioiodine therapy is the primary determinant of survival in thyroid cancer patients with liver metastatic. Most of the patients with liver involvement also present with metastases to lymph nodes, bones, and lungs, necessitating systemic therapies. The observed survival benefit from chemotherapy (HR=0.71) in our cohort may reflect advancements in systemic treatment options. In addition to radiation and chemotherapy, surgery-though often underutilized in metastatic cancer patients-could provide the clinical benefits for thyroid cancer patients with liver metastases. Consistent with previous data, the resection of liver metastases in thyroid cancer remains a viable option, even in cases involving large lesions (33). One consideration for this strategy should be based on an analysis of the feasibility of performing a radical and safe resection. In addition to surgery, locoregional radiological treatments may also be the preferred option when feasible (26, 34). The survival advantage associated with multimodal therapy underscores the clinical urgency of early intervention.

Immunotherapy has emerged as a pivotal therapeutic strategy for advanced thyroid cancer (15, 35). However, heterogeneous PD-L1 expression levels across histological subtypes correlate with varying treatment responses. Prior studies have identified tumor-infiltrating immune subsets enriched in PD-1+CD4+ T cells, and PD-1+CD8+ T cells within a subset of thyroid tumors, suggesting potential sensitivity to PD-1/PD-L1 blockade (36). Initial evidence from a phase Ib trial (NCT02628067) demonstrated that pembrolizumab has a manageable safety profile and exhibits antitumor activity in certain patients with advanced differentiated thyroid cancer (17). A recent phase II trial further validated the clinical activity of dual immune checkpoint inhibition (nivolumab + ipilimumab) in aggressive thyroid cancers (37). Despite these advances, the efficacy of immunotherapy in thyroid cancer patients with liver metastases remains unexplored. Challenges in conducting prospective trials for this rare metastatic model prompted our innovative approach: stratifying patients based on diagnosis timelines relative to the immunotherapy era (pre-2019 vs. post-2019) to indirectly assess therapeutic impacts. Kaplan-Meier analysis revealed no significant difference in survival. Nevertheless, landmark analysis at 12 months demonstrated a nearly 10% absolute OS and CSS improvement in the immunotherapy-era cohort, with potential survival benefit observed. These findings suggest a clinically relevant subpopulation may derive durable benefit from ICIs, although validation through prospective biomarker-guided trials is necessary.

Another significant contribution of this study is the development and validation of predictive tools that assess the risk of liver metastasis. The metastasis prediction nomogram incorporates six clinically accessible variables, allowing clinicians to estimate individual probabilities of liver metastasis during the initial evaluation. The high-performance nomogram (C-index=0.982) also fill a critical gap in risk stratification tools for thyroid cancer. Current guidelines do not provide specific recommendations for monitoring hepatic metastasis; however, our models identify high-risk subgroups (e.g., MTC patients with lung metastases) who may benefit from intensified imaging examinations.

Like other population studies based on the SEER database, several limitations warrant consideration (22, 38). First, the SEER database lacks detailed information including performance scores, molecular data (e.g., RET mutations in MTC, BRAF status in PTC) and treatment details (e.g., dosage and scheduling), which may confound the observed associations between histology and outcomes. Second, due to the rarity of liver metastases in thyroid cancer patients, external validation using a real-world cohort could not be conducted. Third, information on distant metastasis has only been documented since 2010 in the SEER database, which may limit the sample size. Another limitation lies in the inability of the SEER database to describe treatment modalities during the immunotherapy era, including the use of immunotherapy, which may bring potential biases in interpreting the findings. The survival differences between these two cohorts (pre- and post- immunotherapy era) should be cautiously explained. However, this study represents the first indirect exploration on the impact of immunotherapy on thyroid cancer liver metastases, offering a novel perspective in this understudied area.

In conclusion, this study establishes liver metastases as a rare yet devastating complication of thyroid cancer, characterized by distinct risk patterns and prognostic implications across histological subtypes. The developed prediction models provide clinically actionable tools for risk assessment, while the observed therapeutic benefits highlight the potential value of early intervention in these patients. These findings also highlight the critical need to optimize survival outcomes for this aggressive metastatic phenotype in immunotherapy era.
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Objectives

Circular RNAs (circRNAs) are a class of non-coding RNAs with diverse pathophysiological functions. However, the functional roles and molecular mechanisms of circRNAs in lung adenocarcinoma (LUAD) remain to be further elucidated.





Methods

The expression levels of Circ_0007552 (Circ_RILPL1), miR-7974, and BRCA1-associated protein 1 (BAP1) mRNA in LUAD tissues and cells were detected by quantitative real-time PCR (qRT-PCR). Cell viability, migration, and invasion capabilities were evaluated using the Cell Counting Kit-8 (CCK-8), colony formation assay, wound healing assay, and Transwell migration and invasion assays. A xenograft tumor model in nude mice was established to assess the in vivo effects of Circ_0007552 on LUAD by measuring tumor size, weight, and growth rate. Bioinformatics analysis and dual-luciferase reporter gene assays were conducted to validate the interactions among Circ_0007552, miR-7974, and BAP1. Western blot was performed to detect the protein expression of BAP1.





Results

Circ_0007552 exhibited low expression in LUAD tissues and cells, correlating with clinicopathological features such as tumor size, lymph node metastasis, clinical stage, and poor prognosis. Both in vitro and in vivo experiments demonstrated that Circ_0007552 overexpression suppressed malignant biological behaviors of LUAD cells, whereas its knockdown exerted opposite effects. Mechanistically, Circ_0007552 functioned as a competing endogenous RNA (ceRNA) for miR-7974, negatively regulating its expression. Overexpression of miR-7974 partially reversed the tumor-suppressive effects of Circ_0007552 on LUAD cells. Furthermore, BAP1 was identified as a downstream target of miR-7974, and Circ_0007552 positively modulated BAP1 expression.





Conclusion

Circ_0007552 inhibits the development, progression, and metastasis of lung cancer by sponging miR-7974 to upregulate BAP1 expression. The present study further elucidates the underlying molecular mechanisms driving lung cancer progression.
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Introduction

Lung cancer is the leading cause of tumor-related deaths globally, responsible for 18.4% of cancer fatalities (1). Lung adenocarcinoma, the most prevalent subtype, constitutes 50% of lung cancer cases, with its incidence rising annually. It is characterized by poor prognosis, low survival rates, and a tendency for distant metastasis, particularly to bone. The 2-year survival rate for patients with bone metastasis from lung adenocarcinoma is under 11.3%, with an average survival of just 9.7 months (2). Bone metastasis causes persistent pain, significantly diminishing quality of life, and heightening the risk of complications like hypercalcemia, pathological fractures, spinal cord compression, and paraplegia (3). Thus, effective strategies to inhibit bone metastasis remain an urgent medical challenge. Currently, there are no reliable methods for early diagnosis or effective prevention and treatment for bone metastasis in lung adenocarcinoma patients. Standard treatments such as chemotherapy, radiotherapy, and immunotherapy do not effectively target bone metastasis, while surgical options are limited. Although drugs like strontium-89, bisphosphonates, and denosumab(AMC-162) show some efficacy, their long-term use can lead to complications, and their therapeutic effects are not sustained (4). Therefore, identifying new molecular markers for lung adenocarcinoma metastasis and developing innovative prognostic assessment methods are critically important for clinical practice.

In recent years, our research group has conducted studies on the roles and mechanisms of ncRNAs in tumor metastasis. We examined the expression and regulatory networks of ncRNAs and miRNAs in metastatic tumors, analyzing their functions and mechanisms (5). Additionally, we investigated the interactions between circRNAs and miRNAs, highlighting circRNAs’ roles in signal transduction pathways and their potential as clinical biomarkers (6). In our previous study (7), A total of 2141 differentially expressed RNAs were screened by whole transcriptome sequencing from lung adenocarcinoma tissue and bone metastasis tissue samples, among which 706 circular RNAs and 43 miRNAs were differentially expressed. Circ_0007552 was significantly down-regulated. To further investigate the potential regulatory mechanism of Circ_0007552 on lung adenocarcinoma metastasis, differential analysis of the ceRNA network and sequencing database comparisons suggest that Circ_0007552 may function as a ceRNA by influencing lung adenocarcinoma metastasis through miR-7974 (7). Using miRanda, we analyzed miR-7974 binding circRNAs and found five differentially expressed circRNA relationships. Among these, Circ_0007552 and Circ_0005039 were negatively regulated by miR-7974, with Circ_0007552 showing low expression in our sequencing data.





Materials and methods




Clinic tissue samples

Tissue specimens for this study were obtained from lung adenocarcinoma patients at the Third Affiliated Hospital of Kunming Medical University, with ethics committee approval. Fresh primary lung adenocarcinoma tissues, paracancerous tissues located over 5 cm from the tumor margin, and bone metastasis tissues were collected from patients admitted between March and May 2019. Each specimen was immersed in 1 ml of RNA later in cryopreservation tubes and transported to a 4°C refrigerator within 30 minutes, then stored overnight at -80°C. We collected 30 pairs of primary lung adenocarcinoma tissues and their corresponding paracancerous tissues from non-metastatic patients, along with 20 samples of bone metastasis tissues. Patient data, including gender, age, ethnicity, smoking history, tumor size, TNM stage, lymph node metastasis status, and survival time, was also recorded. This experiment was carried out under the approval and guidance of the Ethics Committee of Yunnan Cancer Hospital, the third Affiliated Hospital of Kunming Medical University (approval number: KYLX202183).





Cell culture

Normal human bronchial epithelial cells (BEAS-2B) and human LUAD cell lines A549, PC-9, SPCA1, H1299, H838, H1734, and 95-D were sourced from the Yunnan Cancer Institute. BEAS-2B cells were cultured in DMEM (Gibco, Grand Island, NY), while the LUAD cell lines were maintained in RPMI-1640 (Biosharp) with 10% fetal bovine serum (Gibco, Grand Island, NY) at 37°C and 5% CO2 under saturated humidity.





Fluorescence in situ hybridization

The biotin-labeled Circ-0007552 probe was synthesized, and related kits were acquired from GenePharma Corporation (Shanghai, China), with probe sequences listed in Supplementary Table S9. In fluorescence in situ hybridization experiments, Ten thousand cells of H1299 and SPCA1 were seeded onto cell slides in a 48-well plate and cultured for 18 hours. Then fixed with 4% paraformaldehyde (15 min, RT) after PBS washing. Following permeabilization with 0.1% Buffer A (15 min, RT) and blocking (37°C, 30 min), cells were equilibrated in 2×Buffer C (37°C, 30 min). Probe (GenePharma Corporation, Shanghai, China) hybridization was performed overnight at 37°C in dark using 100μL hybridization mixture containing: (1) denatured probes (100μM stock prepared in DEPC water, denatured at 75°C for 10 min), (2) SA-Cy3 conjugate, and (3) Buffer E (pre-warmed at 73°C until clarification) at 2:1:7 ratio. Post-hybridization washes included: 0.1% Buffer F (42°C, 5 min), 2× Buffer C (5 min), and 1×Buffer C (5 min). Nuclei were counterstained with DAPI (1:1000 dilution in PBS, 15 min, dark) before mounting with antifade medium. Images were captured using an LSM 900 confocal microscope (Leica, Mannheim, Germany).





Ribonuclease R trypsinization

About 2µg of total RNA samples was incubated with ribonuclease (RNase) R (Epicentre Technologies,Wisconsin, America) for 10 min at 37°C. Total RNA samples without any treatment were used as controls. qRT-PCR was used to determine the expression levels of Circ_0007552 and its parental genes RILPL1.





Cell transfection

Circ_0007552 interference(sh-Circ_0007552) and overexpression (OE-Circ_0007552) lentivirus vectors and the corresponding negative control (NC) vectors (sh-NC and OE-NC), negative control mimics (mimics NC), negative control inhibitors (inhibitors NC), miR-7974 mimics and miR-7974 inhibitors were synthesized by GenePharma Co., Ltd (Shanghai, China). Transfection was conducted by Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instruction. The experimental steps for lentivirus infection are as follows, a 96-well plate is used to set up a viral gradient for the transfection of SPCA-1, H1299, H838, and PC-9 cells. The infection multiplicity (MOI) for SPCA-1 and H1299 is set at 40, while the optimal MOI for H838 and PC-9 is 50. A 1/2 volume transfection method is employed. The concentrations of the lentiviruses are LV-shRNA-NC (4×10^8 TU/ml), LV-shRNA-Circ_0007552 (8×10^8 TU/ml), LV-Vector (1×10^9 TU/ml), and LV-OE-Circ_0007552 (2×10^8 TU/ml). The cells in the 6-well plate are washed with PBS, and 1ml of fresh complete medium is added to each well. The amount of lentivirus stock solution is calculated using the formula [Virus volume per well (μL) = (MOI × cell count)/viral titer (TU/ml)] × 1000. Then, 2 μL of polybrene at a concentration of 5 ug/μL is added to each well. After 24 hours of lentivirus transfection, 2ml of fresh complete medium is added. Fluorescence inversion microscopy is performed 72 hours after transfection. After 96 hours of infection, the lung adenocarcinoma cell lines stably overexpressing or stably downregulating CIRC_0007552 are selected using puromycin.





Quantitative real-time PCR

The total RNA of LUAD cells was extracted by Trizol reagent (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s instruction, and RNA purity was evaluated by UV spectrophotometry (NanoDrop 2000, Thermo Scientific). The A260/A280 ratio was used to assess protein contamination (acceptable range:1.8-2.0). RNA used for cDNA synthesis was 500ng. cDNA was synthesized from RNA by PrimeScript™RT reagent Kit (Takara, Japan). The relative RNA expression was probed by the quantitative real-time (qRT-PCR), which was accomplished by SYBR® Premix Ex Taq II 820A (Takara, Japan). Circ_0007552, miR-7974 and BAP1 mRNA expression levels were normalized by β-actin and U6. Primer sequences list in Supplementary Table S1. qRT-PCR detection was placed in the fluorescence quantitative PCR instrument (ABI 7500). The reaction program of miRNAs in the initial template denaturation was 95°C for 15 minutes and the template denaturation in the PCR cycle was 94°C for 20 seconds. The annealing and extension were 60°C for 34 seconds, and 40 cycles were set. The reaction program of Circ_0007552 and BAP1 was 95°C for 30 seconds and the template denaturation in the PCR cycle was 95°C for 5 seconds. The annealing and extension were 60°C for 34 seconds, and 40 cycles were set.





Cell counting kit-8 assay

LUAD cells of were seeded in a 96-well plate (2000–3000 cells per well). After cell attachment, cell proliferation viability was examined using cell counting kit-8 (CCK-8) reagent (MCE, MedChemExpress, shanghai, China) once every 24h for 5 days. The cells were incubated with 10μl CCK-8 reagent in a 37°Cincubator for 2h. The absorbance of the reaction mixture at 450nm was measured(Bio-Rad, Hercules, CA, USA).





Colony formation assay

Cells were seeded in 6-well plates at densities optimized for each cell line (typically 500 cells/well) and cultured in complete medium for 14 days. Colonies were fixed with 4% paraformaldehyde (15 min), stained with 0.5% crystal violet (30 min), and counted the numbers of clones manually under bright-field microscopy.





Wound healing assay

Each 6-well plates was inoculated with about 1x106 LUAD cells. On the 2nd day, after the cells were adhered to the wall, a vertical line was drawn with a 200µl tip, the cells were washed with PBS for 2 times, and then added with 2ml of serum-free culture medium to continue the incubation. The width of intersection of the scratches was photographed and recorded at 0h, 24h, 48h and 72h respectively. Image J was used to compute the cells’ relative migration rate.





Transwell invasion and migration assay

To evaluate invasive capacity, seeded tumor cells (4×104 cells/well) in serum-free medium into Matrigel-coated (1:8 dilution) Transwell inserts (8-µm pores, Corning). The lower chamber contained complete medium with 10% FBS as chemoattractant. After 24h incubation (37°C, 5% CO2), non-invading cells were removed from the upper surface with cotton swabs. Invaded cells on the lower membrane were fixed with 4% paraformaldehyde at room temperature for 30 minutes, stained with 0.1% crystal violet for 15 minutes, and quantified by counting five random fields per insert under phase-contrast microscopy (200×magnification). Three independent experiments were performed. The steps of Transwell migration assay were the same as above, except that the chambers were not coated with Matrigel.





Western blot

Proteins were extracted from cells and tissues using RIPA lysis buffer (Servicebio, Wuhan, China) with PMSF(Add 5μL PMSF to each 1 mL lysate), and quantified using a bicinchoninic acid kit (Beyotime). Protein of Samples were 20μg mixed with loading buffer, boiled at 100°C for 5 min, and then separated on a 12% polyacrylamide gel and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, USA, 0.22μm). Then, the PVDF membranes were blocked with 5% skimmed milk for 1 h and then incubated with primary antibodies at 4°Cfor 2h. After four washes with TBST, the membranes were incubated with horseradish peroxidase-labeled secondary antibody for 2 h. The protein blots were visualized by ECL-Plus reagent (Lanjieke, Beijing, China), with β-actin as a control. The antibodies were anti-BAP1 (Santa Cruz Biotechnology, USA, 1:500), anti-β-actin (Cell Signaling Technology, USA, 1:1000) and Goat Anti-Mouse IgG (Santa Cruz Biotechnology, USA, 1:3000).





Dual-luciferase reporter gene assay

CircInteractome atabase (https://circinteractome.nia.nih.gov) and CircBank (https://www.circbank.cn) were used to predict the binding site between circ_0007552 and miR-7974. TargetScan Human 8.0 (https://www.targetscan.org) and miRDB (https://mirdb.org) were used to predict the binding sites Between Circ_0007552 and BAP1 wild-type (WT) and mutant type (MUT) vectors were constructed by GenePharma Corporation (Shanghai, China). 293T cells of 2x105 were planted in 6-well plates for 24h and cotransfected with luc-empty vector, wild-type or mutant luc-circ-0007552 vector, and negative control or miR-7974 mimics, wild-type or mutant BAP1-UTR, and NC or miR-7974 mimics using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). After 48h of co-transfection, the firefly fluorescence intensity and Renilla fluorescence intensity in each group were detected using dual-luciferase reporter kit (Biyuntian, China, RG027) according to the instructions.





Animal studies

Four or five-week-old BALB/c nude mice were acquired from the Beijing Vital River Ltd., China, and maintained in a specific pathogen-free facility. The protocol was approved by the Institutional Animal Care and Use Committee of the Kunming Medical University Animal Center (approval number:Kmmu20220271). The experimental animals were randomly divided into four groups (sh-NC, sh-Circ_0007552, OE-NC and OE-Circ_0007552), five mice per group. The armpits of nude mice were injected with 4x105 cells, and the tibial cavities was 2x105. Every 5 days, the tumor’s growth was observed and measured. The tumor volume was determined using the formula V=1/2 (length) (width) (width). After 4 weeks, nude mice were sacrificed, X-rays were taken to evaluate tibial BM and bone destruction. While, tumors were removed, and weighed.





Statistical analysis

All experiments were performed with three independent biological replicates, defined as cells processed in separate experimental batches. Statistical analyses were conducted across these biological replicates (n=3) to assess reproducibility of findings between fundamentally independent samples. SPSS 20.0 and GraphPad Prism 8.0 were used for statistical analysis. All values were expressed as mean ± standard deviation. Both the chi-squared test and the student’s t-test were used to compare the two groups. The relationship between Circ_0007552 expression and clinicopathological variables using the chi-squared test and Fisher’s exact test. At least three times each experiment was conducted, and a P<0.05 was considered statistically significant.






Results




The expression of Circ_000007552 is downregulated in LUAD and its correlation with clinicopathological features

To identify novel circular RNAs (circRNAs) in lung adenocarcinoma (LUAD), we performed RNA-seq sequencing analysis on primary LUAD lesions and bone metastatic lesions in our preliminary study. The results revealed that Circ_0007552 was significantly downregulated in bone metastatic lesions compared to primary LUAD lesions. Hsa_circ_0007552, derived from exons 3 and 4 of the parental gene RILPL1 transcript located on chromosome 12 through backsplicing, consists of 332 nucleotides (Figure 1A). Subsequently, we designed reverse primer to amplify Circ_0007552 and its Parental gene RILPL1.The qPCR products were subjected to Sanger sequencing. By comparing the sequencing sequences with the gene sequence of Circ_0007552, it was found that reverse splicing sites existed in the PCR products amplified by different primers (Figure 1B), confirming that Circ_0007552 existed in the form of a circular RNA in lung adenocarcinoma tissues. To further confirm the stability of Circ_0007552 expression, the RNase R degradation experiment results showed that RNase R treatment degraded the linear transcript of RILPL1, while Circ_0007552 was resistant to this treatment (Figure 1C). The RNA FISH detection results showed that Circ_0007552 was simultaneously distributed in the nucleus and cytoplasm of LUAD cells, but mainly in the cytoplasm (Figure 1D). In conclusion, these results indicate that Circ_0007552 is a newly discovered circular RNA in lung adenocarcinoma.
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Figure 1 | Low expression of Circ_0007552 in LUAD tissues and cells. (A) Genome localization and splicing pattern of Circ _ 0007552. (B) Identification of Circ _ 0007552 qPCR amplification products. Sanger sequencing of q PCR products (right). (C) The relative expression of Circ_0007552 and RILPL1 was detected by qRT - PCR after the total RNA of H1299 cells were incubated with RNase R. Statistical comparison by unpaired t-test confirmed this differential sensitivity. (D) RNA FISH detection showed that Circ _ 0007552 was mainly distributed in the cytoplasm(Magnification: x400). (E) Circ_0007552 expression in normal lung epithelial cells BEAS-2B and seven human LUAD cell lines (A549, PC-9, SPCA1, H1299, H838, H1734 and 95-D) was detected by qRT-PCR. (F, G) Circ_0007552 expression in LUAD tissues and adjacent tissues of 30 patients and 20 unmatched bone metastasis tissues was detected by qRT-PCR. (H) The relationship between Circ_0007552 expression and progression-free survival in LUAD patients was analyzed using the Kaplan–Meier curve. (H*) The relationship between Circ_0007552 expression and overall survival of LUAD patients was analyzed using the Kaplan–Meier curve. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Then, The expression of Circ_0007552 in human LUAD cells and tissues was subsequently examined. A significant downregulation of Circ_0007552 expression was observed in tumor cells compared with normal lung epithelial cells through qRT-PCR analysis (Figure 1E). Furthermore, Circ_0007552 expression was detected in 30 paired tumor and adjacent normal tissues from non-metastatic lung adenocarcinoma patients. we used -△CT statistical methods to calculate the relative expression levels of Circ_0007552 in lung adenocarcinoma tissues. For skewed data, the median was used as the cut-off value. Thirty patients were divided into low-expression and high-expression groups, and further analysis was conducted on the relationship between Circ_0007552 and the patients’ clinical and pathological characteristics. Results revealing marked downregulation in tumor tissues relative to their normal counterparts (Figure 1F). This reduced expression level was found to be inversely correlated with tumor size and distant metastasis (Supplementary Table S2). Comparative analysis was performed on 20 non-matched bone metastasis samples, where Circ_0007552 expression was demonstrated to be further decreased in metastatic lesions compared to primary tumor tissues (Figure 1G). Moreover, Survival analysis revealed that patients exhibiting lower Circ_0007552 expression levels were associated with significantly reduced survival durations when compared to those with higher expression levels (Figure 1H, H*). Collectively, these findings indicate that Circ_0007552 is underexpressed in LUAD, with its downregulation serving as a prognostic indicator of unfavorable clinical outcomes.





Circ_0007552 inhibited the viability, migration and aggressiveness of LUAD cells in vitro

To elucidate whether the differential expression of Circ_0007552 plays a functional role in lung cancer, the expression profile of Circ_0007552 was systematically examined in normal lung epithelial cells (BEAS-2B) and LUAD cells lines (A549, PC-9, SPCA1, H1299, H838, H1734, 95-D). Significant downregulation was consistently observed in all tested LUAD cells lines compared to normal controls, with particularly lower expression levels detected in PC-9 and H838 cells.

To further investigate the role of Circ0007552 in LUAD cells, stable Circ0007552-overexpressing cell lines (Circ0007552) were constructed with H838 and PC-9 cells (Figure 2A), while Circ0007552-knockdown cell lines (sh-Circ_0007552) were established using H1299 and SPCA1 cells (Figure 3A), along with their respective negative controls (OE-NC and sh-NC). Fluorescent microscopy was employed to confirm successful lentiviral transfection by observing fluorescence signals, and the knockdown and overexpression efficiencies of Circ_0007552 were subsequently verified through qPCR analysis. Altered expression was specifically observed in Circ_0007552, with no significant changes detected in the parental gene expression.

[image: A series of scientific graphs and images:   A) Bar graphs showing relative expression levels in H1299 and SPCA1 cells, with notable statistical differences indicated between groups.  B) Line graphs displaying cell growth over time for H1299 and SPCA1, highlighting differences in optical density.  C) Colony formation assays with quantitative bar graphs, illustrating significant differences in colony numbers between groups.  D) Wound healing assays at 0, 24, and 72 hours for H1299 and SPCA1, with wound closure percentages depicted in bar graphs.  E) and F) Microscopic images of cell invasion and migration assays with accompanying bar graphs, showing differences in the number of invasive and migratory cells.]
Figure 2 | The impact of Circ_0007552 knockdown on the growth, migration and aggressiveness of LUAD cells. (A) Circ_0007552 expression in Circ_0007552 shRNA - transfected H1299 and SPCA1 cells was detected by qRT-PCR. (B-F) The proliferation, migration and invasion of Circ_0007552 knockdown LUAD cells were detected by CCK-8, colony formation, wound healing assays and transwell migration and invasion experiments. Magnification: x100, Statistical comparison by unpaired t-test confirmed this differential sensitivity. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

[image: Research results showing multiple panels with data on the effects of Circ_0007552 versus a vector on H838 and PC-9 cells. Panel A shows bar graphs of relative expression levels. Panel B includes line graphs of OD values over time. Panel C features staining images with bar graphs of colony numbers. Panel D displays wound healing images over 48 hours with bar graphs of wound closure percentages. Panel E shows cell images with a bar graph of cell count. Panel F presents cell images with a bar graph of invasion cells. Statistical significance is denoted by asterisks.]
Figure 3 | The effect of Circ_0007552 overexpression on the growth, migration and aggressiveness of LUAD cells. (A) Circ_0007552 expression in Circ_0007552 overexpressing lentivirus transfected H838 and pc-9 cells was detected by qRT - PCR. (B-F) The proliferation, migration and invasion of Circ_0007552 overexpressing LUAD cells were detected by CCK-8, colony formation, wound healing assays and transwell migration and invasion experiments. Magnification: x100, Statistical comparison by unpaired t-test confirmed this differential sensitivity. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

To investigate the proliferative effects of Circ_0007552 in lung adenocarcinoma cells, CCK-8 assays and colony formation experiments were conducted. Compared with the lv3-control group, accelerated proliferative activity was observed in H1299 and SPCA1 cells following Circ_0007552 knockdown (Figures 2B, C), whereas suppressed proliferation was detected in Circ_0007552-overexpressing H838 and PC-9 cells relative to the OE-NC group (Figures 3B, C). The functional role of Circ_0007552 in cellular motility was further assessed through scratch wound healing assays, Transwell migration and invasion experiments. A significant enhancement in migratory capacity was demonstrated in Circ_0007552-knockdown H1299 and SPCA1 cells compared to the sh-NC group (Figures 2D-F), while inverse phenotypic outcomes were observed in Circ_0007552-overexpressing counterparts versus OE-NC controls (Figures 3D-F). Collectively, these data indicate that Circ_0007552, which was markedly downregulated across multiple lung adenocarcinoma cell lines, exerts inhibitory effects on malignant behaviors including proliferation, migration, and invasion.





Suppression of Circ_0007552 expression inhibits subcutaneous tumor growth and bone metastasis in vivo

To further elucidate the role and underlying mechanisms of Circ_0007552 in lung adenocarcinoma (LUAD) and bone metastasis (BM) in nude mice, H1299 and SPCA1 cells stably expressing sh-Circ_0007552 or sh-NC, as well as H838 and PC-9 cells stably transfected with Circ_0007552-overexpressing (OE-Circ_0007552) or negative control (OE-NC) vectors, were injected into the right axilla and bilateral tibiae of nude mice. It was observed that mice in the sh-Circ_0007552 group exhibited less weight gain compared to the sh-NC group, while their subcutaneous tumors demonstrated accelerated growth rates (Figure 4A). Upon reaching the study endpoint, both subcutaneous tumors and BM lesions harvested from the sh-Circ_0007552 group displayed significantly greater weights than those from the sh-NC group (Figures 4C, D). Furthermore, poorer differentiation of subcutaneous tumors was observed in sh-Circ_0007552 nude mice through hematoxylin-eosin staining. X-ray imaging revealed that the sh-Circ_0007552 group exhibited significantly elevated levels of BM invasiveness and bone destruction compared to controls (Figures 4B, D).

[image: Panel A shows two groups of mice, labeled sh-NC and sh-Circ_0007552, with graphs comparing tumor volume and weight over time. Panel B displays X-ray images of mouse bones and a bar graph of lesion area. Panel C includes tumor samples with a bar graph of tumor weight and histology images. Panel D shows metastasis samples, a bar graph of metastasis weight, and histology images. Each panel seems to compare control and experimental groups to illustrate differences.]
Figure 4 | Circ_0007552 knockdown promotes the growth of implanted LUAD tumors in nude mice. Balb/C nude mice were implanted subcutaneously and in the femur with lentivirus-transduced ( n = 5 in each group ) sh-NC or sh-Circ _ 0007552 cells. (A) The dynamic growth of implanted tumors and weight of mice were monitored longitudinally. (B) BM areas were measured by X-ray. (C) The subcutaneous tumors were imaged to determine their size and excised for weight measurement. (D) The tumors in the femur were imaged to determine their size and excised for weight measurement. Magnification: x100, *P < 0.05, **P < 0.01 and ***P < 0.001.

In contrast, increased weight gain was recorded in OE-Circ_0007552 mice relative to the OE-NC group, accompanied by slower subcutaneous tumor growth (Figure 5A). At the experimental endpoint, both subcutaneous tumors and BM lesions harvested from the OE-Circ_0007552 group demonstrated reduced weights compared to those from the OE-NC group (Figures 5C, D). Additionally, improved tumor differentiation was identified in OE-Circ_0007552 nude mice via HE staining. X-ray imaging demonstrated that significantly reduced areas of BM invasion and bone destruction were observed in the OE-Circ_0007552 group compared to controls (Figure 5B). Collectively, these in vivo findings indicate that Circ_0007552 suppresses the growth and metastasis of lung adenocarcinoma cells.

[image: Panel A shows a comparison of tumor growth in mice, with tumor volume and weight graphs. Panel B presents X-rays of mouse bones with lesion area comparison. Panel C displays excised tumors with a weight comparison chart and microscopic images showing tissue differences. Panel D shows metastatic bone tumors with weight comparison and tissue analysis.]
Figure 5 | Circ_0007552 overexpression inhibits the growth of implanted LUAD tumors in nude mice. Balb/C nude mice were implanted subcutaneously and in the femur with lentivirus-transduced (n=5 in each group) Vector(OE-NC) or Circ_0007552 (OE-Circ_0007552) cells. (A) The dynamic growth of implanted tumors and weight of mice were monitored longitudinally. (B) BM areas were measured by X-ray. (C) The subcutaneous tumors were imaged to determine their size and excised for weight measurement. (D) The tumors in the femur were imaged to determine their size and excised for weight measurement. Magnification: x100, *P < 0.05, **P < 0.01 and ***P < 0.001.





Circ_0007552 targeted miR-7974 in LUAD cells

Bioinformatic analysis revealed that a potential binding site between Circ_0007552 and miR-7974 was identified (Figure 6A). The high expression of miR-7974 in LUAD tissues was confirmed by qRT-PCR (Figure 6C). Furthermore, a negative correlation was observed between the expression of Circ_0007552 and miR-7974 in LUAD tissues (Figure 6D), suggesting a regulatory interaction. Additionally, miR-7974 was found to be upregulated in lung cancer cells compared to the normal pulmonary epithelial cell line BEAS-2B (Figure 6E). In dual-luciferase reporter assays, the activity of Circ_0007552 WT was significantly suppressed by miR-7974 mimics, whereas no effect was detected on Circ_0007552 MUT (Figure 6B). Notably, overexpression of Circ_0007552 in PC-9 and H838 cells was demonstrated to markedly inhibit miR-7974 expression, while knockdown of Circ_0007552 enhanced miR-7974 expression (Figures 6F, G). These findings collectively indicate that miR-7974 is directly targeted by Circ_0007552.

[image: Diagram featuring multiple panels showcasing molecular biology data. Panel A displays sequences of WT-Circ_0007552, miR-7974, and MUT-Circ_0007552. Panel B shows a bar graph of relative luciferase activity comparing various experimental conditions. Panel C is a scatter plot comparing miR-7974 levels between paracancerous and cancer tissues. Panel D is a correlation graph between expressions of Circ_0007552 and miR-7974. Panel E contains a bar graph comparing miR-7974 levels across different cell lines. Panel F shows bar graphs and Western blots for BAP1 expression in H838 and PC-9 cells. Panel G includes similar analyses for H1299 and SPCA1 cells.]
Figure 6 | miR-7974 was the target gene of Circ_0007552 in LUAD cells. (A) The binding site between Circ _ 0007552 and miR-7974 was predicted using the CircInteractome database (https://circinteractome.nia.nih.gov/). (B) The binding relationship between miR-7974 and Circ _0007552 in 293T cells was verified using Dual - luciferase reporter gene assay. (C) miR-7974 expression in LUAD tissues and adjacent tissues of 30 patients was detected by qRT-PCR. (D) The correlation between Circ_0007552 and miR-7974 expression levels in 30 LUAD tissues were evaluated by Pearson’s correlation analysis. (E) miR-7974 expression in normal lung epithelial cells BEAS-2B and seven human LUAD cell lines (A549, PC-9, SPCA1, H1299, H838, H1734 and 95-D) was detected by qRT-PCR. (F, G) The expression of miR-7974 and BAP1 mRNA in LUAD cells with overexpression or knockdown of circ _ 0007552 was determined by qRT-PCR, and the expression of BAP1 protein was detected by Western blot. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.





Circ_0007552 suppresses the proliferation, migration, and invasion of LUAD cells via miR-7974

To elucidate the mechanism of the Circ_0007552/miR-7974 axis in LUAD cells, miR-7974 mimics were transfected into Circ_0007552-overexpressing PC-9 and H838 cells (Figure 7A). Functional assessments including CCK-8, colony formation, and Transwell migration and invasion assays were subsequently performed. It was observed that miR-7974 overexpression partially rescued the inhibitory effects of Circ_0007552 overexpression on proliferative, migratory, and invasive capacities in both PC-9 and H838 cells (Figures 7B-F). These findings confirm that the biological behaviors of LUAD cells are regulated by Circ_0007552 through its sponging interaction with miR-7974.

[image: Composite image showing multiple panels of scientific data. Panel A displays a bar graph of miR-7974 expression levels in H838 and PC-9 cells, indicating higher expression with miR mimics. Panels B and C present line graphs of cell viability over time in different treatment conditions, showing significant differences between vectors and mimics. Panel D features colony formation assays with corresponding bar graph results. Panels E and F illustrate cell invasion and migration assays, respectively, with bar graphs quantifying the results. Statistical significance is marked with asterisks.]
Figure 7 | miR-7974 rescued the impact of Circ_0007552 on the growth, migration and invasion of LUAD cells. (A) miR-7974 expression in H838 and PC-9 cells transfected with miR-7974 mimics was detected by qRT - PCR. (B–F) Co-transfected with miR-7974 NC and mimics, H838 and PC-9 cells overexpressed Circ _ 0007552, and their growth, migration as well as invasion were detected by CCK-8, colony formation assay and transwell assay. Magnification: x100, *P < 0.05, **P < 0.01,***P < 0.001 and ****P < 0.0001.





Circ_0007552 inhibits the proliferation and invasion of LUAD cells by regulating the miR-7974/BAP1 axis

Through in silico analysis utilizing the StarBase and miRDB database, BAP1 was identified as a potential target of miR-7974 (Figure 8A). qRT-PCR analysis revealed significantly reduced expression of BAP1 in both lung adenocarcinoma (LUAD) tissues and cell lines (Figures 8B, C). In Lung cancer tissues, BAP1 mRNA levels demonstrated an inverse correlation with miR-7974 expression but exhibited a positive correlation with circ_0007552 expression (Figures 8D, E). Dual-luciferase reporter assays demonstrated that miR-7974 significantly reduced the activity of BAP1-WT, whereas no pronounced effect was observed on BAP1-MUT (Figure 8F). Western blot analysis revealed that BAP1 protein expression was downregulated in lung adenocarcinoma cells following miR-7974 overexpression and Circ_0007552 knockdown. Furthermore, transfection with miR-7974 mimics was shown to partially reverse the regulatory effects of Circ_0007552 overexpression on BAP1 protein levels (Figures 8G, H), collectively indicating that BAP1 expression is modulated by the Circ_0007552/miR-7974 axis.

[image: Scientific figures examining the relationship between miR-7974 and BAP1 expression.   - Panel A shows the sequences of WT-BAP1, miR-7974, and MUT-BAP1. - Panel B is a scatter plot comparing miR-7974 expression in paracancerous vs. cancer tissue, with significance noted. - Panel C displays a bar chart of relative BAP1 expression across different cell lines. - Panels D and E show scatter plots, correlating miR-7974 and BAP1 expression, and circRNA with BAP1, respectively. - Panel F presents a bar chart of luciferase activity in different experimental conditions. - Panels G and H include bar charts and western blots analyzing miR-7974 mimic and inhibitor effects on various cell lines, indicating significant changes in BAP1 levels and activity.]
Figure 8 | BAP1 was the target gene of miR-7974 in LUAD cells. (A) The binding site between miR-7974 and BAP1 3′UTR was predicted using TargetScan Human 8.0. (B) BAP1 mRNA expression in LUAD tissues and adjacent tissues of 30 patients was detected by qRT-PCR. (C) BAP1mRNA expression in normal lung epithelial cells BEAS-2B and seven human LUAD cell lines (A549, PC-9, SPCA1, H1299, H838, H1734 and 95-D) was detected using qRT-PCR. (D, E) The correlation between BAP1mRNA expression and miR-7974 expression, BAP1 mRNA expression and Circ _ 0007552 expression in 30 LUAD tissues were analyzed by Pearson’s correlation analysis. (F) The binding relationship between miR-7974 and BAP1 3′UTR in 293T cells was verified using Dual-luciferase reporter gene assay. (G, H) BAP1 protein expression in H1299 and SPCA1 cells transfected with miR-7974 mimics, H838 and PC-9 cells transfected with miR-7974 inhibitors was detected by Western blot. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

To further investigate whether BAP1 mediates the tumor-suppressive effects of Circ_0007552, BAP1 siRNA (si-BAP1) was transfected into Circ_0007552-overexpressing PC-9 and H838 cells. qRT-PCR and Western blot analyses revealed that Circ_0007552 overexpression upregulated BAP1 mRNA and protein levels in lung cancer cells, while si-BAP1 transfection attenuated this regulatory effect (Figures 9A). Functional assessments including CCK-8, colony formation, and Transwell migration and invasion assays demonstrated that BAP1 knockdown reversed the inhibitory effects of Circ_0007552 overexpression on lung cancer cell proliferation, migration, and invasion (Figures 9B-F).
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Figure 9 | Suppressed BAP1 rescued the impact of Circ_0007552 on the growth, migration and invasion of LUAD cells. (A) BAP1 knockdown in H838 and PC-9 cells with miR-7974 mimics was detected by qRT-PCR. (B–F) Co-transfected with si- NC and si-BAP, H838 overexpressed PC-9 cells overexpressed Circ_0007552, and their growth, migration and invasion were detected using CCK-8, clone formation assay and transwell assays. Magnification: x100, *P < 0.05, **P < 0.01,***P < 0.001 and ****P < 0.0001.






Discussion

circRNAs are characterized by high conservation, stability, and tissue-specific expression, making them promising candidates as molecular biomarkers for diagnosis, novel therapeutic targets, and prognostic predictors in lung adenocarcinoma, with potential clinical value in precision oncology research (8). With advancing investigations into circRNAs, researchers have revealed their ubiquitous presence in the human body and their involvement in diverse pathophysiological processes. Notably, significant progress has been made in understanding their roles in tumor biology (9). In multiple cancer studies, newly identified circRNAs have been continuously characterized and found to be closely associated with tumor progression and metastasis.

LU et al. (10) demonstrated that circCSNK1G3 promotes lung cancer progression by acting on the miR-143-3p/HOXA10 signaling axis. Another study (11) revealed that circSCAP directly binds to SF3A3 and facilitates its degradation, leading to elevated MDM4S levels that activate p53 signaling, thereby suppressing the occurrence and metastasis of NSCLC. ZHANG et al. (12) discovered that circRNA_010763 functions as a ceRNA by sponging miR-715, upregulating c-Myc expression and consequently promoting cancer cell proliferation, migration, and invasion. Additional studies (13) identified that the baseline separation of circRNA and its linear isomers can be achieved by optimizing chromatographic conditions, revealing the unique degradation pattern of circRNA, providing a new tool for vaccine stability assessment, and having important guiding significance for the development of circRNA therapeutic products.

Circ_0007552, a recently identified circular RNA derived from the parental gene RILPL1 (associated with neuromuscular system disorders) (14) has garnered limited research attention to date. Current literature documents only one tumor-related study (15) reporting that circRILPL1 promotes malignant progression in nasopharyngeal carcinoma through activation of the Hippo-YAP signaling pathway. However, the potential role and molecular mechanisms of Circ_0007552 in LUAD remain unexplored and warrant systematic investigation. In this study, we observed significant downregulation of Circ_0007552 expression in LUAD tissues. Clinically, low Circ_0007552 expression correlated with advanced TNM staging, lymph node metastasis, and unfavorable prognosis in LUAD patients. Functional experiments demonstrated that Circ_0007552 overexpression suppressed cellular proliferation, migration, and invasion in lung cancer cells, whereas its knockdown exerted opposing oncogenic effects, suggesting its tumor-suppressive role in LUAD pathogenesis. Notably, these findings exhibit partial discrepancies with previous reports regarding circRILPL1’s oncogenic function in nasopharyngeal carcinoma, highlighting the necessity for further multi-cancer investigations to elucidate the context-dependent regulatory mechanisms of this circRNA.

To date, thousands of miRNAs have been identified in human cells as participants in the regulatory networks of cellular expression. Although the functional mechanisms of all miRNAs have not been fully elucidated, it has been established that miRNAs recognize and bind to complementary sites within the 3’-untranslated region (3’-UTR) of target gene mRNAs. This interaction leads to mRNA degradation and/or translational repression, thereby inhibiting target gene expression at both transcriptional and post-transcriptional levels (16). miR-7974, a newly discovered miRNA, has been reported to exhibit aberrant expression in viral infectious diseases (17) and osteonecrosis of the femoral head (18), suggesting its potential involvement in regulating biological processes such as cell proliferation and differentiation. However, research on miR-7974 in malignant tumors remains limited. The specific role of miR-7974 in LUAD has not been clearly defined. This study demonstrates that miR-7974 is overexpressed in LUAD cells and significantly promotes their proliferation, migration, and invasion, while its inhibition produces opposing effects. Consistent with our findings, Sexton et al. (19) identified miR-7974 as an oncogenic factor that facilitates the development and metastasis of gastric cancer. Emerging evidence has revealed that circular RNAs (circRNAs) possess diverse biological functions, including serving as miRNA sponges (20), interacting with RNA-binding proteins (21), regulating transcription (22), and encoding proteins (23). Our study corroborates that miR-7974 and Circ_0007552 share a binding site, with miR-7974 partially counteracting the biological effects of Circ_0007552 in LUAD cells. Notably, Circ_0007552 has been identified for the first time as a sponge molecule for miR-7974.

BAP1 was first identified and isolated from breast cancer and lung cancer cell lines in 1998, named for its binding to the RING domain of the BRCA1 protein. The BAP1-encoded protein functions as a deubiquitinating enzyme (24) that regulates protein stability, activity, and localization through deubiquitination modification of various substrate proteins. It plays extensive roles in cellular processes including gene expression regulation, DNA damage repair, cell cycle control, cellular metabolism, and programmed cell death (25). Initial studies suggested that BAP1 primarily localizes to the nucleus, where it interacts with BRCA1 to enhance its tumor-suppressive function (24). BAP1 is crucial for maintaining genomic stability and cellular signaling through its involvement in gene expression modulation, cell cycle regulation, and DNA repair mechanisms (26–28). Recent investigations have revealed that BAP1 can also localize to the cytoplasm, where it modulates calcium signaling and cell death pathways. Cytoplasmic BAP1 binds to IP3R3 and promotes calcium ion release from the endoplasmic reticulum into the cytosol via IP3R3 deubiquitination, thereby inducing apoptosis. Cells lacking BAP1 exhibit elevated apoptotic thresholds and increased susceptibility to malignant transformation (29). These findings underscore the essential role of intact BAP1 structure and deubiquitination activity in maintaining normal cellular functions, establishing BAP1 as a critical tumor suppressor. Although traditionally recognized as a tumor suppressor, emerging evidence indicates oncogenic roles of BAP1 in certain malignancies. For instance BAP1 deubiquitination modified the transcription factor KLF5 in breast cancer cells promotes the growth of tumor cells, and the proliferation and invasion of tumor cells are weakened after BAP1 knocking down (30). Such findings suggest BAP1 may possess dual regulatory functions across different tumor types. As a critical tumor suppressor gene, mutational inactivation of BAP1 can lead to “BAP1 cancer syndrome” and the development of various sporadic tumors (31). Recent studies have revealed that BAP1 exhibits oncogenic functions in malignancies such as breast cancer and myeloid leukemia, which are associated with its biological activities.

Through this study, we demonstrated that BAP1 serves as a target gene of miR-7974 in LUAD. Furthermore, overexpression of Circ_0007552 or inhibition of miR-7974 significantly upregulated BAP1 expression, whereas knockdown of Circ_0007552 or overexpression of miR-7974 markedly downregulated BAP1 expression. Additionally, BAP1 knockdown partially reversed the inhibitory effects of Circ_0007552 overexpression on LUAD cells proliferation, migration, and invasion. Therefore, we conclude that Circ_0007552 suppresses the initiation, progression, and metastasis of lung cancer cells through the miR-7974/BAP1 axis. Notably, previous research (16) has reported that BAP1 regulates H2Aub deubiquitination at the SLC7A11 promoter, thereby suppressing SLC7A11 expression, inhibiting cystine uptake, and ultimately promoting ferroptosis. Given that ferroptosis represents a cutting-edge research frontier in oncology, future studies could focus on whether Circ_0007552 participates in ferroptosis regulation, either directly or indirectly. This scientific question merits further investigation to elucidate the underlying mechanisms, thereby providing a foundation for comprehensive mechanistic exploration.





Conclusions

This study revealed that Circ_0007552 is downregulated in lung cancer tissues and cells, and its low expression correlates with clinicopathological characteristics in lung cancer patients. Furthermore, we demonstrated that Circ_0007552 suppresses the initiation, progression, and metastasis of lung cancer cells through the miR-7974/BAP1 axis, providing novel insights into the molecular mechanisms driving lung cancer advancement.
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This article reviews the latest research progress in immunotherapy for bone tumors. Bone tumors are a serious threat to human health, and traditional treatments have limitations. Recently, immunotherapy, as an emerging treatment method, has shown great potential in the treatment of bone tumors. This article systematically introduces the pathological features, traditional treatment methods and limitations of bone tumors, and focuses on the principles, application status and challenges of immune checkpoint inhibitors, CAR-T cell therapy, tumor vaccines and other immunotherapies. At the same time, the combined application strategy of immunotherapy and traditional treatment was discussed, and the future development direction was prospected. The purpose of this article is to provide a reference for the research and clinical application of bone tumor immunotherapy.
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1 Introduction

A bone tumor is a malignant tumor originating from the skeletal system and can be divided into primary bone tumor and metastatic bone tumor. Primary bone tumors are relatively rare, but they are highly malignant and have a poor prognosis, such as osteosarcoma, which is the most common primary malignant bone tumor, mainly in children and adolescents (1, 2). Osteosarcoma is more likely to occur in the metaphysis of the long bones of the extremities, such as the distal femur, proximal tibia, proximal femur, and proximal humerus (3). Although osteosarcoma has a low incidence, it has high rates of disability and mortality. At present, the standard treatment for osteosarcoma is the neoadjuvant chemotherapy-surgery-consolidation chemotherapy treatment mode, which has achieved great clinical success in patients with localized osteosarcoma (4, 5). Unfortunately, osteosarcoma is a tumor with a high propensity to metastasize, with 15-20% of newly diagnosed osteosarcomas detected for metastasis (6). Metastatic bone tumors are more common and are mostly metastasized from solid tumors such as breast, prostate, and lung cancer. Bone is the most common site of metastasis in breast cancer patients, and 70% of advanced breast cancer cases exhibit bone metastases (7). Due to its large surface area and high vascular supply, bone is a common site for metastatic spread of NSCLC (8, 9). Bone lesions occur in 20-30% of patients with NSCLC at the time of diagnosis, and bone metastases occur in another 35-40% during the course of the disease (10). For patients with metastatic prostate cancer, bone is the primary site of tumor localization and a major cause of disease-related morbidity and mortality (11). Traditional treatments, including surgery, radiotherapy, and chemotherapy, have improved the prognosis of patients to a certain extent but still have limitations such as high recurrence rates and large side effects.

There has been limited progress in survival outcomes in patients with primary or metastatic bone tumors, the prognosis is poor, and the treatment of advanced disease cases is extremely challenging. Traditional chemotherapy drugs do not produce a durable response or cure, and patients may experience severe toxicity (12–14). Due to the limited success of conventional chemotherapy in clinical practice, there is an urgent need to utilize new treatment strategies to improve the treatment of patients with bone tumors, given these bottlenecks in traditional treatment options. In addition to traditional treatments including surgery, chemotherapy and radiotherapy, new treatments such as targeted therapy and immunotherapy are also being studied intensively for bone tumors (15, 16). In recent years, with the rapid development of immunology, immunotherapy, as an emerging anti-tumor treatment, has shown significant efficacy in a variety of solid tumors and hematologic malignancies (17–22). Immunotherapy recognizes and kills tumor cells by activating or enhancing the patient’s own immune system, which has the advantage of strong specificity and relatively few side effects (23). In the field of bone tumors, immunotherapy has also shown great potential, bringing new hope for improving patient outcomes (24).

The purpose of this article is to systematically review the latest research progress in bone tumor immunotherapy, including the application status and challenges of major immunotherapy strategies such as ICIs (immune checkpoint inhibitors), CAR-T cell therapy (chimeric antigen receptor T-cell therapy), and cancer vaccines. At the same time, the combined application strategy of immunotherapy and traditional treatment is discussed, and the future development direction is prospected in order to provide a reference for the research and clinical application of bone tumor immunotherapy.




2 Pathological features and traditional treatment methods

Bone tumors can be divided into two categories: benign and malignant, among which malignant bone tumors can be divided into primary osteosarcoma and metastatic bone tumors. Primary osteosarcoma mainly includes osteosarcoma, chondrosarcoma and Ewing sarcoma, which are more common in adolescents and young adults (25). Metastatic bone tumors are more common, mostly metastasized from solid tumors such as breast cancer, prostate cancer, and lung cancer, and are more likely to occur in middle-aged and elderly people (26–28). The pathogenesis of bone tumors is complex, involving a variety of factors such as genetics, epigenetics, and microenvironment (24, 25). Common symptoms include local pain, swelling, pathological fractures, etc. Diagnosis is based on imaging tests (e.g., x-rays, CT, MRI) and histopathological examination (29–32). Traditional treatments include surgery, radiation and chemotherapy (33, 34). Surgery is the mainstay of treatment for bone tumors and aims to completely remove the tumour tissue (35–38); radiotherapy is mainly used for inoperable or postoperative adjuvant therapy; chemotherapy is used for preoperative neoadjuvant therapy and postoperative adjuvant therapy to kill small metastases. Standard treatment for metastatic disease revolves around anthracycline-based chemotherapy, but other drugs including Dacarbazine (39)、Gemcitabine/docetaxel (40)、Ifosfamide (41)、Trabectedin (42)、Pazobanide (43) and Eribulin (44) may be used. However, there are many limitations to traditional treatments. Surgery may lead to limb dysfunction and affect the patient’s quality of life; radiation therapy and chemotherapy can cause serious side effects, such as bone marrow suppression and gastrointestinal reactions. In addition, some patients are insensitive to traditional treatments and are prone to recurrence and metastasis. These limitations have prompted researchers to continuously explore new therapeutic strategies, among which immunotherapy has attracted much attention due to its unique anti-tumor mechanism.




3 Immunotherapy fundamentals

Immunotherapy is a therapeutic strategy that recognizes and kills tumor cells by activating or boosting a patient’s own immune system. The basic principle is to use the immune system’s ability to recognize and remove abnormal cells, break the immune escape mechanism of tumors, and restore the body’s immune surveillance and killing function of tumors (45–47). In bone tumor immunotherapy, the following key mechanisms are mainly involved: First, it improves the immune system’s ability to recognize tumor cells by enhancing the presentation of tumor antigens (48); second, tumor-specific T cells are activated and expanded to enhance their killing function (49–51); third, the tumor microenvironment is regulated to overcome immunosuppressive factors (52, 53); Finally, the immune memory function is used to achieve a long-term anti-tumor immune response (54). The advantages of immunotherapy in the treatment of bone tumors are mainly reflected in the following aspects: first, it is highly specific, can accurately target tumor cells, and reduce damage to normal tissues; secondly, it can produce long-lasting immune memory and reduce the risk of recurrence; thirdly, it can work synergistically with traditional treatment methods to improve overall efficacy; Finally, for some refractory or relapsed bone tumors, immunotherapy may offer new treatment options. However, there are also some challenges in immunotherapy, such as large individual differences in efficacy and the possibility of immune-related adverse reactions, which need to be further studied and optimized.




4 The main strategy of immunotherapy

Immune checkpoint inhibitors are one of the most widely studied immunotherapy strategies for bone tumors (55). Within tumors, effector T cells have reduced cytokine expression and effector capacity and are resistant to reactivation, a state known as “T cell depletion” (56). Depleted T cells highly express a variety of inhibitory surface molecules that potently prevent T cell activation, including cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed death 1 (PD-1), lymphocyte activation gene-3 (LAG-3), and T cell immunoglobulin and ITIM domain (TIGIT). These inhibitory surface molecules are defined as immune checkpoints (57). PD-1 and its ligand PD-L1 inhibitors and CTLA-4 preparations have shown significant efficacy in a variety of solid tumors (58, 59). Key function of CTLA-4 as a negative regulator of T cell activation. CTLA-4 inhibits further activation of cytotoxic T cells by defeating the binding of the stimulated ligand CD28 to CD80 and CD86 on antigen-presenting cells (APCs), thereby preventing the second signal required for T cell activation (60). The central role of PD-1/PD-L1 in inhibiting T cell-mediated immune responses. PD-L2 also binds to PD-1 and is expressed only on APCs, whereas PD-L1 can be expressed by tumor cells, epithelial cells, dendritic cells, macrophages, and fibroblasts, as well as exhausted T cells. When PD-1 is linked to PD-L1 or PD-L2, downstream TCR signaling and activation are inhibited. PD-L1 expression is upregulated in the presence of interferon γ, possibly originating from tumor-infiltrating effector T cells (61, 62). In the field of bone tumors, studies have shown that the PD-1/PD-L1 pathway is abnormally expressed in tumors such as osteosarcoma and chondrosarcoma, suggesting that it may become a potential therapeutic target (63). Currently, multiple clinical trials are evaluating the efficacy and safety of immune checkpoint inhibitors as monotherapy or in combination with bone tumors. Based on the central role of the OPN-RANKL axis in immune suppression of osseous metastases, several clinical trials have explored the synergy of RANKL inhibitors with ICIs. The Phase Ib/II REVERT trial (NCT04586400) assessed the efficacy of denosumab (anti-RANKL monoclonal antibody) in combination with pembrolizumab in patients with bone metastases in advanced non-small cell lung cancer. Median PFS was 7.9 months in the combination group, significantly better than 4.3 months in the monotherapy group (HR=0.62, P=0.008). More notably, combination therapy increased the ORR for extraosseous lesions from 18% to 42%. The mechanism of action study found that disumab not only inhibited osteoblast activation but also significantly reduced serum OPN levels (an average decrease of 68% after treatment), while increasing the proportion of CD8 + TCF1 + Tpex cells in the tumor (from 3.2% at baseline to 9.8%). This validates the hypothesis in preclinical studies that targeting osteonecrosis cells can reverse systemic immunosuppression (64). In response to the unique metabolic dependence of MTAP-deficient osteosarcoma, researchers proposed an innovative strategy of methionine intervention combined with ICIs. The phase I/II trial of the MAT2A inhibitor SCR6639 (NCT04930081) included 43 patients with MTAP-deficient advanced osteosarcoma. The results showed that the SCR6639 monotherapy group (n = 15) ORR was only 13.3%, and the median PFS was 3.8 months. SCR6639 combined with the pembrolizumab group (n=28), ORR reached 38.5%, and median PFS extended to 7.2 months. Mechanistic studies have shown that MAT2A inhibition increases the expression of PD-L1 by 3–5 times in tumor cells by activating the transcription factor IKZF1 while increasing the secretion of T cell chemoattractants such as CXCL9/10. Tumor biopsies after treatment showed a 4.2-fold increase in the density of CD8+ T cell infiltration, which was positively correlated with clinical response (r = 0.78, P < 0.001). A more easily implementable methionine diet restriction program is also being explored. A small-scale pilot study (n=12) in which patients received a daily methionine intake restriction (≤800 mg) combined with nivolumab treatment showed that 50% of patients experienced a metabolic response (PET-CT SUVmax decrease ≥30%), and 3 of them achieved partial remission (65).

CAR-T cell therapy is a type of T cell therapy that genetically engineers T cells to express chimeric antigen receptors (CARs) that specifically recognize tumor antigens, thereby achieving specific killing of tumor cells (66). In 2017, the FDA approved CAR-T cell therapy for the treatment of patients with relapsed or refractory B-acute lymphoblastic leukemia. CAR-T cell therapy involves genetically engineered T cells expressing antigen-specific, non-MHC-restricted receptors that can target and attack specific pathological cells and exert therapeutic effects on patients. The structure of CAR is constantly updated and has now evolved to its fifth generation. In the treatment of bone tumors, investigators are exploring CAR-T cell therapies targeting tumor-associated antigens such as GD2 and HER2 (67, 68). Although CAR-T cell therapy has made breakthroughs in hematologic malignancies (69, 70), the application in solid tumors still faces many challenges, such as immunosuppression and targeted toxicity of the tumor microenvironment. In response to the limitations of traditional CAR-T cells in solid tumors, University College London has developed an innovative OPS-gdT cell platform. The technique uses gamma delta T cells from healthy donors to engineer them to express antibody fragments that target osteosarcoma-related antigens, such as B7-H3, while secreting IL-15 to maintain cell activity. In preclinical osteosarcoma models, OPS-γδT cells showed superior efficacy to conventional CAR-T: Tumor growth inhibition (TGI) was 42% in the CAR-T group; TGI was 89%, and DFS disease-free survival was achieved in 60% of mice treated with OPS-γδT. When combined with a bone sensitizer such as zoledronic acid, TGI is further increased to 97%. Based on these results, we initiated the OPERA-1 trial (NCT05509901), which plans to recruit patients with osteosarcoma to evaluate the safety and preliminary efficacy of OPS-γδT cells (71).

Tumor cells are highly heterogeneous. Therefore, it is important to explore tumor-specific antigens to provide more precise treatments, while oncology vaccines can meet these needs. Oncology vaccines are another important immunotherapy strategy that aims to prevent or treat tumors by activating a patient’s own anti-tumor immune response (72, 73). In the field of bone tumors, researchers are developing vaccines based on tumor-specific antigens, such as NY-ESO-1, MAGE-A3, etc. (74, 75). In addition, personalized neoantigen vaccines have also shown potential application value. However, the research and development of cancer vaccines still faces challenges such as antigen selection and immunogenicity optimization. In the field of advanced neoadjuvant therapy for resectable osteosarcoma, a combination strategy based on dendritic cell (DC) vaccine shows promise. The Phase II NEO-DVIC trial (NCT04201873) compared the efficacy of conventional neoadjuvant chemotherapy with the cDC1 vaccine in combination with pablizumab in patients with primary osteosarcoma: The primary pathological response rate (MPR) of 56% in the cDC1 vaccine group (n = 25) was significantly higher than that of 20% in the chemotherapy group. Median event-free survival (EFS) not reached (vs 15.6 months). Treatment response is strongly associated with CD4+tissue-resident memory T cell (Trm) expansion. Mechanistic studies have shown that the cDC1 vaccine can effectively present tumor antigens to lymph nodes and activate tumor-specific T cell responses, while PD-1 blockade can prevent T cell depletion (76).

Other immunotherapy strategies include oncolytic viruses, immunomodulators, and others. Oncolytic viruses are able to selectively infect and lyse tumor cells while eliciting an anti-tumor immune response (77, 78). In addition to directly lysing tumor cells, the innate immune system can easily recognize the virus as foreign, thus avoiding the need for cancer-specific antigens to initiate an immune response. Oncolytic virus infection can lead to a strong innate immune response through the expression of damage-associated molecular patterns (DAMPs), resulting in local cytokine expression that attracts APCs, natural killer cells, and ultimately T cells (79). To date, four OVs have been clinically approved in select regions for the treatment of various cancers: Rigvir, T-VEC (IMLYGIC), ONYX-015 (DL1520), and H101 (80–83). OV also has some limitations. First, it is possible for the host to produce neutralizing antibodies, and in addition, in the hypoxic tumor core, tumor cells can form necrosis or calcification nearby in response to hypoxia or acidosis, which may limit the efficacy of OVs. Immunomodulators such as interferon, interleukin, etc., can enhance antitumor effects by modulating immune system function. The application of these strategies in the treatment of bone tumors is still in the exploratory stage, and further research is needed to evaluate their safety and efficacy. The suitability of tumor types to major therapies and common adverse reactions are shown in Table 1.


Table 1 | Tumor-type applicability and common adverse effects for major therapies.
	Therapy class
	Tumor-type applicability
	Common adverse effects
	Patient selection & biomarkers



	Immune Checkpoint Inhibitors (e.g., anti-PD-1/PD-L1, anti-CTLA-4)
	Solid tumors: Melanoma, non-small cell lung cancer (NSCLC), renal cell carcinoma, bladder cancer, and many others. Liquid tumors: Hodgkin lymphoma, some primary mediastinal B-cell lymphoma.
	Immune-related Adverse Events (irAEs): Can affect any organ. Common ones include colitis (diarrhea), dermatitis (rash), hepatitis, pneumonitis, and endocrinopathies (e.g., thyroiditis).
	Selection is often guided by biomarkers such as PD-L1 expression, high Tumor Mutational Burden (TMB), or Microsatellite Instability-High (MSI-H) status, which predict better response.


	CAR-T Cell Therapy
	Liquid tumors: B-cell acute lymphoblastic leukemia (ALL), certain types of non-Hodgkin lymphoma (e.g., DLBCL), and multiple myeloma. Solid tumors: Largely experimental.
	Cytokine Release Syndrome (CRS): Fever, hypotension, and organ dysfunction. Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS): Confusion, aphasia, seizures. Prolonged cytopenias, increased infection risk.
	Selection requires confirmed expression of the target antigen (e.g., CD19 or BCMA). Patients must be fit enough to tolerate severe, acute toxicities.


	Oncolytic Viruses
	Approved: Melanoma (T-VEC), glioblastoma (Delytact), and head & neck cancer (H101) Clinical Trials: HCC (VG161), pancreatic cancer, bladder cancer, ovarian cancer.
	Most common: Flu-like symptoms (fever, chills, fatigue), injection site reactions. Less common: Transient liver enzyme elevations, neuralgia (e.g., facial paralysis). Generally favorable safety profile vs. other immunotherapies.
	Tumor susceptibility to viral infection and presence of viral receptors. Predictive biomarkers are emerging (e.g., theViroPredict 1.0 gene signature for VG161 in HCC). May be particularly suited for patients who have failed prior immunotherapies (e.g., PreCPI >3m with HCC showed better OS with VG161).


	Cancer Vaccines
	Preventive: HPV vaccines for cervical cancer. Therapeutic: - Personalized neoantigen vaccines (PCV): Melanoma, NSCLC, renal cell carcinoma (RCC) - Off-the-shelf: WT1 vaccine for leukemia/ovarian cancer.
	Generally mild: Local reactions (injection site redness, swelling, pain), systemic reactions (low-grade fever, fatigue, muscle aches). Rare: Cell cytokine release syndrome (CRS) is uncommon.
	Requires identification of immunogenic tumor-specific antigens (e.g., via whole exome/RNA sequencing for PCV). Likely most effective in low tumor burden settings (e.g., adjuvant) and with permissive immune microenvironments. Often combined with checkpoint inhibitors (e.g., mRNA-4157 + pembrolizumab in melanoma).


	Bispecific Antibodies (e.g., BiTEs)
	Liquid tumors: B-cell ALL (blinatumomab), multiple myeloma.
	Toxicities similar to CAR-T but often less severe: CRS, neurotoxicity, and infections.
	Requires confirmed target antigen expression (e.g., CD19 for blinatumomab). Often used after prior therapies.










5 Challenges and future directions

Although immunotherapy has shown great potential in the treatment of bone tumors, there are still many challenges. First, the immunogenicity of bone tumors is relatively low and highly heterogeneous, resulting in large individual differences in the efficacy of immunotherapy. Second, immunosuppressive factors in the tumor microenvironment, such as regulatory T cells and myeloid-derived suppressor cells, may weaken the efficacy of immunotherapy. In addition, the management of immune-related adverse effects is an important issue. To overcome these challenges, future research directions may include the development of more effective biomarkers to predict immunotherapy response; exploring new immunotherapy targets; optimizing immunotherapy strategies, (such as combining immunotherapy drugs with different mechanisms), specific therapeutic strategies for the bone tumor microenvironment, etc. In addition, strengthening the combination of basic research and clinical translation and carrying out large-scale, multi-center clinical trials are also important directions to promote the development of bone tumor immunotherapy. Another promising direction is the combination of immunotherapy with traditional treatments. For example, radiation and chemotherapy may enhance the efficacy of immunotherapy by inducing immunogenic cell death; immunotherapy prior to surgery may help control micrometastases. The application of OVs combined with ICIs against tumors has shown success in many preclinical studies and has started to become the focus of clinical trials. Exploring the best combination therapy strategy and timing is expected to further improve the treatment effect of bone tumors.




6 Conclusion

As an emerging treatment strategy, bone tumor immunotherapy has shown great potential in improving patient outcomes. The application of major immunotherapy strategies such as immune checkpoint inhibitors, CAR-T cell therapy, and tumor vaccines in the treatment of bone tumors is deepening. Although there are still many challenges, with the in-depth understanding of the immune microenvironment and immune escape mechanisms of bone tumors, as well as the development of novel immunotherapy technologies, bone tumor immunotherapy is expected to make breakthroughs in the future. Future research should focus on developing more precise immunotherapy strategies, optimizing combination therapy regimens, and strengthening the translation of basic research and clinical applications. At the same time, large-scale, multicenter clinical trials are needed to evaluate the long-term efficacy and safety of immunotherapy. It is believed that through multidisciplinary collaboration and continuous innovation, immunotherapy will bring new hope to patients with bone tumors and ultimately improve their quality of life and prognosis.
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Name Category EV class Size Biogenesis Markers

Exosome Microvesicles Small EV/ 30-150 nm Multivesicular endosome CD63, CDY, CD81, TSG101, Alix
Microvesicles Microvesicles Large EV 100-1000 nm Plasma membrane shedding Annexin Al, ARF6

Large oncosome Microvesicles Large EV 1-10 um Plasma membrane shedding Annexin Al, ARF6

ARMM Microvesicles Small EV 40-100 nm Plasma membrane shedding ARRDCI, TSG101

Migrasome Migrasome Large EV 500-3000 nm Migracytosis TSPN4, TSPNG6, Integrins
Apoptotic bodies  Apoptotic EV Large EV 50-2000 nm Apoptosis Annexin V, PS

Autophagic EV Autophagic EV | Small to large EV | 40-1000 nm Autophagosome endosome fusion (Amphisome)  LC3B-PE, p62 dsDNA/Histones
Stressome Stressed EV Small to large EV | 40-1000 nm Plasma membrane shedding, autophagy HSP90, HSPs

Matrix vesicles Matrix vesicles Small to large EV | 40-1000 nm Matrix binding and release Fibronectin, proteoglycans
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isomiR distance* p-value FDR

miR-185-5p|0 051 <0.001 < 0.001
miR-125a-5p|0 036 <0.001 < 0.001
let-7a-5p|0 035 <0.001 < 0.001
let-7b-5p|0 035 <0.001 < 0.001
miR-203a-3p|+1 034 <0.001 <0.001
let-7¢-5p|0 034 <0.001 < 0.001
miR-101-3p|0 031 <0.001 < 0.001
miR-203a-3p|0 028 <0.001 <0.001
miR-29a-3p|-1 026 <0.001 < 0.001
miR-200b-3p|+1 022 0.005 0.017
miR-378a-3p|0 039 ‘ 0.027 ‘ 0.082

*Distance is Kolmogorov-Smirnov test statistic equal to maximum difference between fold
change cumulative distribution functions of targets with 6-mers and non-target genes.
miRNA-378-3p|+1 failed the test. miRNA-29a-3p|+1 passed the test according to the FDR
value, however, its predicted targets decreased expression while miR-29a-3p|-1 was down-
regulated itself (Figure 3).
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miRNA

miRNA cluster

Genome location

let-7a-5p let-7a-1, let-7f-1, let-7d Chromosome 9,
intergenic region
miR-100, let-7a-2 Chromosome 11,
intergenic region
let-7a-3, miR-4763, Chromosome 22,
let-7b intergenic region
let-7b-5p let-7a-3, miR-4763, Chromosome 22,
let-7b intergenic region
let-7¢-5p miR-99a, let-7¢c Chromosome 21,
intergenic region
miR-203a-3p miR-203a, miR-203b Chromosome 14,
intergenic region
miR-101-3p miR-101, miR-3671 Chromosome 1,
intergenic region
miR-200b-3p miR-200a, miR-200b, Chromosome 1,
miR-429 intergenic region
miR-185-5p - Chromosome 22, intron of

* According to the study of Kabekkodu et al. (33).
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miRNA odds ratio* p-value FDR

miR-378a-3p 2.1 < 0.001 0.001
miR-185-5p 1.8 0.002 0.007
miR-125a-5p 1.5 0.016 0.026
miR-203a-3p 1.5 0.009 0.017
let-7a-5p 1.5 0.002 0.007
let-7¢-5p 1.5 0.006 0.014
let-7b-5p 1.5 0.002 0.007
miR-101-3p 14 0.021 0.030

*Qdds ratio is equal to the ratio (td/tn)/(nd/nn), where “td” and “tn” denote the number of
targets among downregulated and non-regulated genes, respectively. Similarly, “nd” and “nn”
denote the number of non-target genes among the same classes.
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A total of 179 articles were retrieved through PubMed,

Web of Science, CNKI and Wanfang Database

EndNote was used to remove duplicates, and
15 articles could not be obtained in full text

A total of 164 non-repetitive articles were included
Browse titles and abstracts, and
delete 37 articles

Read 127 related literature in full text

Forty studies of low quality or
evidence were deleted
Finally, 90 articles were included
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Therapies Triggering Immunogenic Cell Death

Agonists

Cancer vaccines
Ablative therapies
Chemotherapy

Targeted therapy

Radiotherapy

Hormone therapy

BO-112 (TLR3 agonist) (92), RIG-I-like helicases (93), imiquimod (TLR7 agonist) (94), BCG (TLR9 agonist) (95)
Talimogene laherparepvec (96), adenovirus (97), reovirus (98), Newcastle disease virus (99)

cryotherapy (100), hyperthermic therapy (101), photodynamic therapy (102), irreversible electroporation (103)
bleomycin, doxorubicin (104), pemetrexed (105), oxaliplatin (106), mitoxantrone (107), paclitaxel (108, 109)

proteasome inhibitor bortezomib (110), anti-EGFR antibody cetuximab (111), CDK inhibitor dinaciclib (112), ALK inhibitor
crizotinib, TKI inhibitor foretinib (113), proteasome inhibitor carfilzomib (114)

(115)

progesterone inhibitor mifepristone (116)

Therapies Targeting Hallmarks of Cancer

Evading growth suppressors

Non-mutational
epigenetic reprogramming

Genome instability and mutations

Avoiding immune destruction

Inducing or accessing vasculature
Resisting cell death
Activating invasion and metastases

Tumor promoting inflammation

PARP inhibitors (117), CDK inhibitors (118, 119)

DNA methyltransferase inhibitors, histone deacetylase inhibitors (120, 121)

PARP inhibitors (122), topoisomerase inhibitors (123), inhibitors of microsatellite instability (124), checkpoint kinase inhibitors
(125), CRISPR/Cas9 (126), checkpoint inhibitors (127)

cell adoptive therapies, immunomodulators, monoclonal antibodies (128), peptide cancer vaccines (129), checkpoint
inhibitors (128)

anti-VEGF/VEGFR, TKIs, PI3K inhibitors, AKT inhibitors, ERK inhibitors, mTOR inhibitors (130)
Bcl-2 and Bcl-xl inhibitors, Mcll inhibitors, IAP Inhibitors, SMAC mimetics (131), BH3 mimetics (132)
migrastatics (133), MMP inhibitors (134), integrin inhibitors (135)

cytokine/cytokine receptor inhibitors (e.g, anti-IL6, anti-TGFp anti-TGFRp, anti-TNF/TNFR), COX2 inhibitors, anti-infection
agents (136)

Enabling replicative immortality
Polymorphic microbiomes
Senescent cells

Unlocking phenotypic plasticity
Deregulating cellular mechanism

Self-sufficiency in growth signals

telomerase inhibitors, human telomerase reverse transcriptase inhibitors (137), cytotoxic gene therapy (138)

probiotics, prebiotics, fecal microbiota transplantation (139)

senolytics and senomorphics (140)

TGFB inhibitors, Src inhibitors, VEGF inhibitors, MMP inhibitors (141, 142), epigenetic drugs (e.g, HDAC inhibitors) (143)
inhibitors of glucose, glutamine, fatty acid, or nucleotide metabolism (144)

PDGF inhibitors, EGFR inhibitors (145)

PARP, poly adenosine diphosphate-ribose polymerase; CDK, cyclin-dependent kinase; DNA, deoxyribonucleic acid; CRISPR/cas9, clustered regularly interspaced short palindromic repeats/
associated protein 9; VEGF, vascular endothelial growth factor; VEGER, vascular endothelial growth factor receptor; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; ERK, extracellular
signal-regulated kinase; mTOR, mammalian target of rapamycin; Bcl-2 B-cell lymphoma 2, Bl-x| B-cell extra large lymphoma, Mcl1 myeloid cell leukemia 1; IAP, inhibitor of apoptosis; SMAC,
second mitochondria-derived activator of caspase; BH3, Bel-2 homology domain 3; MMP, matrix metalloproteinase; TGEB, transforming growth factor beta; TGERP, transforming growth factor
receptor beta; TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor; TLR, toll-like receptor; IL, interleukin; COX2, cyclooxygenase-2; HDAC, histone deacetylase; PDGF, platelet-
derived growth factor; EGER, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor.
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Est. 95%Cl

95% CI

Figure 1 Constant PG/VG (/uM) [range 0- Nicotine (%) [no/yes]
(Control) (%) 20 uM]
Scratch area covered (%) [Panel C] 16.85 (14.79, 0.58 (0.39, <0.001 26 (-2.48, 0.851
18.91) 0.77) 3.00)
~Including interaction 16.62 (14.33, 0.61 (0.37, <0.001 1.05 (-3.24, 0.632
-0.096 (-0.493, 0.302), p=0.638 18.92) 0.86) 5.33)
Viable cells x 10° [Panel D] 5.84 (5.70, 0.060 (0.048, <0.001 -0.56 (-0.72, <.001
5.98) 0.071) -0.39)
~Including interaction 5.71 (5.60, 0.076 (0.064, <0.001 -0.22 (-0.42, 0.029
-0.039 (-0.057, -0.021), p<.001 5.84) 0.088) -0.02)
Supplementary Figure $3 PG/VG [nofyes] Nicotine (/mg/ml) [0, 6, 36
mg/ml]
Tumor bioluminescence on day 15 (p/slem?/sr) 935 (409, 1232 (567, <0.001 13.0 (-6.3, 0.187
1462) 1897) 323)
Figure 4 PG/VG [no/yes] Nicotine [no, yes (36 mg/ml)]
Tumor bioluminescence on day 14 (p/s/cmzlsr) [Panel C] 2985 (2257, 1617 (588, 0.002 857 (-172, 0.103
3713) 2646) 1886)
Metastatic nodules on day 22 (number) [Panel F] 61 (48, 74) 59 (41, 77) <0.001 86 (68,103) | <0.001
Lung weight on day 22 (mg) [Panel G] 946 (731, 76 (-390, 0.637 400 (86,714) | 0013
1162) 239)
Figure 5
Lung infiltrating macrophage frequency within CD45+ 386 (289, 6.1 (7.9, 0392 245 (104, 0.001
immune cells (%) [Panel A] 48.2) 20.2) 38.5)
CD8+ T cell within CD45+ immune cells (%) [Panel B] 3.93 (3.74, -1.70 (-1.96, <0.001 -0.53 (-0.79, <0.001
412) -143) -0.27)
IL-6 in lung macrophages [Panel E] 442 (140, 388 (-39.1, 0.075 2270 (1844, <0.001
743) 814.1) 2697)
TNFo. in lung macrophages [Panel F] 0 (-211, 100 (-199, 0.512 4135 (3586, <0.001
211) 399) 4434)
PD-1 in lung CD8+ cells [Panel I] 20.1 (17.8, 622 (59.0, <0.001 -1.6, (-4.7, 0.335
223) 65.4) 1.6)
TNFo. in lung CD8+ cells [Panel J] 964 (862, 40 (-104, 0.586 2963 (2814, <0.001
1066) 185) 3112)
Figure 6A PG/VG [nolyes] Nicotine [no, yes (36 mg/ml)]
CTLA4 (MFI) 6473 (5441, | 910 (-549, 0.221 1882 (423, 0011
7504) 2369) 3341)
PD-1 (MFI) 2486 (2069, 680 (90, 0.024 -237 (-826, 0431
2902) 1269) 353)
TIM3 (MFI) 2 (-51,56) = 53 (-23, 0.169 95 19, 0.015
129) 171)
LAG-3 (MFI) 969 (907. 26 (-63, 0.566 76 (-165, | 0.091
1032) 115) 12)
Figure 6C
4exh markers (%) 52 (4.3,6.1) 54  (4.1,6.6) <0.001 6.7 (5.5, <0.001
8.0)

Analysis done with Stata 15 mixed, REML option.
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Tumor growth over time (In tumor volume, mm?®)

Est. 95% Cl P Est. 95% Cl Est. 95% Cl
B16 (melanoma) MC38 (colorectal) TRAMP-C2 (prostate)
Days (per day) 1.86 (172,1.99) | <0.001 0.80 (0.70,0.89) | <0.001 029 (0.27,031) | <0.001
Days® (per day?) 005 (-0.05,-0.04) | <0.001 017 (:0.02,-0.01) | <0.001 -0.005 (-0.005, <0.001
-0.004)

PG/VG [nolyes] 422 (295,5.50) | <0.001 -0.58 (:0.78,089) | 0892 041 (-015,097) | 0156
PG/VG x days (per day) -0.25 (-032,-0.17) = <0.001 -0.01 (-0.05,0.04) | 0.749 -0.02 (-0.04,0.00)  0.069
Nicotine (0, 6, 36 mg/ml) (per -0.02 (-0.06,0.01)  0.169 0.00 (-0.02,003) | 0.749 -0.01 (-0.03,0.01) | 0280
mg/ml)
Nicotine x days (per (mg/ml)/day) 0.00 (0002, 0.093 0.00 (-0.001, 0.850 0.00 (-0.000, 0065

0.004) 0.001) 0.001)
Constant (Control) (%) -10.99 (1232, 0.001 2,66 (-354,-1.77) | <0.001 295 (2.51,340) | <0.001

-9.66)

Figure 2C. Tumor volume at end of study (not transformed)

PG/VG [nolyes] 267 (-308.6, 0.876 20.8 (-102.0, 0.740 -79.5 (-310.6, 0.500
361.9) 143.6) 151.6)

Nicotine (0, 6, 36 mg/mL) (per 2,66 (-730,12.61) | 0.601 -0.192 (-3.671, 0914 518 (-152,11.88) | 0.130

mg/mL) 2.287)

Figure 6D. Tumor volume at end of study (not transformed)

PG/VG plus 36 mg/mL nicotine 47.4 (-117.1, 0.572

(Y/N) 211.9)

aCTLA4t -1569 (-1734, <0.001
-1405)

Analysis conducted with Stata 15 mixed, REML, unstructured covariance options, allowing intercepts and slopes to vary by mouse, i.e., days nested in mice.

Zero values dropped because In(0) is undefined.

*(Days-40) used as days variable because TRAMP-C2 takes around 40-45 days to become palpable.

+tWealso tested a model that had the PG/VG+nicotine x aCTLA4 interaction. The interaction was not statistically significant (p=0.934), so it is not included in the analysis presented in this table.
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Classification Representatives Mechanisms

Blocks CTLA-4 receptor on T
cells, enhancing immune
CTLA-4 Inhibitors Ipilimumab response against cancer cells.

Targets PD-1 receptor on T
cells, prevents interaction with
Pembrolizumab, PD-L1 on cancer cells, restores
PD-1 Inhibitors Nivolumab T cell activity against tumors.

Targets PD-L1 ligand on cancer
cells, disrupts binding with PD-
Atezolizumab, 1 on T cells, promotes anti-
PD-L1 Inhibitors Durvalumab tumor immune responses.

Targets LAG-3 receptor on T
cells, enhances T cell function
LAG-3 Inhibitors Relatlimab and anti-tumor immunity.

Blocks TIM-3 receptor on T
cells, potentially reverses T cell
exhaustion, improves anti-

TIM-3 Inhibitors Sabatolimab tumor responses.
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Refractory or relapsed cancer
Advanced cancer

Advanced solid tumors
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Advanced solid tumors
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Advanced or metastatic gastric cancer with PIK3CA alteration or
HER2 amplification

Refractory gastrointestinal stromal tumor

Myelofibrosis, essential thrombocythemia, polycythemia vera
Advanced NSCLC

Advanced ALK-positive NSCLC

Refractory solid tumors; lymphoma

Recurrent ovarian, fallopian tube, peritoneal cancer or recurrent triple-
negative breast cancer

Castration-resistant prostate cancer

Advanced solid tumors

NSCLC

Refractory solid tumors

Advanced, triple negative breast cancer
Advanced solid tumors

Anaplastic large cell lymphoma, mantle cell lymphoma, diffuse large B-
cell lymphoma

Relapsed or refractory multiple myeloma
Stage I-IVA squamous cell carcinoma of the head and neck

Recurrent, platinum-resistant ovarian, fallopian tube or primary
peritoneal cancer

Relapsed or refractory small cell lung cancer

Metastatic hormone-resistant prostate cancer previously treated with
docetaxel-based chemotherapy

Metastatic ocular melanoma
Hematologic malignancies

Solid tumors

HER2+ or triple negative breast cancer
Metastatic pancreas cancer

Human epidermal growth factor receptor 2- metastatic breast cancer

Acute myeloid leukemia, acute lymphoblastic leukemia, blast-phase chronic
myelogenous leukemia

Stage II-111 patients with esophageal carcinoma

Stage 111 or Stage IV melanoma
Epithelial ovarian cancer
Malignant peripheral nerve sheath tumors

Refractory gastrointestinal carcinomas, non-squamous NSCLC, urothelial
carcinomas, sarcomas

Solid tumors

Stage I1IB or IV NSCLC

Solid tumors

Unresectable BRAF-mutated stage I1I/IV melanoma
Advanced gastrointestinal tumors

Unresectable BRAF- mutated stage I1I/IV Melanoma

Primary myelofibrosis, post-polycythemia vera myelofibrosis, post-essential
thrombocythemia myelofibrosis

Refractory solid tumors and low-grade non-Hodgkin’s lymphoma
NSCLC with ALK translocations;

Relapsed/refractory Stage I1Ib, or Stage IV NSCLC or Stage IV NSCLC
Gastrointestinal stromal tumors

Advanced breast cancer

Metastatic melanoma
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B-cell chronic lymphocytic leukemia

Advanced solid tumors

Relapsed chronic lymphocytic leukemia/small lymphocytic lymphoma, B-
cell prolymphocytic leukemia

Advanced solid tumors

Advanced breast cancer

Solid tumors

Refractory solid tumors, lymphomas
Stage I1Ib or IV NSCLC

ZAP-70" B-Cell Chronic Lymphocytic Leukemia

Clinical trial phase
Phase I; NCT00920205
Phase I; NCT04827810
Phase I; NCT01602627
Phase II; NCT01485536
Phase I; NCT01226732
Phase I; NCT01784640
Phase I/I; NCT01259089

Phase Ib; NCT01613950

Phase II; NCT01404650
Phase II; NCT01668173
Phase I; NCT01124864
Phase 1I; NCT01752400
Phase I; NCT00647764

Phase I; NCT02627430
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Phase I/Il; NCT01063907
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Phase I; NCT02060253
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Phase II; NCT01551693
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Phase I; NCT02192541
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Phase I; NCT03906643
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Phase Ib; NCT03095781
Phase I; NCT01657591

Phase Ib; NCT03935555
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Phase I; NCT01228435
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