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Introduction

In Cutaneous T-cell Lymphoma (CTCL), T cells can be activated either by cytokines produced by malignant T cells or through immunological synapses, such as the interaction between OX-40 and OX-40L on dendritic cells. Both are co-expressed in tumor cells in Mycosis fungoides/Sézary syndrome and correlate with disease severity markers. Using a model of spontaneous metastasis in chick embryos, the present study aimed to determine the functional role of OX-40 in CTCL and assess its potential as a therapeutic target.





Methods

OX-40 knockout MyLa and SeAx CTCL cells using CRISPR-Cas9 were engrafted onto the chorioallantoic membrane of chick embryos. We assessed tumor growth, dissemination, and TME modulation in the presence or absence of macrophages. Transwell-based transendothelial migration assays and co-culture experiments were performed to further explore the interactions between CTCL cells and macrophages. Angiogenesis and lymphangiogenesis have also been investigated.





Results

OX-40 expression promoted intravasation, metastasis, and cytokine secretion, and increased M2 macrophages. Additionally, it restores transendothelial migration and dissemination in the presence of M2 macrophages, possibly through ERK activation. Co-culture experiments revealed that OX-40 promoted a Th2 cytokine profile in CTCL, correlating with M2 macrophages in xenografts. Although OX-40 did not affect angiogenesis in this model, it promoted lymphangiogenesis via VEGF-C expression.





Discussion

Using the CTCL spontaneous metastasis model in chick embryos, we demonstrated that OX-40 regulates the TME to promote M2 increase, lymphangiogenesis, CAM intravasation, and metastasis. Therefore, the in vivo chick embryo metastasis model may serve as a valuable preclinical tool for identifying novel anti-tumor targets in CTCL. The OX-40 axis was identified as a key driver of CTCL progression, promoting tumor growth and metastasis through ERK activation while validating the chick embryo model as a preclinical tool for therapeutic testing.





Keywords: cutaneous T cell lymphoma, CAM assay, mycosis fungoides, Sézary syndrome, OX-40, tumor microenvironment




1 Introduction

Cutaneous T-cell lymphomas (CTCL), a group of non-Hodgkin lymphomas marked by the clonal proliferation of malignant T cells in the skin (1, 2) include Mycosis Fungoides (MF) and Sezary syndrome (SS) (1, 3). Both conditions are currently incurable, with advanced stages that often progress to fatal outcomes (4), with a chronic, relapsing course requiring repeated treatment regimens (4). There is a high demand to establish new therapeutic targets for MF/SS that will be effective in the future management of CTCL patients (5, 6). Therefore, a deeper understanding of the key biological mechanisms driving CTCL, particularly in relation to the tumor microenvironment (TME), is important for developing more effective therapeutic schemes and improving patient survival (7).

Among the several emerging immunologic targets, OX-40 (CD134), a type II transmembrane protein belonging to the TNF receptor superfamily, has shown increasing attention. It is expressed on activated CD4+ cells, regulatory T cells (Tregs) and natural killer (NK) cells (8, 9). In recent years, OX-40 has gained interest for its dual role in cancer. Although it is often associated with anti-cancer immunological responses, it has also been shown to promote tumor growth in certain malignancies by modulating key survival pathways, including the MAPK/ERK pathway (10). Malignant T cell-derived cytokines or immunologic synapses with dendritic cells (DCs), such as the OX-40/OX-40L interaction, can activate T cells in CTCL (11). Both OX-40 and OX-40L are co-expressed in tumor cells in MF/SS and have been linked to disease severity markers (12). The proliferation of CTCL cells is suppressed by anti-OX-40 and anti-OX-40L antibodies both in vitro and in animal models (12). This suppression was achieved by reducing the phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2), Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinases (p38 MAPK) via the downregulation of a plethora of downstream intracellular signaling axes, such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), fatty acid synthase (FAS), and B-cell leukemia/lymphoma 2 protein (Bcl-2) (12). These results suggest a potential role for OX-40/OX-40L interactions in fueling MF/SS tumor cell proliferation. Furthermore, the disruption of these interactions could emerge as a novel therapeutic strategy for combating MF/SS.

In the TME, OX-40 expression is frequently upregulated across different immune cell subpopulations, including T cells, DCs, and Tregs, indicating immune activation against tumor cells (8). OX-40 expression on effector T cells indicates their activation status and potential for cytotoxic function against tumor cells, whereas its expression on Tregs increases their suppressive effects on anti-tumor immune responses Additionally, OX-40 expression on DCs enhances their antigen-presenting capabilities, facilitating the priming and activation of tumor-specific T cells. This dual role highlights the complexity of OX40 signaling in modulating immune responses in the TME. Various signaling pathways have been implicated in CTCL; however, the ERK pathway is emerging as a key mediator of tumor cell proliferation, survival, and progression (13). While dysregulated ERK activation in CTCL is associated with oncogenic behaviors, it underscores the need to understand the upstream modulators of this pathway as potential therapeutic targets. We showed that OX-40 influences tumor progression in CTCL, at least in part, through its regulatory effects on ERK activation. Characterization of OX-40 expression patterns in the TME would enable the development of novel immunotherapeutic strategies. Thus, targeting OX-40 signaling may be a potential approach to improve the anti-tumor immune response, leading to better clinical outcomes in patient cohorts. In the present study, we aimed to elucidate the functional significance of OX-40 expression in the in vivo spread of MF/SS using a chick embryo metastasis model, and to evaluate its therapeutic potential as an MF/SS target.




2 Materials and methods



2.1 Cell cultures

The human CTCL, MyLa, SeAx, and HVEC endothelial cell lines were used as previously described (14) and were kindly provided by Dr Michel Laurence (Skin Research Center Service de Dermatologie Hôpital Saint-Louis, INSERM, Paris, France). All cell lines were tested for Mycoplasma using mycoTool Real time PCR (Roche) and authenticated by STR analysis (DNA fingerprinting) for human cell lines by the Promega PowerPlex 18D system and the ThermoFisher Scientific GeneMapper ID-X v1.2 software for analysis of the amplicons. All experiments were performed with cells maintained at ≤ 12 passages to ensure consistency and viability. Use of this human-derived cell line complied with institutional ethical approval by the National Biosafety Commission of Spain, reference A/ES/20/I-85, dated 12/14/21 and the Declaration of Helsinki.




2.2 Spontaneous chick embryo metastasis model

The development of the chick embryo chorioallantoic membrane (CAM) model has been described previously (15, 16). Briefly, the eggs were first prepared for xenografting tumor cells, and then tumor cells were prepared for grafting onto the CAM. Upon grafting, the tumor and chick embryo tissues were harvested as previously described (14). The chick embryo is not considered a living animal until day 17 of development; therefore, the chick CAM assay did not require administrative procedures for approval by the Ethics Committee for Animal Experimentation. This approach does not require permission to experiment on animals because the CAM was not innervated, and studies were stopped before the development of brain regions linked to pain perception. Every experiment was carried out in compliance with the national animal care criteria stipulated in the EU Directive.




2.3 Quantitative real-time PCR

Extraction of genomic DNA, detection of human cells in chick tissues, and quantification were performed as previously described (14). Genomic DNA was extracted from the harvested tissues using the Qiagen DNA purification system (#158906; #158910; #158914; Qiagen, Hilden, Germany). To detect human cells in the chick tissues, primers specific for the human Alu sequences (sense: 5’ ACGCCTGTAATCCCAGGACTT; 30antisense: 50 TCGCCCAGGCTGGCTGGGTGCA 3’) were used to amplify the human Alu repeats present in genomic DNA that was extracted from chick tissues. The real-time PCR used to amplify and detect Alu sequences contained 30 ng of genomic DNA, 2 mm MgCl2, 0.4 µm each primer, 200 µm DNTP, 0.4 units of Platinum Taq polymerase (Invitrogen Corporation, Carlsbad, CA, USA), and a 1:100,000 dilution of SYBR green dye (Molecular Probes, Eugene, OR, USA). Each PCR was performed in a final volume of 10 µL under 10 µL of mineral oil with the iCycler iQ (Bio-Rad laboratories, Hercules, CA, USA) under the following conditions: polymerase activation—95 °C for 2 min, 40 cycles at 95 °C for 30 s, 63 °C for 30 s, 72 °C for 30 s. A quantitative measure of amplifiable chick DNA was obtained through the amplification of the chick GAPDH genomic DNA sequence with chGAPDH primers (sense: 5’ GAGGAAAGGTCGCCTGGTGGATCG 3’; antisense: 5’ GGTGAGGACAAGCAGTGAGGA ACG 3’) using the same PCR conditions as described for Alu. The fluorescence emitted by the reporter dye was detected online in real-time, and the threshold cycle (Ct) of each sample was recorded as a quantitative measure of the amount of PCR product in the sample. The Ct is the fractional cycle number at which the fluorescence generated by the reporter dye exceeds a fixed level above baseline. When indicated, the Alu signal was normalized against the relative quantity of GAPDH and expressed as ΔCt = (CtGAPDH − CtAlu). The changes in Alu signal relative to the total amount of genomic DNA (and, hence, changes in the quantity of human DNA in the chick tissue) were expressed as ΔΔCT = ΔCtcontrol − ΔCttreatment. Relative changes in metastasis were then calculated as 2ΔΔCT. Each assay included negative control, positive control, no-template control, and experimental samples in triplicate. To approximate the actual number of tumor cells, present in each tissue sample, a standard curve was generated through quantitative amplification of genomic DNA extracted from a serial dilution of MyLa and SeAx cells, respectively, mixed with individual chick lung homogenates. By interpolating the Alu signal from experimental samples with the standard curve, the actual number of tumor cells/lung could be determined over a range of 50–100,000 cells/lung.




2.4 Selection of CTCL cell dissemination variants using the chick embryo model

Excision of primary tumors from the CAM under sterile conditions took place; they were washed in SF-DMEM (Sigma Aldrich, Merck), minced and incubated for 4h in the presence of digestive enzymes [1 mg/ml dispase (Sigma Aldrich, Merck); 1 mg/ml collagenase (Sigma Aldrich, Merck)] in SF-DMEM. Following mechanical disruption using 100 μm cell strainers, the dissociated tissue was rinsed with 10% FBS/DMEM, and the resultant cell suspensions from individual tumors were pooled and seeded for propagation in vitro in 10% FBS/DMEM. After 2–3 weeks, the expanded tumor cells were grafted onto new CAMs for another round of tumor growth and cell isolation. This process of tumor cell grafting, followed by tumor cell isolation, was repeated six times, yielding a series of cell lines. The MyLa and SeAx sublines were then transplanted into the CAM of day 10 chick embryos for tumor development. After 7 days, portions of CAM distal from the primary tumor site were harvested under sterile conditions and dissociated by dispase treatment and mechanical disruption. Within two-three weeks of the dissociated cells being plated for in vitro propagation, visible tumor cell outgrowths were identified by their cobblestone-like appearance inside a layer of chick embryonic fibroblasts. A highly disseminating subline of MyLa and SeAx (hi/diss) was produced by isolating and pooling the tumor cell colonies.




2.5 Western blot

Radioimmunoprecipitation Assay buffer (RIPA, Sigma Aldrich) supplemented with phosphatase and protease inhibitors (Roche, Germany) was used to lyse the microtumors. Following normal western blotting, whole-cell lysates were subjected to acrylamide SDS-PAGE and then deposited onto a nitrocellulose blotting membrane (Amersham Protran, GE Healthcare Life Science). The primary and secondary antibodies were diluted to 1:1000 and 1:5000, respectively. The following primary antibodies were used: phosphor-extracellular signal-regulated kinase phosphor (p-ERK; #ab627545; Santa Cruz), p44/42 mitogen-activated protein kinase (MAPK; ERK1/2; clone 137F5; # ab390779; Cell Signaling Technology), phospho ELK-1 thr417 (# PA5-36642; Invitrogen), ELK-1 (# MA5-15311; Invitrogen), phospho p90-RSKT359/S362 (# SAB5700397; Sigma Aldrich, MERCK), Rsk-1 [(10B1D7); # sc-81162; Santa Cruz Biotechnology], vascular endothelial growth factor-C (VEGF-C) (Abcam), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 6C5; Abcam), used as a loading control, and α-tubulin (Sigma-Aldrich). The following secondary antibodies were used: P/N 925-32212 (#ab2716622), P/N 925-32213 (#ab2715510) and P/N 926-32213 (#ab621848). Signal detection and imaging were performed using a ChemiDoc MP Imaging System (Bio-Rad).




2.6 OX-40 CRISPR-cas9 knockout

To knock out OX-40 in CTCL cell lines, OX-40 CRISPR/cas9 edits were generated using a protocol previously described by Santa Cruz Biotechnology (17, 18). In a 6-well tissue culture plate, 1.5 x 105–2.5 × 105 CTCL cells were seeded in 3 ml of antibiotic-free RPMI-1640 (Gibco, Thermo Scientific) per well, 24h prior to transfection with 1-3 μg DNA per well using Ultracruz Transfection Reagent. Six hours post-transfection, the medium was replaced with fresh medium containing 5 μg/ml puromycin (Stem Cell Technologies). The cells were selected for a minimum of 3-5 days. Freshly prepared selective media containing 5 μg/ml puromycin were used to replace the medium roughly every two–three days. To verify full allelic knockouts, single-cell colonies underwent comprehensive phenotypic and/or genotypic characterization using western blotting and real-time (RT)-PCR.




2.7 Overexpression of OX-40

The human OX40 full-length Gene in Lentivector, Endotoxin-free DNA was obtained from G&P Biosciences (SKU#: LTP0103). The Lentiviral expression vector pLTC, which can be utilized for both temporary and stable expression in mammalian cells, was created by subcloning the full-length human OX40/CD134 gene with an upstream CMV promoter. To produce high-titer lentiviral particles, the plasmid was co-transfected into HEK293 cells along with LentiPAK DNA mix (SKU# LP-001). The mock control plasmid was empty. After 48 h, the viral supernatants were collected and used to inoculate MyLa and SeAx cells. Following infection, cells were cultured cells for two weeks in a medium containing 1 μg/ml of blasticidin (Sigma Aldrich), and western blot analysis confirmed the expression of OX-40.




2.8 Transendothelial cell migration using transwell-based transendothelial migration assay

HVEC endothelial cells (1x105) were cultivated to confluence on the insert undersides of 6.5 mm-Transwells with 8μm pores (Corning Inc., MA) in 0.1 ml endothelial culture media. Individual inserts were filled with 5x104 cells in 0.1 ml). FBS/DMEM (5%) was then added to the lower chamber. Fluorescence microscopy was used to image and quantify the transmigrated cells after 24 h, and the proportion of green-fluorescent cells to all cells was calculated.




2.9 Isolation and culture of M1 and M2 macrophages

CD14+ monocytes were extracted as previously reported (19). Briefly, the macrophage culture media contained RPMI (Thermo Fisher), 10% FBS (Thermo Fisher), 0.5% P/S (Thermo Fisher), 10 mM HEPES (Thermo Fisher), 0.1% 2-Mercaptoethanol (ThermoFisher), and recombinant human GM-CSF at 20 ng/ml (Peprotech). Freshly harvested primary monocytes were plated at a density of 20–25 M per 10 cm plate. Additional macrophage medium was introduced the next day (day 1), and on day 4, the macrophage medium was changed. Macrophages differentiated into M1 or M2 subtypes on day 7. Prior to the M1-like macrophage tests, macrophage media were supplemented with IFN-γ (50 ng/ml; Peprotech) and lipopolysaccharide (LPS; 10 ng/ml; eBioscience) for 72h. IL-4 (20 ng/ml; Peprotech) and IL-13 (20 ng/ml; Peprotech) were administered to the macrophage media for 72h before testing for M2-like macrophages. Both M1-like and M2-like macrophage media were devoid of cytokines after they were plated for studies (macrophage culture media + GM-CSF alone) to prevent activation of cytokines from affecting cancer cells. In the transendothelial migration model, M1 or M2 macrophages were incubated for 24h, and in the chick embryo spontaneous metastasis model, for seven days. Conditioned media (CM) generated after macrophage differentiation were collected and referred to as M1 or M2 differentiation CM. Following differentiation, macrophages were washed twice with PBS and cultured for an additional 48 h in RPMI supplemented with 5% FCS (without IFN-γ or IL-4/IL-13). The resulting CM were harvested and designated as M1 CM and M2 CM, respectively. Media were centrifuged to remove cellular debris and stored in aliquots at −80 °C until use. M1 CM and M2 CM (200 µl) were subsequently added to each CAM xenografted tumor for 7 consecutive days.




2.10 Immunofluorescence staining of frozen tumor sections

Tumors were excised, embedded in optimal cutting temperature compound (OCT; Thermo Fisher Scientific), and snap-frozen in isopentane cooled with liquid nitrogen until the OCT had set. Samples were stored at −80 °C until use. Sections (20 µm) were cut at −18 °C using a cryostat and mounted onto glass microscope slides. Tissue sections were fixed by immersion in 3% formaldehyde for 30 min, followed by rehydration in PBS. Permeabilization was performed with 1% BSA and 0.1% Triton X-100 in PBS for 30 min. Slides were then blocked with 5% BSA in PBS for 1 h at room temperature. Primary antibodies against OX40 (CD134/OX-40; #ab270727; Abcam), CD163 (#ab87099; Abcam), and CD86 (#ab220188; Abcam) (1:100 dilution in 5% BSA) were applied (20 µl per section), and slides were incubated overnight at 4 °C in a dark, humidified chamber. The following day, sections were washed three times with PBS containing 0.05% Tween-20 and incubated with Alexa Fluor 405, FITC, or Alexa Fluor 594-conjugated secondary antibodies (1:200 dilution in 5% BSA; 20 µl per section; Life Technologies) for 1 h at room temperature in the dark. After three additional PBS washes, slides were mounted with EverBrite™ Hardset Mounting Medium (Cambridge Bioscience) and coverslipped. Images were acquired using a Nikon confocal microscope.




2.11 Immunofluorescence for angiogenesis and lymphangiogenesis

The effects of OX-40 on tumor cell-induced angiogenesis and lymphangiogenesis were evaluated using a collagen on plant angiogenesis test, as previously described (20). In short, MyLa and SeAx cells were introduced at a density of 106 cells/ml to 2.2 mg/ml neutralized native type I collagen (BD Biosciences), and 30 µl-droplets of the mixture were then polymerized across grid meshes (3x4 mm). This process created three-dimensional (3D) images of plants, which were then incubated for 30 min at 37 °C. On the CAM of 10-day-old chick embryos that were cultured ex ovo, solidified onplants were grafted (four onplants/embryo). Using a stereoscope, newly formed blood vessels that had expanded into three-dimensional collagen rafts were scored across the lower mesh in less than 2 h, and the number of grids with newly created blood vessels was divided by the total number of scored grids to determine the angiogenic index (number of bold vessels/square). The allantoic vein of onplant-bearing embryos was injected with 200 μg of Rhodamine-conjugated Lens culinaris agglutinin (LCA; Vector labs) in 0.2 ml PBS in order to observe the angiogenic blood vessels within collagen rafts. Sections of CAM containing onplants were examined for fluorescence using a digital video camera attached to an Olympus microscope. To examine lymphangiogenesis, immunofluorescence tests were performed using goat anti-rabbit IgG (H+L) secondary antibodies, FITC, and anti-Prox-1 (Abcam and Invitrogen). The primary antibody was washed and incubated for two hours after the parts of the CAM were rinsed in PBS-0.05% Tween 20 (Sigma-Aldrich). Next, secondary antibodies that had been conjugated to FITC were incubated for one hour. FITC and Lectin Red were excited at wavelengths of 488 and 543 nm, respectively, using an Olympus microscope. The images were subsequently processed and examined using FIJI Image J (21), an open-source platform based on ImageJ.




2.12 Cytokine measurement

With a few adjustments, the tissue supernatant was prepared for cytokine testing, as previously described (22). Briefly, 0.5 ml of RPMI 1640 (per 100 mg tissue) was added to the CTCL tumor tissues after removal and chopped into tiny pieces. The tissue fragments were centrifuged at 1500 rpm. After being moved to a 1 ml syringe, the supernatant was filtered using 0.22 μm and 10 μm cell strainer.




2.13 Angiogenesis ex ovo chick embryo CAM assay

As previously mentioned, CAM angiogenesis experiments were performed (20). Briefly, type I rat tail collagen (BD Biosciences) was produced and neutralized at a final concentration of 2 mg/ml. Cells were added to the collagen mixture at a final concentration of 0.5×106 cells/ml of collagen solution. Twenty microliters of the final collagen mixture were polymerized between the two nylon-gridded meshes to form an onplant. Four to six embryos (three to five embryos per variable) were placed on the CAMs of shell-less day 10 embryos growing ex ovo. After 72 h, angiogenic vessels were scored above the upper mesh and an angiogenic index (number of grids with newly generated blood vessels over the total number of grids scored) was calculated for each plant. A minimum of two runs were conducted for each experiment.




2.14 CD86, CD163 and VEGF-C expression

SuperScript II RNase H-reverse (Invitrogen CA) was used to synthesize first-strand DNA from one μg total RNA. Human VEGF-C (accession No. NM005429:5′-CTGCTCGCCGCTGCGCTG and 5′-GTGCTGGTGTTCATGCACTGCAG), human CD86 (accession No.NM175862: 5′- TGCTCATCTATACACGGTTACCand 5′- TGCATAACACCATCATACTCGA, human CD163 (accession No.NM004244:5′- ATCAACCCTGCATCTTTAGACA and 5′- CTTGTTGTC ACATGTGATCCAG and human GAPDH (accession numbers. BC004109:5′-CGGAGTCAACGGATTTGGTCGTAT and 5′-AGCCTTCTCCATGGTGGTGAAGAC) were used as forward and reverse primers, respectively, for polymerase chain reaction (PCR). To obtain a single product with an appropriate base pair size within the linear range of the reaction, all PCR parameters and primers were adjusted. The ratio of target messenger RNA (mRNA) to GAPDH mRNA for each sample was used to determine the target mRNA expression level.




2.15 Statistical analysis

Data processing and statistical analyses were conducted using GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA) and Microsoft Excel 16.3 (Microsoft Corporation, Redmond, WA, USA). Normal distribution of the samples was evaluated using the D’Agostino-Pearson test with an alpha value of 0.05. Unpaired t-tests with Welch’s correction, Mann-Whitney U tests, or Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparison test were used for comparisons. The associated Figure legend for each experiment indicates the number of independent experiments and the sample size. The experimental values of the graphs are presented as the mean ± SEM. For two-sided tests, differences were considered statistically significant at p<0.05.





3 Results



3.1 OX-40 expression promotes high-disseminated CTCL cell intravasation and colonization to distal organs

The metastatic potential of disseminated CTCL cells was investigated by dichotomizing them into high- and low-dissemination variants based on their invasion ability using the chick embryo CAM model to assess their ability to enter circulation and colonize distant organs. Subsequently, their effects on tumor weight, intravasation into the CAM, and distal metastasis were assessed. Tumor weight did not differ significantly between the low- and high-disseminated CTCL cells (Figure 1A). The highly disseminated CTCL cells exhibited a significantly greater ability to intravasate through the vascular endothelium (75.7% MyLa, p<0.0001; 92.2% SeAx, p<0.0001; Figure 1B) and metastasis to the liver (87.5% MyLa, p<0.0001; 49.7% SeAx, p<0.0001; Figure 1C) and lungs (82.8% MyLa, p<0.0001; 85.5% SeAx, p<0.0001; Figure 1D) than the low-disseminated cells. Notably, Western blot analysis of highly disseminated cells revealed significant upregulation of OX-40 expression as well as increased ERK1/2 phosphorylation (Figure 1E, Supplementary Figures S1, S3), suggesting that the OX-40/ERK signaling axis is essential for promoting the metastatic potential of these cells. In contrast, low-disseminated cells exhibited significantly lower OX-40 levels (52% MyLa, p<0.005; SeAx 65%, p<0.005) and reduced ERK1/2 activation (61% MyLa, p<0.005; 51% SeAx, p<0.01), indicating a correlation between OX-40 expression, ERK activation, and the extent of tumor cell dissemination. These findings imply that OX-40 stimulates the ERK signaling pathway, which is important for intravasation and subsequent migration of tumor cells to distant regions, thus boosting CTCL metastasis. This also highlights the critical role of OX-40 in facilitating metastasis and entry of tumor cells into the vasculature.

[image: Bar and blot charts depicting various biological assessments in Myla and SeAx cell lines. Panel A shows tumor weight with no significant difference. Panel B illustrates significant CAM intravasation in hi-diss versus lo-diss. Panels C and D display significant increases in liver and lung metastasis in hi-diss. Panel E presents blot results for OX-40, p-ERK, ERK, and α-TUB across conditions. Asterisks indicate statistical significance.]
Figure 1 | OX-40 expression promotes CTCL cell intravasation and colonization to distal organs. Ability of high- and low-disseminated OX-40-expressing MyLa and SeAx to affect (A) tumor weight (unpaired t-test with Welch’s correction); (B) CAM intravasation (Mann-Whitney U test); and distal metastasis (unpaired t-test with Welch’s correction) to (C) liver; and (D) lung. (E) Western Blot analysis of high- and low-disseminated cells to detect OX-40, p-ERK, and ERK (unpaired t-test with Welch’s correction). Data are presented as mean ± SEM of three independent experiments. MyLa: 18 embryos n=3 independent experiments; SeAx: 15-18 embryos, n=3 independent experiments; ****p < 0.0001; ns, not significant Hi-diss, highly disseminated; Lo-diss, low-disseminated; CAM, chorioallantoic membrane; ERK, extracellular signal-regulated kinase; tub, tubulin.




3.2 OX-40 loss reduces tumor weight, transendothelial migration, CAM intravasation and distal metastasis via ERK1/2 pathway

To directly investigate the functional role of OX-40 in CTCL progression, we utilized CRISPR/cas9 technology to generate OX-40 knockout CTCL cell lines. OX-40 knockout CTCL cells engrafted into the chick embryo model resulted in a significant reduction in tumor weight (28% in MyLa embryos, p < 0.0001; 40% in SeAx embryos, p < 0.0001; Figure 2A) compared with mock CTCL cells, indicating the critical role of OX-40 in tumor progression. Additionally, the loss of OX-40 in CTCL cells reduced transendothelial migration (Figure 2B), which underscores the critical role of OX-40 in CTCL cell migration across endothelial barriers and reveals its potential as a therapeutic target in controlling disease progression. Significant inhibition was also observed in CAM intravasation (72.4% in MyLa embryos, p <0.0001; 55.3% in SeAx embryos, p <0.0001; Figure 2C) and metastasis to the liver (60.7% in MyLa embryos, p <0.0001; 73.2% in SeAx embryos, p <0.0001; Figure 2D) and lung (69.4% in MyLa embryos, p <0.0001; 70.1% in SeAx embryos, p <0.0001; Figure 2E) compared to the controls, highlighting the critical role of OX-40 in driving tumor metastasis, suggesting its potential as a therapeutic target for limiting CTCL dissemination. One of the key pathways activated by OX-40 signaling has been suggested to be the MAPK/ERK. In agreement with this, a reduction in ERK1/2 phosphorylation (79% MyLa p<0.005; SeAx 53%, p<0.005) was observed in OX-40 knockout CTCL cells compared to controls by western blot analysis (Figure 2F; Supplementary Figure S2). We further examined whether OX-40 activation affects downstream ERK signaling. Our results showed that OX-40 stimulation increased both the phosphorylation of ERK as well as its downstream substrates, RSK and ELK (Figure 2F, Supplementary Figure S5). These findings indicate that OX-40 activates the ERK pathway at multiple levels, engaging not only ERK itself but also downstream effectors that drive cellular processes such as invasion, migration, proliferation, and survival.

[image: Bar graphs (A-E) and a Western blot (F) compare MOCK and OX-40-KO for Myla and SeAx cells. Results show significant differences (indicated by asterisks) in tumor weight, transendothelial migration, CAM invasion, liver metastasis, and lung metastasis. The Western blot displays protein expressions of OX-40, p-ERK, ERK, TUB, p-RSK, RSK, p-Elk, and Elk in both cell lines.]
Figure 2 | Loss of OX-40 reduces tumor weight, transendothelial migration, CAM intravasation, and distal metastasis through inhibition of the ERK1/2 signaling pathway. OX-40 KO MyLa and SeAx cells engrafted in the chick embryo CAM model significantly reduced (A) tumor weight (unpaired t-test with Welch’s correction) (B) transendothelial migration (unpaired t-test with Welch’s correction) (C) CAM intravasation (Mann-Whitney U test) (D, E) distal metastasis, and (F) and reduced phosphorylation of ERK1/2, ELK and RSK in CAM-grafted CTCL tumors, as shown by Western blot analysis (unpaired t-test with Welch’s correction). Data are presented as mean ± SEM of three independent experiments. MyLa: 11-12 embryos, n=3 independent experiments; SeAx: 16 embryos, n=3 independent experiments; ****p < 0.0001; ns, not significant [unpaired t-test with Welch’s correction or Mann-Whitney U test (tumor weight)]. KO, knockout; CAM, chorioallantoic membrane; ERK, extracellular signal-regulated kinase; tub, tubulin.




3.3 OX-40 modulates transendothelial migration and metastasis in CTCL via M2 macrophage-dependent mechanism

We conducted RNA quantification tests in M1- and M2-polarized monocytes to confirm macrophage polarization. We evaluated the expression of two distinctive markers: CD163 for M2 macrophages, and CD86 for M1 macrophages (Figures 3A, B). The successful polarization of monocytes into the corresponding M1 and M2 phenotypes was validated by the differential expression patterns. Furthermore, we confirmed the presence of CD86+ (M1) and CD163+ (M2) macrophages in the tumor microenvironment by using immunofluorescence analysis on frozen tumor sections derived from SeAx/MyLa cell xenografts in the CAM of chicken embryos (Figure 3C). To clarify whether the effect of M2 macrophages on the metastatic behavior of OX-40 knockout cells is mediated by soluble factors or requires direct cell–cell contact, we conducted conditioned medium (CM) experiments (Supplementary Figure S4). The results demonstrated that CM derived from M2 macrophages was not sufficient to restore the metastatic phenotype. This indicates that direct physical interactions are essential for the pro-tumoral effect.

[image: Graph and microscopy images of CD86 and CD163 expression. Graph A shows relative fold RNA expression of CD86 in M0, M1, and M2 with significant differences noted. Graph B displays relative fold RNA expression of CD163 across the same groups, with similar significant differences. Part C presents fluorescence microscopy images of SeAx and MyLa cells. M1 and M2 macrophage activation states are indicated by CD86 (green), CD163 (red), and OX-40 (blue) markers, with merged views highlighting differential expression patterns.]
Figure 3 | Confirmation of macrophage polarization and the involvement of M2 macrophages in OX-40 KO tumor development. Comparative RNA levels of polarization markers in monocytes: CD86 M1 (A) and CD163 M2 (B). Immunofluorescence stain on frozen tumor sections of SeAx/MyLa xenografts demonstrating the existence of the CD86 + (M1) and CD163 + (M2) macrophages in the tumor microenvironment (C). Data are presented as mean ± SEM of three independent experiments. MyLa: 8-12 embryos, n=3 independent experiments; SeAx: 16 embryos, n=3 independent experiments; ****p < 0.0001; **p<0.01; ns, not significant.

To further explore the role of OX-40 in the TME of CTCL, we co-cultured CTCL cells and OX-40 knockout CTCL cells with macrophages (M1 or M2) and evaluated their transendothelial migration ability. Interestingly, when OX-40 knockout CTCL cells were co-cultured with M2 macrophages, their transendothelial migration ability was significantly increased compared to that of OX-40 KO CTCL cells (Figures 4A-C). Moreover, when OX-40 was overexpressed in OX-40 knockout CTCL cells, the inhibition was elevated but did not reach baseline levels compared to CTCL cells (Figures 4A-C). When M1 macrophages and OX-40 knockout CTCL cells were co-cultured, no statistically significant change was observed compared to that in OX-40 KO CTCL cells. Moreover, the reduction in tumor weight (26.2% MyLa, p <0.0001; 42.1% SeAx, p <0.0001; Figure 5A), CAM intravasation (72.9% MyLa, p <0.0001; 57.7% SeAx, p <0.0001; Figure 5B), and distal metastasis to the liver (77.2% MyLa, p <0.0001; 61.5% SeAx, p <0.0001; Figure 5C) and lung (80.5% MyLa, p <0.0001; 54.7% SeAx, p <0.0001; Figure 5D) increased in the presence of M2-like macrophages.

[image: A series of images and graphs analyzing the effect of OX-40 on cell migration. Panel A shows fluorescence microscopy images of MyLa cells with different treatments. Corresponding bar charts display transmigrated cell counts. Panel B shows similar data for SeAx cells. Panel C presents Western blot analysis, showing protein expression levels of OX-40 and α-TUB in MyLa and SeAx cells under various conditions.]
Figure 4 | The effect of loss of OX-40 on MyLa cells and SeAx in transendothelial migration in the presence or absence of macrophages. Representative fluorescence images of (A) co-cultures of OX-40 KO MyLa cells with HVEC endothelial cells and M1 and M2 macrophages (B) co-cultures of OX-40 KO SeAx cells with HVEC endothelial cells and M1 and M2 macrophages (C) Western Blot analysis of co-cultures for the detection of OX-40. Data are presented as mean ± SEM of three independent experiments. MyLa: 15 embryos n=3 independent experiments; SeAx: 16 embryos, n=3 independent experiments; **p < 0.01, ****p < 0.0001; ns: not significant (Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparison test). KO, knockout; OE, overexpression; M, macrophages.

[image: Bar graphs labeled A to D display experimental data comparing mock, Ox-40 KO, and Ox-40 KO plus M2 conditions. A shows tumor weight; B shows CAM intravasation; C shows liver metastasis; D shows lung metastasis. Significant differences are marked, with ****, **, and ns indicating statistical significance levels.]
Figure 5 | The effect of loss of OX-40 on CTCL cells in tumor weight, CAM intravasation and distal metastasis in the presence and/or absence of macrophages. OX-40 KO CTCL cells significantly reduced (A) tumor weight (unpaired t-test with Welch’s correction) (B) transendothelial migration (unpaired t-test with Welch’s correction) (C) CAM intravasation (Mann-Whitney U test) (D) distal metastasis and these effect were restored in the presence of M2 macrophages. Data are presented as mean ± SEM of three independent experiments. MyLa: 15-16 embryos n=3 independent experiments; SeAx: 16 embryos, n=3 independent experiments; **p < 0.01, ****p<0.0001; ns: not significant (Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparison test). KO, knockout; OE, overexpression; M, macrophages.




3.4 M2 macrophages restore IL-5 and IL-13 expression in OX-40 knockout CTCL cells

In OX-40 knockout CTCL cells, the production of both IL-5 (Figure 6A) and IL-13 (Figure 6C) was significantly reduced compared to that in controls (p <0.0001), highlighting OX-40’s role in regulating the pro-tumor cytokine network in CTCL. Interestingly, in the presence of M2 macrophages, the production of IL-13 and IL-5 was restored. To clarify whether the effect of M2 macrophages on cytokine secretion is mediated by soluble factors or requires direct cell–cell contact, we conducted conditioned medium (CM) experiments (Figures 6B, D). IL-5 and IL-13 in OX-40 KO CTCL cells were restored in the presence of M2 macrophage, but CM-derived from macrophages was not sufficient to restore cytokine secretion. Collectively, these findings suggest that the crosstalk between OX-40–deficient tumor cells and M2 macrophages is primarily dependent on cell–cell contact rather than being driven exclusively by paracrine signaling.

[image: Bar graphs labeled A, B, C, and D display concentrations of IL-5 and IL-13 in pg/mL for Myla and SeAx groups. Comparisons among Mock, Ox-40 KO, and Ox-40 KO with M2 or M2 CM are shown. Significant differences are indicated by asterisks: ns (not significant), ** p < 0.01, *** p < 0.001, **** p < 0.0001.]
Figure 6 | M2-Macrophages Restore Th2 Cytokine Expression in OX-40 KO CTCL cells. Decrease in (A) IL-5 and (C) IL-13 in OX-40 KO CTCL cells was restored in the presence of M2 macrophages but not in CM experiments (B, D). Data are presented as mean ± SEM of three independent experiments. MyLa: 9 embryos, n=3 independent experiments; SeAx: 9 embryos, n=3 independent experiments; ****p<0.0001; ** p<0.01; ns: not significant (Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparison test). KO, knockout; M, macrophage.




3.5 OX-40 affects lymphangiogenesis but not angiogenesis

The role of OX-40 in angiogenesis was further investigated, revealing that OX-40 did not significantly influence CTCL cell-induced angiogenesis. Evaluation using the CAM model showed no substantial difference in blood vessel formation between OX-40 knockout CTCL cells and their unmodified counterparts, as depicted in Figure 7A. Although a slight reduction in blood vessel formation was observed, the difference was not statistically significant, suggesting that OX-40 may not be involved in the regulation of angiogenesis. Therefore, we investigated the role of OX-40 in lymphangiogenesis. OX-40 knockout notably blocked lymphangiogenesis, showing less lymphatic vessel formation (Figure 7B) and decreased expression of VEGF-C protein (Figure 7C, Supplementary Figure S6) and mRNA levels (Figure 7D). Immunofluorescence analysis of Prox-1, a marker of lymphatic endothelial cells, and lectin, a marker of blood vessels and capillaries, demonstrated a significant reduction in lymphatic vessel formation in OX-40 knock out CTCL cells (Figure 7E). Moreover, decreased VEGF-C expression in OX-40 knockout CTCL cells further validated the role of OX-40 in lymphangiogenesis. This suggests that OX-40 promotes lymphangiogenesis, which may facilitate lymphatic metastasis in CTCL.

[image: Graphs and images display the effects of OX-40 knockout on angiogenesis, lymphatic vessel number, VEGF-C expression, and cell presence in MyLa and SeAx cells. Panel A shows that angiogenesis is not significantly different between mock and OX-40 KO. Panel B indicates a significant decrease in lymphatic vessels for OX-40 KO. Panel C presents Western blot results showing reduced VEGF-C expression in OX-40 KO. Panel D quantifies the reduction. Panel E displays fluorescence images, highlighting altered cell presence in OX-40 KO compared to mock.]
Figure 7 | The effect of OX-40 on CTCL cells in angiogenesis and lymphangiogenesis. Measurement of (A) blood (unpaired t-test with Welch’s correction); and (B) lymphatic vessel formation (Mann-Whitney U test). VEGF-C expression by (C) Western blotting (unpaired t-test with Welch’s correction), and (D) RT-PCR (unpaired t-test with Welch’s correction). (E) Immunofluorescence staining of angiogenesis and lymphangiogenesis in CTCL tumors using the chick embryo CAM model (unpaired t-test with Welch’s correction). Images show blood vessels stained with lectin-Texas red and lymphatic vessels stained with anti-Prox1-FITC. Scale bars = 50 and 100 μm. Data are presented as mean ± SEM of two independent experiments. Angiogenesis MyLa: 10 embryos n=2 independent experiments; Angiogenesis SeAx: 9 embryos, n=2 independent experiments; Lymphatic vessel formation MyLa: 11 embryos, n=2 independent experiments; Lymphatic vessel formation SeAx: 9 embryos, n=2 independent experiments; RT-qPCR – 10 embryos in n=2 independent experiments; ns: not significant, ****p<0.0001; ns: not significant. KO, knockout; CAM, chorioallantoic membrane; VEGF, vascular endothelial growth factor.





4 Discussion

Our study provides functional in vivo evidence that OX-40 drives spontaneous intravasation and distal metastasis of CTCL cells via ERK using a chick embryo CAM spontaneous metastasis model. In particular, we used a CAM model to monitor tumor behavior and a CRISPR-based knockout model in CTCL cells to provide important insights into the role of OX-40 in CTCL progression. Our results demonstrate a dramatic reduction in tumor weight, transendothelial migration, and distal metastasis upon inducing CRISPR-modification of OX-40 expression in CTCL cells through the ERK1/2 pathway. We also highlight the use of CRISPR/Cas9 loss-of-function and rescue experiments, the serial selection of highly-disseminating sublines, the demonstration that M2 macrophages restore Th2 cytokines and transendothelial migration in OX-40 KO cells, and the selective promotion of lymphangiogenesis (VEGF-C) rather than angiogenesis. These results not only provide novel insights into CTCL dissemination but also serve as the basis for future therapeutic strategies focusing on OX-40 modulation in a variety of malignancies.

The CAM assay (15), a rapid and ethical in vivo model, enabled the visualization of transendothelial migration, metastatic dissemination, and tumor reduction in OX-40–modulated CTCL cells. We observed that highly disseminated CTCL cells overexpressed OX-40 and showed increased phosphorylation of ERK. In our OX-40 knockout CTCL cell lines, the reduction in ERK signaling suggests that OX-40 is a critical upstream regulator of the ERK pathway, which drives tumor growth and dissemination in CTCL. We have found that OX-40 interaction causes the ERK signaling cascade to be activated in CTCL cells through the increase in phosphorylation of ERK and its effectors RSK and ELK. This is important since both RSK and ELK transcription factors do not only control gene programs that regulate proliferation, survival, migration, and invasion, but also these are key processes that define the tumor microenvironment (23, 24). It has been demonstrated previously that the RSK family can mediate tumor invasion and metastasis through the regulation of cytoskeletal dynamics, EMT and survival signaling, and aberrant ERK/ELK1 can mediate lymphoma progression and spreading. Although dysregulation of ERK/MAPK pathway is already established in CTCL, the downstream effectors like RSK are sparsely reported. Nonetheless, anti-ELK1 expression has been found to be high in Mycosis Fungoides samples (25) as well as in spatial transcriptome profiling of melanoma (26), which proves the possible relevance of ELK1 in the pathogenesis of CTCL. Though direct association of the role of ERK1/2-ELK1 signaling with metastasis in lymphoma has not been made, given its capacity to promote transcriptional programs that promote tumor growth and tumor aggressiveness, one might consider analogous processes are operating in the case of CTCL. Altogether, these findings validate a hypothesis of OX-40 signaling promoting ERK-mediated RSK and ELK activation to strengthen tumor-microenvironment interactions and increase metastatic potential in CTCL.

Our results highlight the importance of OX-40 in promoting CTCL progression and support its role as a potential therapeutic target. The findings of the chick embryo model are consistent with the alternate use of OX-40 signaling in other cancers, where it also modulates tumor behavior.

The ERK1/2 pathway is a key signaling cascade that regulates cellular proliferation and survival. It has also been implicated in several malignancies including CTCL. Its activation has been linked to tumor cell migration and invasion, implying that its regulation by OX-40 could be a novel mechanism important for CTCL progression (27, 28). Similarly, it have been shown that OX-40 agonists enhance T cell infiltration and inhibit tumor growth in melanoma (29, 30). Moreover, the significance of the ERK1/2 pathway has been demonstrated in breast cancer, as its activation correlates with metastatic potential (31). These data imply that crosstalk between OX-40 and the ERK1/2 pathway could be a conserved mechanism in various malignancies, and targeting OX-40 represents a promising therapeutic avenue.

OX-40 is a co-stimulatory molecule that modulates immune responses, maintains balance in the TME. It has become an attractive therapeutic target because it can enhance T cell activation, antagonize Treg suppression, and augment effector functions (8). Preclinical studies have shown that OX-40 agonists exert potent antitumor activity in several cancer types, including melanoma and breast cancer (32, 33), highlighting the therapeutic potential of OX-40 for CTCL. Moreover, recent clinical trials of OX40 agonists in cancer have demonstrated their potential to enhance T-cell activation and anti-tumor immunity. Agents such as BMS-986178, MEDI0562, and ivuxolimab (PF-04518600) have been tested in Phase I/II studies across various advanced solid tumors, including lung, renal, and bladder cancers. These studies consistently show that OX40 agonists are generally well tolerated and induce pharmacodynamic evidence of T-cell activation. Combination approaches, for example BMS-986178 with TLR9 agonist SD-101 and low-dose radiation, aim to further amplify anti-tumor responses. While these early-phase trials are encouraging, ongoing research is needed to determine their clinical efficacy and optimal use in cancer therapy (34–40). OX-40 signaling modulation could promote effector T cell entry into the tumor environment, proliferation, and pro-inflammatory cytokine production, which are critical components of effective tumor rejection (28, 30, 41). OX-40 signaling can augment combination therapies (CTLA-4 blockade plus 4-1BB activation), with increased T-cell infiltration and cytokine production reported (30). These data imply that combinational approaches of this type should be explored to improve the therapeutic efficacy of CTCL. High OX-40 expression in CTCL has been correlated with T cell activation and growth, which are required for anti-tumor immunity (12, 32, 33).

Additionally, we showed that M2 macrophage function was modulated by OX-40 activity in transendothelial migration, CAM intravasation, and distal metastatic events of tumor progression, which remain important factors in CTCL pathology. Wu et al. demonstrated that the depletion of M2-like tumor-associated macrophages delayed CTCL development in vivo (42). The presence of M2 macrophages in the affected skin of MF patients has been clinically correlated with patient prognosis, indicating that tumor-associated macrophages (TAMS) may play a major role in the pathophysiology of MF (42). Our findings underline the significant role of OX-40 signaling in the TME, possibly through M2 macrophages, which secrete factors that promote tumor cell migration and invasion by modulating the cytokine milieu and enhancing the tumor-supportive properties of the TME. OX-40 has a critical impact on tumor behavior, whereas M2 macrophages promote tumor growth and metastasis via numerous mechanisms. Our co-culture experiments demonstrated that M2 macrophages were able to restore cytokine secretion and enhance the metastatic potential of OX-40–deficient tumor cells. Interestingly, conditioned medium from M2 macrophages failed to reproduce these effects, indicating that soluble factors alone are insufficient to drive this phenotype. Instead, our data strongly suggest that direct cell–cell interactions are required for the pro-tumoral activity of M2 macrophages in this setting. This observation is consistent with previous reports showing that macrophage–tumor cell interactions can promote invasion and metastasis through mechanisms involving membrane-bound ligands, adhesion molecules, and the formation of specialized contact structures such as tunneling nanotubes (43). In line with these findings, our study emphasizes the importance of physical crosstalk between tumor cells and the immunosuppressive microenvironment in driving metastatic progression. Targeting these contact-dependent interactions, in addition to paracrine signaling pathways, may therefore represent an effective therapeutic strategy to disrupt macrophage-mediated tumor promotion. When we analyzed the changes in the phosphorylation of signaling pathways, we found that phosphorylated ERK1/2 was reduced as well as downstream targets. Recent studies have shown that OX-40 signaling mediates crosstalk between tumor cells and the TME, including macrophages. M2 macrophages are generally associated with activities that favor tumors and have been shown to favor transendothelial migration of tumor cells. For example, Roh-Johnson et al. showed that tumor cell contact with macrophages activates RhoA GTPase signaling, which is necessary for tumor cell intravasation (44). This implies that M2-like macrophages can promote the transit of CTCL cells through an endothelial barrier, a critical step in the process of metastasis. Pignatelli et al. showed the essential roles of Notch1 and MenaINV in the formation of invadopodia, which promote transendothelial migration (45). Such interactions between OX-40 and M2-like macrophages may further upregulate these processes, promoting the metastatic potential of CTCL. For example, paracrine signaling from macrophages enhances tumor cell intravasation and metastasis in other malignancies, such as breast cancer (46).

Importantly, the crosstalk between OX-40 expressing CTCL cells and M2 macrophages can also impact cytokine profiles; specifically, IL-5 and IL-13 expression in OX-40 knockout CTCL cells was restored by M2 macrophages. This finding was particularly interesting because IL-5 and IL-13 are both linked to Th2 immune responses, which can enhance tumor growth and survival (47). M2 macrophages promote a cytokine microenvironment that benefits CTCL cell survival and proliferation. In other malignancies, M2 macrophages have been implicated in the re-establishment or enhancement of cytokine expression, which supports tumorigenesis. M2 macrophages can secrete IL-10 and TGF-β mediators, which promote tumor progression and immune evasion (48, 49). This suggests a potential role for M2 macrophages in modulating the immune landscape in CTCL via cytokine signaling.

The regulation of the cytokine profile, specifically of Th2-associated cytokines such as IL-13 and IL-5, has also been linked to OX-40. IL-13, which is known to promoting the Th-2 phenotype in both malignant CTCL cells and non-malignant T cells, along with IL-5, plays a crucial role in tumor progression. This reduction in Th2 cytokines suggests that targeting OX-40 may disrupt the tumor-supportive immune microenvironment, thereby impairing tumor growth and dissemination. This finding further strengthens the rationale for using OX-40 inhibition as a therapeutic strategy to interfere with cytokine-mediated CTCL progression.

Interestingly, our findings revealed that OX-40-expressing CTCL cells modulate lymphangiogenesis rather than angiogenesis. The process of formation of new lymphatic vessels, known as lymphangiogenesis, is critical for the dissemination of malignant cells, especially in lymphatic metastasis. Given that lymphatic spread is a key feature of advanced CTCL, we showed that inhibition of OX-40 could potentially limit tumor dissemination through the lymphatic system, providing a novel therapeutic avenue. Previous studies have proposed that tumor cells secrete factors that stimulate lymphatic endothelial cell proliferation and migration, thereby promoting lymphangiogenesis (50). TAMs have recently been shown to promote tumor lymphangiogenesis followed by elevated VEGF-C expression (51). Angiogenesis is typically regulated by alternative signaling networks such as VEGF. We showed that OX-40-expressing CTCL cells selectively promote lymphangiogenesis, most likely by modifying lymphatic endothelial signaling pathways such as VEGF-C. The development of lymphangiogenesis versus angiogenesis by OX-40 CTCL cells indicates a novel mechanism whereby OX-40 CTCL cells preferentially spread through lymphatics in comparison to blood. This has also been  observed in other cancers, whereby distinct tumor cell characteristics influence the preference for lymphatic or blood vessel formation (52). The association between OX-40/M2 macrophages and the metastatic nature of CTCL cells provides further understanding of the role of the TME and its influence on the metastatic spread of CTCL cells. Furthermore, the modulation of transendothelial migration, cytokine expression, and lymphangiogenesis suggests potential therapeutic targets in CTCL and possibly in other malignancies.

One major limitation of the present work is the fact that the chick embryo CAM system does not fully recapitulate the complexity of an intact mammalian immune system. Although the CAM is used to study dissemination of tumor cells, intravasation and colonization in vivo, it is not able to embrace the entire spectrum of adaptive immune interactions that determine the progression of CTCL in patients. Therefore, we conclude on the cell-intrinsic and microenvironmental effects of OX-40 which are maintained in this model, but further studies in the immunocompetent murine systems will be necessary to completely understand the role played by OX-40 in tumor-immune crosstalk in CTCL. Further research is required to clarify the exact mechanisms involved in the role of OX-40 in the progression of CTCL, as well as to determine its potential synergistic effects with other available therapies. These results indicate that modulation of the OX-40 signaling pathway may represent a new therapeutic target for the treatment of CTCL.

In conclusion, our study illustrates that OX-40 is a significant mediator of dissemination and microenvironmental interactions of CTCL cells in a chick embryo in a preclinical environment. A possible key regulator of CTCL development is the OX-40 signaling axis. Through ERK activation, OX-40 promotes tumor development, metastasis, and Th2 cytokine production while affecting the immunosuppressive characteristics of the TME, such as lymphangiogenesis and macrophage activity. These findings confirm the necessity of OX-40-targeted intervention for further assessment in more rigorous immunocompatibility models and eventually in clinical trials, although conclusive clinical treatment phenotypes are yet to be determined.
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