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Intratumoral recruitment of immune cells following innate immune activation is critical for anti-tumor immunity and involves cytosolic dsDNA sensing by the cGAS/STING pathway. We have previously shown that KRAS-LKB1 (KL) mutant lung cancer, which is resistant to PD-1 blockade, exhibits silencing of STING, impaired tumor cell production of immune chemoattractants, and T cell exclusion. Since the vasculature is also a critical gatekeeper of immune cell infiltration into tumors, we developed a novel microfluidic model to study KL tumor-vascular interactions. Notably, dsDNA priming of LKB1-reconstituted tumor cells activates the microvasculature, even when tumor cell STING is deleted. cGAS-driven extracellular export of 2′3′ cGAMP by cancer cells activates STING signaling in endothelial cells and cooperates with type 1 interferon to increase vascular permeability and expression of E selectin, VCAM-1, and ICAM-1 and T cell adhesion to the endothelium. Thus, tumor cell cGAS-STING signaling not only produces T cell chemoattractants, but also primes tumor vasculature for immune cell escape.
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INTRODUCTION

Immune recognition of tumor cells in the tumor microenvironment (TME) requires effector T cells and other immune cells to extravasate from the vasculature and migrate through the extracellular matrix (ECM) to recognize tumor antigens. Indeed, resistance to PD-1 immune checkpoint blockade (ICB) has been linked to an “immune cell excluded” phenotype in many tumor types (1–3). For example, KRAS mutant non-small cell lung cancers that inactivate the STK11/LKB1 tumor suppressor are strongly resistant to anti-PD-(L)1 therapy and exhibit T cell exclusion (4, 5).

Stimulation of Interferon Genes (STING), an ER-resident protein encoded by TMEM173, is an important mediator of the innate immune response to pathogens and in cancer (5–10). Cyclic GMP-AMP synthase (cGAS) recognizes double-stranded DNA (dsDNA) in the cytosol and binds it to generate 2′3′-cGAMP, a cyclic dinucleotide and soluble second messenger that binds STING, which causes activation of the kinase TBK1 via phosphorylation and its downstream substrate, the transcription factor IRF3 (8). Thus, phosphorylated TBK1 (pTBK1) and production of specific cytokines downstream of IRF3, such as CXCL10, can be measured as a function of STING activation, which plays important roles in tumor cells, antigen presenting cells, and potentially other cell types (10). Recently our group identified epigenetic silencing of STING in KRAS-LKB1 (KL) mutant cancer cells, due to an autophagic defect and consequent cytosolic accumulation of mitochondrial DNA, resulting in the inhibition of STING-TBK1-IRF3 mediated type I interferon signaling and impaired production of T cell chemoattractants such as CXCL10 (5). These findings were supported by in vivo quantitative IHC data from patient biopsies that demonstrated impaired intratumoral T-cell infiltration from KL tumors lacking STING expression, and instead, retention of T cells in the stroma (5). STING silencing has also been reported in other tumor types with high tumor mutational burden (TMB) such as melanoma, where loss of STING also mediates escape from recognition of tumor antigens (11).

Communication between cancer cells and the vasculature can modulate infiltration of immune cells and regulate the composition of the TME, though the role of cGAS-STING signaling in this process has not been characterized (12). Cancer cells are known to communicate with neighboring cells, such as astrocytes in the brain TME, which can activate STING via 2′3′-cGAMP in a paracrine manner and promote metastasis (7). Emerging work also reveals that tumor derived 2′3′-cGAMP can act as an immunotransmitter and directly influence anti-tumor immunity (8, 13, 14). Given the problem of immune cell exclusion in many tumor types there is an increasing need to understand how the subcomponents of the TME and especially the tumor vasculature regulates immune extravasation. Importantly, tumor vascular endothelial cells have been identified as a major source of type 1 interferon production in the TME following intratumoral injection of 2′3′-cGAMP-based STING agonists, which promote T-cell-mediated therapeutic antitumor immunity (15). These studies suggest that endogenous 2′3′-cGAMP could also influence the tumor vasculature and regulate its activation in a paracrine manner.

We have also previously reported the use of microfluidic devices to support 3-dimensional (3-D) culture of perfusable microvascular networks (MVNs), comprised of human umbilical vein endothelial cells (HUVECs) and human lung fibroblasts (hLFBs) in a supportive ECM-like gel (collagen or fibrin), which self-organize into vasculature after 5 days of co-culture (16, 17). The same microfluidic devices also enable 3-D culture of cancer cells in similar hydrogels using tumor cell aggregates (spheroids) previously formed in ultra-low attachment plates for 24 h (18–20). This system enables more detailed study of the biological interactions between KRAS mutant cancer cells and the tumor microvasculature. Thus, we developed a microfluidic model that could support culture and formation of vascularized KL lung cancer spheroids, with the specific goal of studying how tumor cell dsDNA sensing via cGAS-STING might modulate innate immune signaling in this more physiologically relevant milieu.



MATERIALS AND METHODS


Immunohistochemical (IHC) Staining and Data Analysis

Brain tumor and brain metastasis tissue microarrays (GL2082, GL861) were purchased from US Biomax, Inc and IHC was performed on the Leica Bond III automated staining platform. The antibody for phospho-TBK1 (Cell Signaling Technology #5483, clone D52C2) was run at 1:50 dilution using the Leica Biosystems Refine Detection Kit with EDTA antigen retrieval. The antibody for STING (Cell Signaling Technology #13647, clone D2P2F) was run at 1:50 dilution using the Leica Biosystems Refine Detection Kit with citrate antigen retrieval. Staining was visually scored in a binary manner (presence/absence) in endothelial cells identified using the hematoxylin counterstain marking a circumferential layer of nuclei surrounding red blood cell fragments. These results were confirmed by a board-certified anatomic pathologist (NRM), who also quantified infiltrating lymphocytes by morphology on hematoxylin-counterstained per high power field (HPF = 40× objective), averaged across confidently identified endothelial lumens in 1–4 HPF per specimen. Average tumor infiltrating lymphocytes per HPF was compared for pTBK1+ and pTBK1− blood vessels in each tumor specimen.



Cell Lines

H1355 were cultured in RPMI-1640 (Thermo Fisher Scientific, Cat.# 11875-119) supplemented with 10% FBS, 1× penicillin–streptomycin, and 2.5 (g/mL plasmocin prophylactic (InvivoGen, Cat.# ant-mpp). Cells were originally obtained from the Broad Institute and authenticated by short tandem repeat genotyping. Human umbilical vein endothelial cells, HUVECs (Lonza, C2519AS) were cultured in vascular medium (VascuLife® VEGF Endothelial Medium Complete Kit, #LL-0003). NHLF- human Lung Fibroblasts (Lonza, CC-2512) were cultured in fibroblast growth supportive medium (FibroLife® S2 Fibroblast Medium Complete Kit, # LL-0011). Culture medium was replaced every 2 days, and all experiments were performed before reaching 10 passages. Mycoplasma infection was regularly checked by PCR using the conditioned media derived from each cell line. The sequences of the primers used for checking mycoplasma infection are listed in Supplementary Table S1.



CRISPR/Cas9 System

Target sequences for CRISPR interference were designed using the single-guide RNA (sgRNA) designer1. A non-targeting sgRNA from the Gecko library v2 was used as a scramble sgRNA. sgRNA target sequences are listed in Supplementary Table S1.



Generation of Lentivirus

HEK293T cells (3 × 106) were plated onto a 60-mm dish and transected using X-tremeGENE HP DNA Transfection Reagent (Roche, Cat.# 06366236001) with 1 μg of lentivirus-based expression vectors together with 1 μg of pCMV-dR8.91 and 1 μg of pCMV-VSV-G. After 48-h incubation, the media containing lentivirus particles were collected, passed through a 0.45 μm filter, and concentrated using Lenti-X Concentrator (Clontech, Cat.# 631231). For selection of virally infected cells, 1 μg/mL of puromycin (pCRISPR-v2 sgRNAs) or 6 μg/mL of blasticidin (plx304-NanoLuc or plx304-hLKB1) was used 24 h after infection.



dsDNA Stimulation

Cells (2 × 105 to 5 × 105) were plated onto a 6-well plate and transfected using X-tremeGENE HP DNA Transfection Reagent (Roche, Cat.# 06366236001) with the indicated amount of poly (dA:dT) (Invivo- Gen, Cat.# tlrl-patn). Cells utilized for 3D culture in microfluidic devices were transfected for 24 h, then transferred into ultra-low attachment dish to form spheroids as described below.



Immunoblotting

Cells were lysed in RIPA buffer containing 1× protease inhibitors (Roche, Cat.# 11-836-145-001) and phosphatase inhibitors (50 mmol/L NaF and 100 mmol/L Na3VO4). Immunoblotting was performed as previously reported (5). Briefly, protein was isolated from cell lines and measured by BCA (Pierce Biotechnology). Protein extracts were subjected to polyacrylamide gel electrophoresis using the 4–12% NuPAGE gel system (Invitrogen), transferred to PVDF (Millipore) membranes, and immunoblotted using antibodies that specifically recognize STING (#13647, Cell Signaling Technology), cGAS (#15102, Cell Signaling Technology), LKB1 (#3047, Cell Signaling Technology), phospho-TBK1 (#5483, Cell Signaling Technology), TBK1 (#3013, Cell Signaling Technology), and β-actin (#3700, Cell Signaling Technology). Secondary antibodies were from LI-COR Biosciences: IRDye 680LT Goat anti-Mouse IgG (#926-68020) and IRDye 800CW Goat anti-Rabbit IgG (#926- 32211). LICOR blocking buffer (no. 927-40000) was used to dilute primary and secondary antibodies, with the exception of phosho-specific antibodies, which were diluted in HIKARI Signal Enhancer Solutions 1 and 2 (Nacalai United States, Inc., no. NU00101). Imaging of blots and quantitation of bands were performed using the LI-COR Odyssey system.



Quantitative RT-PCR and PCR Profile Array

Total cellular RNA was extracted using the RNeasy Mini Kit (Qiagen, Cat.# 74106) according to manufacturer’s instructions. RNA samples (1 μg) were reverse-transcribed using Super- Script III First-Strand Synthesis SuperMix (Thermo Fisher Scientific, Cat.# 1683483). Quantitative real-time PCR was performed using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Cat.# 4367659), and the Applied Biosystems 7300 Fast real-time PCR system and software. The relative expression was normalized with the expression of the housekeeping gene 36B4. The sequences of the primers used for qRT-PCR are listed in Supplementary Table S1. Values represent the average of four technical replicates from at least two independent experiments (biological replicates). The profile expression of 84 genes related to endothelial cell biology were performed using the RT (2) Profiler PCR Array for human endothelial cell biology (Cat. # PAHS-015ZC, Qiagen), reverse transcribed and quantitative real-time PCR was performed using RT (2) First Strand Kit (Cat.# 330404, Qiagen), QuantiTect Reverse Transcription Kit (Cat.# 205313, Quiagen), RT (2) SYBR Green ROX qPCR Mastermix (Cat.# 330523, Quiagen) and Applied Biosystems 7300 Fast real-time PCR system and software.



3-D Microfluidic Device Design and Fabrication

Tumor-vascular interactions were evaluated using a commercial 3-D cell culture chip (DAX-1, AIM Biotech, Singapore) as previously described (16–18, 20) (Supplementary Figure S5A), and custom microfluidic devices composed of poly-dimethylsiloxane (PDMS; Sylgard 184; Dow Corning, MI, United States). Custom microfluidic device design and fabrication was conducted by standard soft-lithography techniques. Briefly, elastomer and curing agents were mixed (10:1 vol ratio), degassed, and poured onto a silicon master and cured overnight at 60°C. Access ports for hydrogel injection and media channels were created with biopsy punches and then the devices were taped to remove dust and sterilized in an autoclave. PDMS devices were treated with oxygen plasma (Harrick Plasma), bonded to a glass coverslip (Fisher Scientific) and finally placed in oven until use. Micro-devices have a central gel channel 2200 μm wide and 150 μm high, flanked by two medium channel 1340 μm wide (Supplementary Figure S5B). Macro-devices have a central gel channel 3 mm wide and 0.5 mm high, flanked by two fluidic channels 3 mm wide (Supplementary Figure S5C). 3-D cell culture chips and micro-devices were used for biological cellular studies. Macro-devices were used for permeability measurements.



3-D Microfluidic Culture

Cancer cell spheroids were generated by seeding 5 × 105 cells in suspension in an ultra-low attachment dish (Corning, Cat.# 3471) for 24 h. Samples were pelleted and resuspended in type I rat tail collagen (Corning) at a concentration of 2.5 mg/mL following the addition of 10 × PBS with phenol red with pH adjusted using NaOH. pH of 7.0 to 7.5 was confirmed using PANPEHA Whatman paper (Sigma-Aldrich). All pelleted spheroids were resuspended in 250 μL of collagen hydrogel. The spheroid-collagen suspension was then injected into the central gel region of the 3D microfluidic device. After injection, devices containing spheroid-collagen mixture were incubated for 40 min at 37°C in humidity chambers, then hydrated with culture media, and refreshed daily for 7 days.

Microvascular networks (MVN) were created by detaching HUVEC and hLFB cells from cell culture flasks and resuspending them in cold vascular medium (Vasculife, Lifeline #LL-0003) with 2 U/ml thrombin from bovine plasma (Millipore Sigma, #T7326). The two cell types were combined with cell densities of 12 × 106/ml HUVECs and 2 × 106/ml hLFB. Cell suspensions were mixed 1:1 volume ratio with 6 mg/ml fibrinogen (Millipore Sigma, #341573) and gently injected into microfluidic devices. After allowing several minutes of fibrin polymerization (15–30 min) in a 37°C incubator, warm vascular medium was added to the flanking media channels and refreshed each day of culture. MVN self-assembled over several days refreshing media daily. To generate the MVN + Spheroids samples, MVN were co-cultured with tumor spheroids and protocols were combined. To maintain the same conditions used in each individual protocol, cell densities of 24 × 106/ml HUVECs and 4 × 106/ml hLFB were mixed 1:1 volume ratio with 6 mg/ml fibrinogen. This cell-gel suspension was mixed 1:1 with collagen-spheroids mixture previously generated by resuspending spheroids in 125 μL of collagen hydrogel, resulting in the same final cell density as MVNs or Spheroids alone. To maintain consistency for cytokine analysis, all microfluidic devices conditions were cultured in vascular medium (Vasculife, Lifeline #LL-0003).

MVN alone in microfluidic device were treated with 1 μg/ml 2′3′-cGAMP, or 100 ng/ml IFN-β, or both in combination after 6 days of culture, after which conditioned medium was collected or device were imaged with confocal microscopy 24 h later.



3D Permeability Measurements and Quantification

To measure the vascular permeability of fluorescent dextran in 3D, MVN alone in microfluidic device were cultured for 7 days and treated with 1 μg/ml 2′3′-cGAMP or 100 ng/ml IFN-β. Firstly, medium was removed from both media channels of a macro-device. A solution of fluorescein isothiocyanate (FITC)-conjugated dextran (Sigma-Aldrich) (70 kDa, 0.1 mg/ml) was added to each media channel in succession, and the device was transferred to a confocal microscope (Olympus FV1000). Three regions of interest (ROI) were chosen randomly along the gel channel to ensure non-biased sampling of the microvasculature, and z-stacks approximately 50 μm high were acquired immediately after addition of the fluorescent tracer and 15 min later (512 × 512 pixels, 20× magnification). Microvascular permeability was quantified by considering the increase in fluorescence intensity of FITC-dextran within the extra-vascular gel region as previously described (21). Briefly, Vascular network permeability, P, was quantified by measuring the average fluorescence intensity of the vascular (Iv) and matrix (Im) compartments at two different time points t1 and t2 (t2 − t1 = Δt):
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ΔIm = Im,2 – Im,1 is the increase in mean fluorescence intensity, in the matrix of volume Vm between time points and ΔI = Iv,1 − Im,1, is the difference in fluorescence intensity, therefore solute concentration, between the vasculature (with surface area SA) and matrix at the start of the measurement. Reconstruction and segmentation was performed with Fiji (22) using the 3D Trainable Weka Segmentation plugin for quantification of parameters such as surface area (SA) and volume of the vascular network and matrix. The fluorescent intensity values were computed using Fiji.



3D Perfusion and Adhesion Assay

To test adhesion of T cells to the vascular endothelium, Jurkat T cells were perfused through microvascular networks on day 7 after loading the microfluidic devices. Jurkat cells (Clone E6, ATCC TIB-152) were cultured in RPMI-1640 medium with 10% FBS and 1% penicillin–streptomycin and dyed with CellTracker Green CMFDA Dye (Thermo Fisher Scientific) before experiments. Half of the networks were treated with 1 μg/ml of 2′3′-cGAMP in vascular medium on day 6, and incubated for 24 h. On day 7 devices were perfused with fresh medium and then incubated with sterile rhodamine Ulex Europaeus Agglutinin I (Vector Laboratories) for 20 min to label the endothelium and washed again with fresh vascular medium before introducing Jurkat T cells. The Jurkat cells were pelleted and suspended in vascular medium at 106 cells/ml. Each device received 40 μl of the cell suspension in one channel of the microfluidic device, and cells were allowed to flow through the vascular networks for 30 min before perfusing fresh medium to wash away unbound cells. Jurkat cells that remained bound to the vascular networks were imaged with confocal microscopy (Olympus FV1000) and counted in FIJI. The number of cells retained in untreated networks and those treated with 2′3′-cGAMP were compared using a 2-sided student’s T-test.



Immunofluorescence and Confocal Imaging

Mature microvascular networks were rinsed with warm PBS followed by the addition of approximately 100 μl of 4% paraformaldehyde (Electron Microscopy Sciences, # 15700) to the media channels and left at room temperature. After 15 min of fixation, devices were rinsed twice with PBS, and blocking solution (4% bovine serum albumin, 0.5% goat serum) (Sigma-Aldrich) was added. Devices were incubated for 1 day at 4°C, washed with PBS, and stained with primary antibodies: ICAM-1 (Biolegend, 4453320),VCAM-1 (Abcam, ab134047), CD31 (Abcam, ab28364), conjugated Alexa Fluor 647 anti-human CD326 (EPCAM) (BioLegend, 324212), Acti-stain 555 phalloidin, F-actin (Cytoskeleton, PHDH1-A) and incubated at 4°C for another day. Devices were again washed with PBS and secondary antibodies (Thermo Fisher Scientific, A-11070, A-11011, A-21052) DAPI (4′,6-Diamidino-2-Phenylindole, Dihydrochloride, Invitrogen) or DyLight 649 labeled Ulex Europaeus Agglutinin I (Vector Laboratories) were added, followed by incubation at 4°C protected from light. Finally, samples were washed again with PBS and 3D images were acquired with a confocal microscope (Olympus FV1000) at 20×. Z-stacks were collapsed with maximum intensity projections for viewing (800 × 800 pixels) using FIJI (22).



Multiplexed Cytokine/Chemokine Profiling

Multiplexed assays were performed utilizing the bead-based immunoassay approach Bio-Plex Pro Human Cytokine 40-plex Assay (Cat.# 171AK99MR2) on a Bio-Plex 200 system (Bio-Rad Laboratories, Cat.# 171000201) and the Human Cytokine/Chemokine Magnetic Bead Panel (Cat.# HCYTMAG-60K-PX30) on a Luminex MAGPIX system (Merck Millipore). Conditioned media concentration levels (pg/mL) of each protein were derived from 5-parameter curve fitting models. Fold changes relative to the corresponding control were calculated and plotted as log2FC. Lower and upper limits of quantitation (LLOQ/ULOQ) were imputed from standard curves for cytokines above or below detection. The degree of cytokine/chemokine modulation (D) in the MVN + Spheroids co-culture samples was calculated from absolute concentration levels (pg/mL) of the values from isolated MVN culture were subtracted to the MVN + Spheroids co-culture and results normalized to spheroid-only results as represented by the following equation:
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Where the resulted degree cytokine/chemokine modulation is simply additive (D = 1) versus supra-additive (D > 1) or antagonistic (D < 1).



ELISA

Human IFN-β (Thermo Fisher Scientific, Cat.# 414101), CXCL10 (R&D systems, Cat.# DIP100) and 2′3′-cGAMP (Cayman Chemical, Cat.#501700) were detected with ELISAs according to the manufacturer’s instructions. Conditioned media from each cell line were collected after 24-, 48-, or 168-h culture. Values from 2-D cell culture represent the average of two replicates from at least two independent experiments. Values from 3-D cell culture devices represent the average of four replicates from at least three independent experiments (biological replicates).



Cell Sorting by CD31

Cells (1 × 106) resuspended in 100 μL PBS containing 3% FBS were stained by APC-conjugated anti–CD31 antibody (R&D Systems, Cat.# FAB3567A-025) for 30 min at room temperature, washed by PBS containing 3% FBS, and then analyzed by FACSCanto ll (BD Biosciences). PE/Cy7-conjugated mouse IgG2b (BioLegend, Cat.# 400325) was used as isotype control antibody. Flow sorting for CD31-positive cells was then confirmed with CD31 gene expression by RT-PCR.



Statistical Analysis

All data are plotted as mean ± SD. Sample size (n) is equal to 2 biological replicates or otherwise stated. Unpaired student’s t-test was used for significance testing between two conditions. One-way ANOVA with pairwise comparisons by the Tukey post hoc test was used to determine whether three or more data-sets were statistically significant. Statistical tests were performed using PRISM7 (GraphPad software) and R (23). P values less than 0.05 were considered significant, ∗∗P < 0.01, ∗0.01 < P < 0.05.



RESULTS


LKB1 Reconstitution Promotes STING-Driven Cytokine/Chemokine Production in 3-D KL Spheroids

Since LKB1 modulates STING expression in KL cells, and the KL non-small-cell lung cancer (NSCLC) cell line NCI-H1355 (H1355) potently attracts T cells following LKB1 reconstitution in 3-D microfluidic culture (5), we utilized this system to study additional interactions between tumor cell dsDNA sensing and the vasculature. H1355 cells stably expressing a luciferase control (H1355-LUC) or reconstituted with LKB1 (H1355-LKB1) were cultured in ultra-low-attachment dishes for 24 h to allow self-aggregation into 3-D spheroids. Spheroids were cultured in a microfluidic device within a collagen/fibrin hydrogel with or without the self-assembling microvascular network (MVN) using our established HUVEC and hLFB co-culture method (16) (Figures 1A,B). HUVECs self-organize into stable and perfusable MVNs, sustained by hLFBs, which provide paracrine support for MVN formation, reduce the diameter of capillary structures, and produce extracellular matrix (ECM) for stability in long-term culture (16).
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FIGURE 1. LKB1 reconstitution of 3-D KL spheroids and response to dsDNA in microfluidic culture. (A) Schematic of H1355 tumor spheroids formation and their in vitro dynamic coculture with or without the microvasculature (MVN) in a 3D microfluidic device within a collagen/fibrin hydrogel. (B) Schematic of the dynamic culture of microvasculature only, spheroids only and the combination of spheroids and microvasculature in the microfluidic culture. (C) Confocal image of luciferase (LUC) control expressing (left) and LKB1 reconstituted (right) H1355 spheroids in 3D microfluidic culture after 7 days, pre-stimulated with poly 1 μg/mL poly (dA:dT), immunostained for F-actin (red) and EpCAM (CD326) (violet). Scale bar, 150 μm. (D) Heat map of cytokine profiles in conditioned medium (CM) 7 days from 3D microfluidic culture of H1355 spheroids. CM was collected 7 days after pre-stimulation with 1 μg/mL poly (dA:dT). Values represent log2 fold change of LKB1 reconstituted H1355 spheroids relative to control. (E) Absolute values of cytokine release of human CCL5, CCL2, GM-CSF, CXCL10, and IL-6 produced from 3D microfluidic culture of H1355 LKB1-reconstituted spheroids versus control. (F) ELISA of human CXCL10 and IFN-β over 7 days of 2D culture, treated ± 1 μg/mL poly(dA:dT), (n = 3 biological replicates). CM was collected and refreshed daily. P values were calculated by unpaired two tailed student t-test; **P < 0.01. Data shown as mean values, error bars ± SD.


Consistent with the tumor suppressive nature of LKB1, H1355-LKB1 spheroids grown after 7 days in microfluidic culture without MVNs exhibited decreased proliferation as compared with H1355-LUC spheroids, but remained viable (Figure 1C). We first validated the direct role of LKB1 in modulating cancer cell-intrinsic dsDNA sensing using both 2-D and 3-D cell culture systems. As expected, introduction of cytoplasmic DNA via poly(dA:dT) transfection (1 μg/ml) followed by continued 2D culture resulted in significantly more robust TBK1 activation following LKB1 reconstitution, consistent with its ability to restore STING expression downstream of AMPK activation (5) (Supplementary Figure S1A). Similarly, poly(dA:dT) transfection of cancer cells followed by spheroid formation and microfluidic 3-D culture revealed that LKB1-reconstituted 3-D spheroids uniquely responded to transfection of cytoplasmic DNA, significantly upregulating multiple immune cell chemoattractants including CCL5, CCL2, and CXCL10, after 7 days (Figures 1D,E and Supplementary Figure S1B). Notably, IL-6 was suppressed by LKB1 reconstitution as previously described (24, 25) (Figure 1E and Supplementary Figure S1B). In contrast, control MVNs expressed high levels of CCL2 and IL-8, as well as IL-6 (Supplementary Figures S1C,D).

Since these studies were conducted at the 7-day endpoint, we next sought to understand the kinetics of cGAS-STING regulated cytokine/chemokine production over time, focusing on CXCL10, the major T cell chemokine downstream of STING and TBK1-IRF3 signaling. We also compared results with IFN-β, another critical TBK1-IRF3 effector cytokine that was not included on the multiplexed array. Notably, poly(dA:dT)-induced IFN-β secretion was also potently restored by LKB1 reconstitution, but fell off by day 3, whereas CXCL10 production was maintained over the 7 day period (Figure 1F) consistent with its known feed-forward activation by IFN (26–28). Thus, LKB1 reconstitution of KL tumor spheroids restores sensitivity to dsDNA sensing in this 3-D culture model.



A 3-D Microfluidic Co-culture System Captures Changes in Innate Immune Signaling During Tumor-Vasculature Interaction

We next considered the possibility that LKB1 expression in tumor cells might influence innate immune signaling in the neighboring vasculature, especially following dsDNA stimulation of tumor cells. We therefore co-cultured HUVECs/hLFB with H1355 spheroids in microfluidic devices for 7 days, which resulted in effective formation of MVNs and encapsulation of 3D tumor spheroids that are randomly distributed in the perivascular space and in contact interaction with the MVNs (Figure 2A).
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FIGURE 2. Impact of LKB1 reconstitution on dsDNA sensing in co-culture with MVNs. (A) Confocal images at 10×, 20×, and 40× magnification of MVNs formed from HUVECs and hLFBs co-cultured with H1355 tumor spheroids within collagen/fibrin hydrogel after 7 days, immunostained for F-actin (red) and EpCAM (CD326) (orange) and CD31 (green). Scale bars, 150, 80, and 40 μm. (B) Schematic equation illustrating normalization of cytokine production from combination of MVN and H1355 tumor spheroids. Cytokine production is considered supra-additive (>1), additive (=1) or antagonistic (<1). (C) Heat map of log2 fold change cytokine/chemokine profiles in conditioned medium after 7 days of 3D microfluidic culture of MVN with H1355 LUC and LKB1 spheroids pre-stimulated with 1 μg/mL poly (dA:dT). (D) Absolute values of supra-additive cytokine release of human CCL2, G-CSF, CXCL10, and IL-6, from 3D microfluidic culture of combination of MVN + spheroids of H1355 LKB1 and LUC control spheroids and MVN only after 7 days of culture in 3D microfluidic devices. P values were calculated by one-way ANOVA followed by Tukey post hoc test; **P < 0.01. Data shown as mean values, error bars ± SD.


To capture differences in dsDNA-stimulated cytokine production that occurred in co-culture with the microvasculature, tumor spheroids were exposed to poly(dA:dT) prior to loading in the device, followed by multiplexed profiling of conditioned media with or without co-culture of MVN with spheroids (H1355-LKB1 vs. LUC). To assess the degree to which the combination of MVN and spheroids modulated cytokine/chemokine production in a simply additive versus supra-additive or antagonistic manner, values from isolated MVN culture were subtracted, and results normalized to spheroid-only results (Figure 2B and Supplementary Figures S1B,D). This calculation revealed supra-additive upregulation of many of the same cytokines/chemokines in LKB1-reconstituted tumor spheroids co-cultured with MVNs, including CCL2 and CXCL10, while there were some differences such as IL-6, which was amplified, and CCL5, which was suppressed (Figures 2C,D). Thus, activation of cGAS-STING signaling by dsDNA in tumor cells alone strongly cooperated with MVNs to amplify innate immune production of specific cytokines and chemokines.



Cooperative Production of Innate Immune Cytokines Induced by Tumor-Vasculature Interaction Is Not Dependent on Cancer Cell Intrinsic STING

To dissect how dsDNA activated tumor cells cooperate with MVNs to enhance cytokine release, we knocked out STING via CRISPR/CAS9 deletion in H1355 cells with or without LKB1 reconstitution. As expected, STING deletion prevented LKB1 restoration of STING expression and suppressed activation of TBK1, as measured by S172 phosphorylation after poly(dA:dT) treatment (Figure 3A). In consonance with this result, STING knockout in LKB1-reconstituted H1355 tumor spheroids also inhibited downstream production of CXCL10 (Figure 3B). We then conducted tumor spheroid/MVN co-culture experiments with STING knockout cell lines, hypothesizing that the cooperative increase in innate immune cytokine production seen in co-culture would be similarly blunted. Surprisingly, we observed comparable induction of cytokines/chemokines following poly(dA:dT) treatment in LKB1 reconstituted H1355 spheroids and MVNs even in the absence of tumor cell STING (Figure 3C). Specifically, we again observed CXCL10 and IL-6 production that was significantly higher in co-culture compared to the vasculature alone, regardless of tumor cell STING (Figure 3D). Production of CCL2 was further enhanced in LKB1 reconstituted spheroid co-culture without tumor cell STING activity as compared to STING intact spheroid co-culture or vasculature alone (Figure 3D). Interestingly, in contrast to STING knockout in LKB1-reconstituted H1355 spheroids, STING knockout in HUVECs consistently resulted in impaired production of CXCL10 in 3D MVN co-culture, despite only treating tumor cells with poly-(dA:dT) (Figure 3E). These data revealed that dsDNA-mediated cooperative induction of cytokines/chemokines in tumor spheroid/MVN co-culture does not rely on tumor cell STING, and instead might rely on endothelial STING activation.


[image: image]

FIGURE 3. MVN co-culture enhances dsDNA-induced cytokines/chemokines even in the absence of tumor cell STING. (A) Immunoblot of the indicated proteins in H1355 cells transduced with LUC and LKB1 ± scramble (control sgRNA) or STING knockout (STING sgRNA) in 2D culture. (B) CXCL10 production in H1355-LKB1 spheroids after STING knockout, (n = 3 biological replicates). (C) Heat map of log2 fold change cytokine/chemokine profiles in conditioned medium (CM) after 7 days of 3D microfluidic culture of MVN with H1355 LUC and LKB1 spheroids with scramble or STING knockout. Spheroids were pre-treated with 1 μg/mL poly (dA:dT). (D) Absolute values of cytokine/chemokine release of CXCL10, CCL2, and IL-6 production. (E) ELISA of human CXCL10 over 6 days of 3D microfluidic culture of HUVEC STING knockout (STING sgRNA) or HUVEC scramble (control sgRNA) with H1355 LKB1 spheroids. Spheroids were pre-treated with 1 μg/mL poly (dA:dT). CM was collected after 1 day and every 2 days of 3D culture. P values were calculated by unpaired two tailed student t-test or one-way ANOVA followed by Tukey post hoc test; **P < 0.01, *0.01 < P < 0.05. Data shown as mean values, error bars ± SD.




Endogenous Activation of TBK1 in the Tumor Vasculature

To understand the potential relevance of this finding, we next examined expression of STING and activation of its immediate downstream target, phosphorylated TBK1 (pTBK1), across different tumor microenvironments in tissue microarrays (TMA) of patient samples. We focused on brain tumors and brain metastases, given the low baseline neuroinflammation and absent STING activation in normal brain. Notably, the most prominent and consistent areas of TBK1 activation in primary brain tumors and metastases were in cross-sections of tumor vasculature (Figures 4A,B). We scored STING expression and activation in a binary manner based on the presence or absence of STING and pTBK1 stain, in endothelial cells lining the lumen of blood vessels. Endothelial cells were identified histologically using the hematoxylin counterstain marking a circumferential layer of nuclei surrounding red blood cell fragments. IHC demonstrated endothelial STING staining in nearly every sample from either tumor- or normal brain-associated microvasculature (Figures 4A,C). Interestingly, pTBK1 IHC revealed specific activation of STING in the tumor endothelium of both primary GBM and metastatic NSCLC (Figures 4A,C), whereas normal brain samples stained uniformly negative for pTBK1 (Figures 4B,C).
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FIGURE 4. Activation of STING-TBK1 signaling in tumor vasculature and lymphocyte infiltration. (A) Representative IHC images from metastatic non-small cell lung cancer (NSCLC) and primary glioblastoma multiforme (GBM) patient brain tissue samples. Red arrows highlight STING (upper) and phospho-TBK1 (pTBK1, lower) staining. Scale bars, 50 μm. (B) Representative STING (upper) and pTBK1 (lower) IHC images from control patient brain tissue. Scale bars, 100 μm. (C) Endothelial STING and pTBK1 IHC was scored in a blinded manner for each sample on a binary scale based on the presence (positive, +) or absence (negative, -) of staining in cells surrounding the presumed endothelial lumen. (D) qRT-PCR of basal STING in parental H1355, hLFB, and HUVEC. (F) qRT-PCR of IFN-β and CXCL10 in HUVECs after exogenous 2′3′-cGAMP treatment. Cells were treated with 1 μg/mL 2′3′-cGAMP for 24 h. (E) ELISA of human CXCL10 levels in conditioned medium derived from parental H1355, hLFB, and HUVEC after exogenous 2′3′-cGAMP treatment (1 μg/mL) for 24 h. (F) ELISA of human CXCL10 levels in conditioned medium derived from HUVECs transduced with scramble (control sgRNA) or STING knockout (STING sgRNA), after exogenous 2′3′-cGAMP treatment (1 μg/mL) for 24 h. (G) Heat map of log2 fold change cytokine/chemokine profiles in conditioned medium (CM) after 7 days of 3D microfluidic culture of MVN treated with 1 μg/mL 2′3′-cGAMP treatment over MVN control. MVN were treated for 2 days after MVN formation. (H) Representative IHC image from metastatic non-small cell lung cancer (NSCLC) with pTBK1+ endothelial microvessels. Red arrows highlight infiltrating lymphocytes. Scale bars, 50 μm (left). Quantification of infiltrating lymphocytes per high power field (HPF) surrounding pTBK1+ or pTBK1- endothelial lumens, (right). P values were calculated by unpaired two tailed student t-test, one-way ANOVA, or two-way ANOVA followed by Tukey post hoc test; **P < 0.01, *0.01 < P < 0.05. Data shown as mean values, error bars ± SD, (n = 3 biological replicates).


Taken together with our in vitro co-culture findings, these data suggested a potential influence of tumor cells on activation of STING in the microvasculature, potentially in the form of tumor-derived 2′3′-cGAMP. Indeed, consistent with the human tumor data, both HUVECs and fibroblasts exhibited 4-fold higher expression of basal STING levels relative to H1355 (Figure 4D). Therefore, we next considered the effect of extracellular 2′3′-cGAMP on these different cell types and on established MVNs. Notably, HUVECs were significantly more sensitive to 2′3′-cGAMP treatment as compared to H1355 tumor cells and fibroblasts, producing significantly higher levels of IFN-β and especially CXCL10 [Figure 4E. As expected, STING knockout in HUVECs markedly reduced sensitivity to 2′3′-cGAMP treatment, especially as measured by CXCL10 production (Figure 4F and Supplementary Figures S3A,B)]. Cytokine/chemokine profiling analysis of established MVNs revealed that treatment of the vasculature with 1 μg/mL of 2′3′-cGAMP led to strong upregulation of multiple cytokines downstream of STING, such as CXCL10, CCL5, IFN-α, as well as CCL2 and IL-6 (Figure 4G and Supplementary Figure S2A).

To elucidate the potential impact of these findings on immune cell extravasation, we next quantified lymphocytes by morphologic criteria and examined their proximity to pTBK1+ versus pTBK1- vessels. We observed significantly greater perivascular lymphocyte infiltrates around pTBK1+ vessels, suggesting a potential relationship between activation of STING-TBK1 signaling in the tumor microvasculature and its ability to promote immune cell extravasation (Figure 4H). These findings thus prompted further examination of whether tumor derived 2′3′-cGAMP might directly activate STING in endothelial cells and prime the tumor vasculature for lymphocyte extravasation.



Export of 2′3′-cGAMP by Tumor Cells Activates STING in Neighboring Endothelial Cells

To determine whether 2′3′-cGAMP produced by cancer cells could activate STING/TBK1/IRF3 signaling in the neighboring tumor vasculature (Figure 5A), we first measured intracellular and extracellular 2′3′-cGAMP levels in H1355-LUC and H1355-LKB1 cells using the same concentration of double-stranded DNA used in co-culture experiments. Transfection of poly(dA:dT) not only increased levels of intracellular 2′3′-cGAMP, but also increased 2′3′-cGAMP levels in the media, which was significantly enhanced by LKB1 re-constitution (Figure 5B). As expected, knockout of STING failed to suppress either 2′3′-cGAMP intracellular production or extracellular export, regardless of LKB1 status (Figure 5B).
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FIGURE 5. 2′3′-cGAMP exported by cancer cells activates STING signaling in endothelial cells. (A) Schematic of cGAS-STING signaling in tumor cells after poly (dA:dT) stimulation and hypothesized export of 2′3′-cGAMP activating STING in the endothelial cells, which would be unaffected by tumor cell STING knockout. (B) Intracellular and extracelluar 2′3′-cGAMP ELISA of transduced LUC and LKB1 H1355 ± scramble or STING knockout. (C) Immunoblot of the indicated proteins in H1355 cells transduced with LUC and LKB1 with scramble or cGAS knockout (cGAS sgRNA) in 2-D culture. (D) Intracellular and extracellular 2′3′-cGAMP ELISA of transduced LUC and LKB1 H1355 with scramble or cGAS knockout. (E) Schematic of the 2-D co-culture experiment and sorting by CD31 + cells. (F) qRT-PCR of CXCL10 of HUVECs after 2-D co-culture with H1355 cells for 24 h with scramble or STING knockout. (G) qRT-PCR of CXCL10 of HUVECs scramble or STING knockout after 2-D co-culture with H1355 cells for 24 h. (H) qRT-PCR of CXCL10 and IFN-β of HUVECs after 2-D co-culture with H1355 cells for 24 h with scramble or cGAS knockout. (I) Schematic of cGAS-STING pathway in tumor cells after poly (dA:dT) stimulation demonstrating that silencing of cGAS impairs accumulation of 2′3′-cGAMP and export from the cells, limiting the STING activation in endothelial cells. P values were calculated by one-way ANOVA, or two-way ANOVA followed by Tukey post hoc test; **P < 0.01, *0.01 < P < 0.05. Data shown as mean values, error bars ± SD, (n = 3 biological replicates).


To directly assess whether 2′3′-cGAMP generated from tumor cells could activate STING in endothelial cells, we next generated cGAS knockout H1355 cells and treated them with poly(dA:dT). As expected, recognition of cytosolic DNA and subsequent downstream activation of STING was abolished in cGAS null H1355-LUC and H1355-LKB1 cell lines, even after the de-repression of STING following LKB1 re-constitution (Figure 5C). Consistent with this, intracellular 2′3′-cGAMP production was significantly diminished, and there were virtually undetectable levels of 2′3′-cGAMP in the media from the cGAS knockout line (Figure 5D). We next investigated the impact of co-culturing poly(dA:dT) transfected H1355-LKB1 cells following STING or cGAS knockout with HUVECs, sorting CD31 positive cells to measure HUVEC specific cytokines/chemokines (Figure 5E). Consistent with our results in 3D culture, dsDNA stimulation of H1355-LKB1 reconstituted cells potently activated CXCL10 as well as IFN-β expression in HUVECs, even following STING knockout in H1355-LKB1 cells (Figure 5F). Meanwhile, CXCL10 production was dramatically reduced by STING knockout in HUVECs co-cultured with H1355-LKB1 cells, further substantiating a direct contribution of endothelial cell STING to induction of CXCL10 secretion in the 3D microfluidic culture system (Figure 5G). Importantly, we also observed that cancer cell cGAS deletion significantly decreased expression of both CXCL10 and IFN-β in co-cultured HUVECs, providing direct evidence that ablation of 2′3′-cGAMP export from tumor cells suppresses STING signaling in endothelial cells (Figures 5H,I). Of note, expression of CXCL10 and IFN-β in HUVECs was not completely abolished following cGAS knockout, suggesting the potential for additional paracrine mediators of this response downstream of alternate dsDNA sensors. Regardless, these data confirm that cGAS-driven 2′3′-cGAMP export from cancer cells is directly involved in activation of STING signaling in neighboring endothelial cells, prompting us to examine whether it might play additional roles in priming the vasculature to promote immune cell recruitment.



2′3′-cGAMP and IFN-β Prime the Endothelium for Immune Cell Extravasation

To determine whether 2′3′-cGAMP might alter the vasculature to promote immune cell recruitment, we first assessed its impact on microvascular permeability. Permeability of MVNs in microfluidic culture can be measured via flux of a fluorescent tracer from the luminal compartment of the vasculature to the interstitial space, as recently described (21). We assessed the effects of 2′3′-cGAMP or downstream type I IFN, which can also impact tumor vasculature (29), and observed that both 2′3′-cGAMP and IFN-β treatment individually enhanced permeability of the 3-d MVNs (Figures 6A,B). We next tested a quantitative PCR array of endothelial activation markers to identify whether expression of specific adhesion molecules or other related genes are also upregulated after treatment of endothelial cells with 2′3′-cGAMP or IFN-β. Notably, analysis of this list to identify common targets shared by both 2′3′cGAMP and IFN-β treatment revealed prominent upregulation of multiple genes involved in T cell trafficking, including E-selectin, ICAM-1, and VCAM-1 (Figure 6C). We therefore examined expression of these specific genes in HUVECs in response to 2′3′-cGAMP, IFN-β, or the combination. Indeed, all three genes were significantly induced by 2′3′-cGAMP or IFN-β, treatment, and further increased by the combination (Figure 6D). In contrast, we observed negligible changes in expression of genes involved in tight junctions, including ZO-1, Occludin and Claudin-5 (Supplementary Figure S4C), suggesting that the observed changes in vascular permeability are likely occur at the post-transcriptional level. We therefore focused on differences in expression of adhesion molecules in established MVNs in 3D microfluidic devices. Treatment with 2′3′-cGAMP and/or IFN-β increased expression of membrane-bound ICAM-1 and VCAM-1 on MVNs by immunofluorescence (Figure 6E and Supplementary Figure S4B). To determine the functional consequences of this adhesion molecule upregulation, we perfused Jurkat T cells through the MVNs and observed significantly increased attachement of Jurkat cells to the endothelial walls of the microvasculature in the presence of 2′3′cGAMP pre-treatment (Figure 6F). Taken together, these findings reveal that tumor derived 2′3′-cGAMP not only amplifies cytokine production in the adjacent vasculature, but also increases permeability and upregulates adhesion molecules that can facilitate T cell escape (30, 31) (Figure 6G).
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FIGURE 6. 2′3′-cGAMP and IFN-β promote vascular permeability and upregulation of adhesion molecules. (A) Schematic of permeability experiments and analysis. Dextran dye was injected, and image stacks were captured at time 0 and at 15 min. (B) Permeability coefficients for different conditions (control, cGAMP, IFN-β), (n = 9 biological replicates). (C) Venn diagram of top genes upregulated in HUVEC after treatment with 2′3′-cGAMP or IFN-β. (D) qRT-PCR of E-selectin, ICAM-1, VCAM-1 in HUVEC treated with 2′3′-cGAMP, IFN-β, or combination of 2′3′-cGAMP + IFN-β (n = 3 biological replicates). (E) Confocal images of microvasculature treated ± 2′3′-cGAMP immunostained for ICAM-1, VCAM-1, and lectin. Scale bars, 100 μm. (F) Confocal images of microvasculature (red) treated ± 2′-3′-cGAMP and Jurkat cells (green) (left). Quantification of the number of Jurkat cells adherent to microvasculature per Region of Interest (ROI) (right). Scale bars, 100 μm. (G) Schematic of tumor-derived cGAMP (via cGAS) and IFN-β (via STING) influencing the vascular permeability, adhesion molecules, and chemokines. Schematic was created with BioRender. P values were calculated by unpaired two tailed student t-test or one-way ANOVA followed by Tukey post hoc test; **P < 0.01, *0.01 < P < 0.05. Data shown as mean values, error bars ± SD.




DISCUSSION

Here, we utilize a novel microfluidic co-culture system to probe the impact of LKB1 inactivation on cancer cell intrinsic cGAS-STING signaling in relationship to the microvasculature, a critical gatekeeper of immune cell extravasation. Cytokine profiling of conditioned media from the co-culture of 3-D MVNs with tumor spheroids revealed a cooperative production of multiple chemo-attractants downstream of STING such as CXCL10, CCL5, and CCL2, which was surprisingly independent of cancer cell STING. Furthermore, examination of primary tumors and metastases from patients demonstrated STING-TBK1 activation principally in the tumor vasculature, in contrast to the healthy vascular endothelium. These data suggest paracrine signaling from cancer cells to promote STING activation in adjacent vasculature. Further investigation revealed that 2′3′-cGAMP preferentially activates endothelial cells, that LKB1 reconstitution enhances 2′3′-cGAMP export, and that cancer cell-intrinsic cGAS activity contributes directly to endothelial cell activation. Finally, we show that STING activation in the endothelium by 2′3′-cGAMP can be further enhanced by downstream type 1 IFN, resulting in functional changes to the vasculature that favor immune cell extravasation.

Several recent studies have highlighted an emerging role of cancer cell derived 2′3′-cGAMP in the tumor microenvironment (TME). For example, tumor cells have been shown to transfer 2′3′-cGAMP to astrocytes directly via gap junctions, activating NF-κB signaling and promoting adaptation of the TME to facilitate brain metastasis (7). More recently, multiple groups have unveiled a direct role for exported cancer cell 2′3′-cGAMP in activating anti-tumor immunity. For example, using murine syngeneic cancer lines, tumor-derived 2′3′-cGAMP was shown to activate STING in neighboring host cells to produce type I interferons in the TME and subsequently prime NK cells for tumor cell lysis (8). In two very recent studies, the role of extracellular 2′3′-cGAMP as an immunotransmitter has been further solidified. Inhibition of tumor-associated macrophages has been shown to drive type 1 interferon production in the TME via accumulation of extracellular cancer cell derived 2′3′-cGAMP (13). Furthermore, inhibition of the 2′3′-cGAMP hydrolase ENPP1 was reported to enhance export and accumulation in the media both at steady state and following DNA damage, promoting tumor associated immune infiltration (14). However, to date, a role for endogenous 2′3′-cGAMP in promoting vascular activation, a pre-requisite for this immune cell influx into tumors, has yet to be described.

Intratumoral administration of 2′3′-cGAMP or other cyclic dinucleotide STING agonists promotes therapeutic immune response in several mouse tumor models dependent on host STING but only partially dependent on host T-cell activity (32). Furthermore, tumor endothelial cells have been shown to represent the major source of type I interferon production in the TME following intratumoral injection of 3′3′-cGAMP in the B16F10 melanoma model (15). We now provide evidence that tumor-derived 2′3′-cGAMP can activate endothelial STING, and that 2′3′-cGAMP and downstream IFN-β enhance vascular permeability. Immune cell effectors must receive cues to adhere and extravasate (33) from the vasculature in order to enter the tumor microenvironment and we observed that 2′3′-cGAMP and IFN-β co-operate to upregulate E-selectin, ICAM-1, and VCAM-1. In this regard, endogenous tumor-derived 2′3′-cGAMP could play a gatekeeper role in determining the ability of immune cells to infiltrate by regulating vascular expression of ICAM-1 (27) and VCAM-1 (34), though this possibility needs to be further validated in vivo, including animal studies. Regardless, our data suggests that, in addition to silencing STING, downregulation of 2′3′-cGAMP through mutations such as LKB1 could also promote immune cell exclusion from tumors.

STK11/LKB1 mutation has been identified as a main driver of anti-PD1 resistance in KRAS-mutant lung adenocarcinoma, and loss of LKB1 has been linked to decreased numbers and function of T cells in the TME (5, 24, 35). We have previously reported in vivo quantitative IHC data from patient biopsies with KL tumors showing that T cells were retained in the stroma rather than infiltrating the cancer epithelium, suggesting that LKB1 is important for T cell recruitment (5). Our new data offer a more refined explanation for the phenomenon of defective T cell chemotaxis seen in the KL TME. The recognition of tumor-derived 2′3′-cGAMP and resultant aberrant STING activation by neighboring tumor vasculature, along with attenuated vascular activation and decreased production of T cell chemokines such as CXCL10 by the KL cancer cells, may contribute to the disruption of T cell chemotaxis and resistance to anti-PD1 treatment in the KL TME. We also note that our IHC studies relied on basal tumors unexposed to DNA damaging agents, as evidenced by lack of robust tumor cell pTBK1 staining. Thus, active therapy with agents that enhance endogenous tumor cGAMP production either through non-specific DNA damage (chemotherapy or radiation) or more targeted approaches such as TREX1 or ENPP1 inhibition, are likely to prime even more robust vascular activation, T cell recruitment and infiltration in the TME. Additionally, while we focused on tumor-derived 2′3′-cGAMP as the source of vascular activation in our co-culture system, extravasated antigen presenting cells in the TME could represent another source of extracellular 2′3′-cGAMP. In addition, macrophages are known to produce IFN-β in response to extracellular 2′3′-cGAMP, which could also contribute to vascular activation via paracrine signaling (36). Finally, although we did not observe robust cytokine production from fibroblasts in response to extracellular 2′3′-cGAMP in our systems, fibroblasts are critical in the formation of a vascularized tumor niche and it remains to be seen how extracellular 2′3′-cGAMP may influence the secretome from cancer-associated fibroblasts (37).

More generally, this study demonstrates that developing more representative physiological cell culture models of the TME can elucidate important aspects of innate immune signaling that cannot be studied using traditional in vitro systems (38). Indeed, microfluidic technologies help develop new tools for cancer diagnosis and treatment. Important future directions to enhance the physiologic relevance of the microfluidic co-culture system include introduction of continuous perfusion to mimic blood microcirculation and enable modeling of immune cell trafficking in a long-term culture system. Furthermore, advances in ex vivo modeling may allow long-term culture of patient-derived tumor samples to enable a personalized medicine approach to study drug or immune cell penetration in patient-specific tumor niches (18, 20).

In summary, our data expands upon the increasingly recognized role of endogenous tumor-derived 2′3′-cGAMP in the TME (39), revealing a novel function in vascular activation and immune escape following LKB1 loss. They also suggest that DNA damaging agents or targeted therapeutics that increase endogenous 2′3′-cGAMP production may act to enhance vascular activation and improve immune infiltration and subsequent response to PD-1 blockade in these treatment refractory cancers.



AUTHOR’S NOTE

While critical for tumor immune evasion, the phenomenon of immune cell exclusion remains incompletely understood. Using KRAS-LKB1 mutant lung cancer as a model, we demonstrate that tumor cell cGAS-STING not only regulates chemokine-mediated immune cell recruitment, but also directly influences the gatekeeper function of tumor vasculature via extracellular transfer of 2′3′-cGAMP.
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FIGURE S1 | LKB1 reconstitution in 3D microfluidic spheroid culture. (A) Immunoblot of the indicated proteins in H1355 cells transduced with LUC and LKB1. (B) log10 of the absolute values of cytokine release corresponding to the heatmap in Figure 1D from 3D microfluidic culture H1355 LUC spheroids and H1355 LKB1-reconstituted spheroids. (C) Schematic of human lung fibroblasts (hLFB) and human umbilical vein endothelial cells (HUVEC) in a 3D microfluidic device within a collagen/fibrin hydrogel for 7 days. Confocal images of microvasculature (MVN) immunostained for F-actin (red) and CD31 (green). Scale bar, 150 μm. (D) log10 of the absolute values of cytokine production corresponding to the heatmap in Figure 1D from 3D microfluidic culture of microvascular networks (MVN) alone.

FIGURE S2 | KL-cGAMP export and sensitivity of HUVECs to cGAMP. (A) Log10 of the absolute values of cytokine production corresponding to the heatmap in Figure 4G, from 3D microfluidic culture of MVN treated with 1 μg/mL 2′3′-cGAMP treatment over MVN control.

FIGURE S3 | Insensitivity of STING knockout HUVEC to 2′3′-cGAMP. (A) Immunoblot of the indicated proteins in HUVEC transduced with scramble (control sgRNA) or STING knockout (STING sgRNA). (B) qRT-PCR of CXCL10 and IFN-β of HUVECs transduced with scramble (control sgRNA) or STING knockout (STING sgRNA), after exogenous 2′3′-cGAMP treatment (1 μg/mL) for 24 h. P values were calculated by two-way ANOVA followed by Tukey post hoc test; ∗∗P < 0.01. Data shown as mean values, error bars ±SD.

FIGURE S4 | cGAMP/IFN-β affects adhesion molecules. (A) Upregulated genes from HUVEC treated with 2′3′-cGAMP or IFN-β. (B) Immunostaining of ICAM-1 and VCAM-1 in networks treated with IFN-β (100 ng/ml) or in combination with 2′3′-cGAMP. Scale bars, 100 μm. (C) qRT-PCR of ZO-1, Occludin and Claudin-5 in HUVEC treated with 2′3′-cGAMP, IFN-β, or combination of 2′3′-cGAMP + IFN-β.

FIGURE S5 | Design of microfluidic devices. (A) The 3D cell culture chip (AIM Biotech) is shown with three independent microfluidic chambers (referred to as “device”) per chip, Each device contains a center gel region with posts separating the gel region from the anti-parallel side channels. (B,C) Custom PDMS microfluidic devices were designed using Autocad (Autodesk) and are comprised of a central gel channel, two medium channels and four reservoirs. Devices were bonded to glass coverslips.


FOOTNOTES

1https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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FGFR3 is a prognostic and predictive marker and is a validated therapeutic target in urothelial bladder cancer. Its utility as a marker and target in the context of immunotherapy is incompletely understood. We review the role of FGFR3 in bladder cancer and discuss preclinical and clinical clues of its effectiveness as a patient selection factor and therapeutic target in the era of immunotherapy.
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Introduction

Cytotoxic chemotherapy had been the only standard-of-care treatment for advanced urothelial bladder cancer, which is the world’s 10th most common cancer and thirteenth most deadly (1). Cisplatin-based regimens are associated with objective responses in up to 45% of patients, but these responses are generally not durable (2, 3). Cisplatin-based therapies are associated with toxicities, including treatment-related mortality in rare cases. Beginning with the regulatory approval of atezolizumab, an inhibitor of programmed death-ligand 1 (PD-L1), in 2016, a total of five immune checkpoint inhibitors (ICIs), including the programmed cell death protein 1 (PD-1) inhibitors pembrolizumab and nivolumab and the PD-L1 inhibitors avelumab and durvalumab, gained regulatory approval for advanced urothelial cancer. These therapies are associated with durable responses in a minority of patients (roughly 15% among patients selected based on immune infiltration) and comparatively favorable side effect profiles (4). They have now been used in the first line alone and in combination with chemotherapy and are the preferred choice in the second line after chemotherapy (5–7).

In spite of the great therapeutic potential of ICIs, only a minority (approximately 20%) of patients experience tumoral response to ICIs and median survival with second line immunotherapy remains shorter than 1 year (8). It follows that the identification of biomarkers is a critical step in improving therapy for advanced urothelial bladder cancer. Recognition of characteristics associated with ICI response can help clinicians and researchers optimize patient selection, appreciate new combination or sequencing strategies, and identify mechanisms or targets for development of novel therapeutics. Tumoral PD-L1 expression is only modestly useful as a marker, as tumoral responses to ICI have been observed regardless of PD-L1 status (albeit at a numerically higher rate among those with greater PD-L1 expression) (9). Consensus molecular classifications, which define luminal, basal/squamous, stroma-rich, and neuroendocrine-like subgroups of muscle-invasive bladder cancer, although useful in understanding the biology of tumors, similarly fall short in helping to guide ICI therapy (10). The goal remains to discover tumor characteristics, drivers, and markers that can offer greater therapeutic and instructive value in the context of ICI therapy. Overactivity in the ErbB family (including EGFR and Her2/neu), which is associated with luminal and basal/squamous classifications, has only demonstrated utility as a drug target or predictive marker in a small proportion of clinical trials related to that pathway (11). Similarly, although VEGF activation portends poor outcomes, VEGF has not proved to be particularly promising as a therapeutic target (11). Mutations in DNA damage response genes, including ERCC1, ERCC2, ATM, FANCC, and RB1 can help predict response to platinum-based therapy, but markers for newer immune-based therapies are needed (11). The fibroblast growth factor receptor 3 (FGFR3) gene has long been associated with bladder cancer oncogenesis and recently become a therapeutic target (12). It has become particularly important in the context of immunotherapy given its inverse relationship with an anti-tumor immune response due, at least in part, to its association with a lymphocyte-excluded phenotype (13). We review the current knowledge of FGFR3 in the context of both modern therapies such as anti-PD-1 immunotherapy and FGFR blockade.



FGFR3 in Bladder Cancer

The chromosome 4 gene FGFR3 encodes the FGFR3 protein, a tyrosine kinase that has classically been known to play important roles in development, osteogenesis, and bone maintenance (14, 15). FGFR3 is highly expressed in chondrocytes and osteoblasts, and germline mutations are associated with bone growth disorders such as achondroplasia, chondrodysplasia, and thanatophoric dysplasia (16–20). Curiously, while activating mutations curb growth in bone, the same mutations are associated with excess growth in other tissues (e.g., nevi in skin) (21). Germline FGFR3 mutations are paternally inherited and are associated with advanced paternal age (22). The introduction of improved clinical genetic testing techniques in oncology has facilitated the discovery that FGFR3 gene alterations are implicated in a wide range of cancers [Figure 1A, (23, 24)]. The prevalence of FGFR3 gene aberrations is highest in urothelial carcinomas (18% of cases), followed by uterine carcinosarcoma (14%), esophageal (5%), ovarian (5%), and endometrial (4%) cancers (23–25). FGFR3 signaling has been observed to overlap with known oncogenic pathways such as RAS/PI3K/ERK/AKT/EGFR and has been implicated in tumoral epithelial-to-mesenchymal transition (26, 27). The role of FGFR3 gene in oncogenesis may even be at the pre-translational level: Has_circ_0068871, a circRNA product of FGFR3 gene transcription, is overexpressed in bladder cancer, and is associated with cancer cell proliferation and migration (28). Expression of the antisense transcript FGFR3-AS1, which increases stabilizes and promotes expression of FGFR3 mRNA, and which is overexpressed in urothelial tumors, is associated with tumor invasiveness, proliferation, and motility (29). The most common FGFR3 mutation, S249C, likely develops through an apoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC)-mediated mutagenic mechanism (30). FGFR3-transforming acid coiled coil 3 (TACC3) fusions, which result in constitutive signaling, represent another frequent source of FGFR3 gene aberration (31).




Figure 1 | (A) FGFR3 gene alterations by cancer type based on available data from The Cancer Genome Atlas (TCGA) (only recurrent mutations and fusions—those comprising in >1% of mutations/fusions—were included). Potential mechanisms of improved response rate to FGFR3-targeted therapy in the post-immunotherapy setting include (B) primary immunotherapy resistance, (C) secondary immunotherapy resistance, and (D) enrichment of patients with immunotherapy-resistant tumors in trials of FGFR3-targeted therapy.



As prognostic indicators, FGFR3 gene alterations are generally associated with lower grade and stage among all urothelial bladder carcinomas (32). Among non-muscle invasive cases, 49-84% express FGFR3, compared to 18% of muscle-invasive cases, and FGFR3 mutations are associated with lower disease-specific survival (32–34). Among American Joint Committee on Cancer (AJCC) 8th edition T1 tumors, FGFR3 expression is associated with lower grade tumor and lower risk of cancer progression (35). FGFR3 gene mutations, amplifications, and fusions are associated with luminal-papillary subtype of urothelial cancer, which itself is associated with non-muscle invasive disease and favorable prognosis compared with other subtypes (13, 36, 37). However, in spite of the general association of FGFR3 alterations with favorable characteristics, there is no evidence to suggest that FGFR3 gene alterations correlate with a less aggressive phenotype once urothelial carcinoma has become advanced. In fact, FGFR3 gene alterations are associated with less favorable outcomes in the context of chemotherapy for advanced disease (38, 39).

The identification of FGFR3 as an oncogenic driver in urothelial cancer has led to the development of FGFR3-targeting therapeutics [Table 1, (40)]. While the dovitinib, which targets FGFR3, among other tyrosine kinases, showed poor single-agent activity in an unselected urothelial cancer patient population, using pan-FGFR inhibitors with greater target affinity in genomically selected populations has proven to be a more promising approach (41, 42). This observation may reflect a compensation of other FGFR isotypes when therapeutics target FGFR3 on its own. The FGFR1-4 inhibitor erdafitinib is the sole FGFR-targeting agent to which the United States Food and Drug Administration has granted regulatory approval to date. Erdafitinib is indicated for patients with FGFR2 or FGFR3-altered, platinum-treated urothelial cancer (43). Infigratinib, a FGFR1-3 inhibitor, has also demonstrated promising activity (44, 45). Rogaratinib, another pan-FGFR inhibitor is under investigation using FGFR1 or FGFR3 RNA expression levels, rather than genetic mutational status, as a patient selection criterion (46). The most common treatment-emergent toxicities among these agents are hyperphosphatemia, stomatitis, diarrhea, elevated creatinine, fatigue, hand-food syndrome, and decreased appetite. Although the FGFR-inhibitors are undoubtedly becoming a valuable component of the oncologist’s armamentarium for advanced bladder cancer treatment, a greater understanding is needed of how best to combine and sequence these medications with other therapies in the treatment paradigm.


Table 1 | FGFR inhibitors marketed or in development for bladder cancer.





FGFR3 as a Therapeutic Target and as a Patient Selection Tool in Context of Immunotherapy for Bladder Cancer

The preclinical and correlative literature underpinning the rationale for combining FGFR3-targeted therapy with immunotherapy is substantial. Research in animal models have contributed to an appreciation of the potential synergies between these two mechanisms. Some studies have suggested that FGFR3 has an important role in regulating the innate immune system, including inhibition of interferons and stimulation of tumor necrosis factor-α (47, 48). Others have noted inhibitory effects on a broad range of components of the adaptive immune response, including lymphocyte infiltration, and T-cell CD8A expression, as well as stimulatory effects on the anti-inflammatory TGF-β response signature (13, 49–52). In fact, our previous work has suggested that FGFR3 mutations and FGFR3-TACC3 fusions may be associated exclusively with tumors that exhibit a lymphocyte-excluded phenotype. Moreover, the degree of FGFR3 expression predicts lymphocyte exclusion (13). Wnt/β-catenin signaling, which is associated with non-T-cell-inflamed tumors both in bladder cancers and across most solid cancers, has been shown to overlap with FGFR3 signaling (13, 53–55). In lung cancer models, FGFR3 inhibition enhances the effect of programmed cell death-1 (PD-1) blockade (56). However, evidence that FGFR3 pathways work in opposition to immune activity is not uniform: FGFR3 amplifications are associated with decreased anti-inflammatory M2 macrophage bladder tumor infiltration (51). Additionally, some correlative analyses have not detected a difference in ICI response rates among patients with FGFR3 mutations compared to those with the wild-type allele (52). Additionally, FGFR3 mutations are associated with lower PD-L1 expression, a marker that has been shown to have some correlation with ICI response in some bladder cancer trials (7, 50).

Investigational approaches studying the most appropriate role for FGFR inhibition in the context of ICI therapy (either through sequencing or combination) are generally in early clinical stages. The most robust experience available are what appear to be post-hoc analyses of FGFR inhibition following ICI therapy. In erdafitinib’s pivotal trial, patients who had previously received ICI therapy experienced higher response rates compared with the cohort as a whole (59% vs. 40%) (43, 57). Preliminary data with rogaratinib suggest a similar effect: an interim analysis of its phase I trial demonstrated 30% response among ICI-treated patients compared with 24% across all patients (58). There are several potential reasons for the finding of increased responsiveness to FGFR inhibitors after ICI (Figures 1B–D). It may be that previous ICI therapy primes patients for FGFR-targeted therapy – i.e., FGFR inhibition “sensitizes” the tumor to the effects of ICI by altering the microenvironment to allow for lymphocyte invasion (Figure 1B). Another related explanation for the clinical trial results is that tumors develop enhanced FGFR3 pathway (lymphocyte exclusionary) signaling as a resistance mechanism while on immunotherapy. Subsequent FGFR inhibition would disrupt this oncogenic tumoral lymphocyte exclusion (Figure 1C). A third possibility is that patients who fail immunotherapy tend to be patients whose tumors exhibit poor lymphocyte exclusion (Figure 1D). These may be the exact patients who we might expect to benefit most from FGFR-targeted therapy, which may directly address this immune deficit. These may also be patients whose tumors are driven by mechanisms unrelated to the immune system. Importantly, rogaratinib in combination with atezolizumab for first-line urothelial bladder cancer has now shown an objective response rate of 44% including a 16% complete response rate (59). Future research may provide insight to help identify which of these interpretations (or combination of these interpretations or different interpretation altogether) is most accurate. This research may help us understand to what degree FGFR-targeted therapy is best considered as a treatment to be sequenced with immunotherapy. Or, alternatively, to what degree patients who will benefit from FGFR-targeted therapies and those who will benefit from immunotherapy represent two distinct categories. Eventual analyses from currently ongoing phase Ib/II trials testing the FGFR inhibitors vofatamab (NCT03123055), erdafitinib (NCT03473743), and rogaratinib (NCT03473756) in combination with ICI therapies in broad (not genetically selected) populations may enhance our ability to evaluate these propositions.



Discussion

The FGFR3 gene is prevalent in bladder cancers and may hold value as a prognostic marker and as a tool for patient selection. FGFR3 mutations are associated with less aggressive disease across all bladder cancers, although this is not necessarily the case among advanced tumors. Therapies targeting the FGFR3 protein (and its isoforms) have demonstrated clinical benefit in some patients. However, clinicians still require a greater understanding of how these drugs fit into the treatment paradigm alongside immunotherapies. There is conflicting evidence from preclinical and retrospective correlative studies related to the scientific rationale for combining and/or sequencing FGFR-targeted therapies with immunotherapies. To date, the balance of data suggests that there may be a benefit to combining the two types of approaches. However, an alternate theory is that there may be some patients (perhaps those with tumors termed “immune hot” or “lymphocyte invasive”) may be candidates for immunotherapy and not FGFR-targeted therapy, while patients with so-called “immune cold” (or lymphocyte excluded) may be unlikely to benefit from immunotherapy and may be better off with FGFR inhibition earlier on. As FGFR inhibitors become more established in bladder cancer treatment and are studied in earlier lines of therapy, we should gain a more complete view of the best placement of these drugs within therapeutic algorithms.
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Immune checkpoint blockade (ICB) has changed the therapeutic landscape of oncology but its impact is limited by primary or secondary resistance. ICB resistance has been related to a lack of T cells infiltrating into the tumor. Strategies to overcome this hurdle have so far focused on the tumor microenvironment, but have mostly overlooked the role of tumor-draining lymph nodes (TDLN). Whereas for CTLA-4 blockade TDLN have long since been implicated due to its perceived mechanism-of-action involving T cell priming, only recently has evidence been emerging showing TDLN to be vital for the efficacy of PD-1 blockade as well. TDLN are targeted by developing tumors to create an immune suppressed pre-metastatic niche which can lead to priming of dysfunctional antitumor T cells. In this review, we will discuss the evidence that therapeutic targeting of TDLN may ensure sufficient antitumor T cell activation and subsequent tumor infiltration to facilitate effective ICB. Indeed, waves of tumor-specific, proliferating stem cell-like, or progenitor exhausted T cells, either newly primed or reinvigorated in TDLN, are vital for PD-1 blockade efficacy. Both tumor-derived migratory dendritic cell (DC) subsets and DC subsets residing in TDLN, and an interplay between them, have been implicated in the induction of these T cells, their imprinting for homing and subsequent tumor control. We propose that therapeutic approaches, involving local delivery of immune modulatory agents for optimal access to TDLN, aimed at overcoming hampered DC activation, will enable ICB by promoting T cell recruitment to the tumor, both in early and in advanced stages of cancer.
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INTRODUCTION

Over the past decade, it has become clear that for immune checkpoint blockade (ICB) to work, tumors need to contain sufficient numbers of infiltrating T cells (1, 2). Particularly in view of the perceived mechanism-of-action of PD-1 inhibitors this would make sense, since it is supposed to entail the release of cancer-imposed brakes from tumor-infiltrating cytotoxic effector T cells. An intense research effort has therefore been ongoing to characterize the tumor microenvironment (TME) and find ways to ensure T-cell infiltration (3, 4). New insights point to the need for therapeutic targeting of tumor-draining lymph nodes (TDLN), rather than of the TME, to secure proper antitumor T-cell generation and at the same time brisk tumor infiltration (5–8). TDLN can either be more proximal or more distal from the tumor, but they are all part of the lymph catchment area of the tumor. As a result of this definition, non-TDLN may sometimes be more proximal to the tumor than TDLN, but due to the fact that tumor-derived factors will diffuse through the lymph basin, be less affected by the tumor, e.g., in terms of immune suppression (9). A growing number of studies are exploring the use of systemically administered immune checkpoint inhibitors (ICI) as neo-adjuvant therapy for patients in earlier (i.e., resectable) cancer stages (10–13). As in this setting both the primary tumor and TDLN are still in place (rather than surgically removed in the adjuvant setting) this approach will enable simultaneous immune modulation of the TME and of TDLN. As a result, these studies are generating a renewed interest in the contribution of TDLN to the efficacy of ICB. We and others have shown in pre-clinical models that TDLN play a pivotal role in PD-1/PD-L1 blocking antibody therapy, and that surgical resection of TDLN prior to treatment hampers therapeutic outcome (5, 14). In pre-clinical models, lymphatic drainage has also been shown to facilitate the priming of anti-tumor T-cell immunity (15, 16). Indeed, recent evidence points to the need for the recruitment to the tumor of newly primed and peripherally (e.g., in TDLN) expanded effector T cells to ensure efficacy of ICB (17). Clinical efficacy and durability of antitumor immunity appears to be associated with elevated frequencies of central-memory or early-effector T cells with the ability to home to lymph nodes (18–20). More in-depth knowledge on the exact nature of the T cells amenable to ICB and the underlying molecular mechanisms that control their activation, point to the importance of Dendritic Cells (DC) in driving waves of newly primed or reinvigorated early-effector T cells to facilitate effective ICB (7, 21–23). In this review we will discuss mechanisms underlying tumor-associated immune suppression of TDLN and how we can use this knowledge to devise new local intervention strategies aimed at harnessing TDLN to secure efficacy of cancer immunotherapy, both in early and in advanced stages of cancer development.



IMMUNE SUPPRESSION OF DENDRITIC CELLS IN TDLN: EARLY IMMUNE ESCAPE

TDLN represent the site where T cells will first be primed against tumor-associated (neo)antigens. In order to escape the immune response, it is vital for tumors to nip this induction of tumor reactive T cells in the bud. The more immunogenic the tumor, the more pressing this matter becomes. With a high mutational burden, melanoma is the most immunogenic tumor type identified to date (24). As tumors develop, the cellular content of their TDLN shifts (Figure 1A). In breast, melanoma and cervical TDLN shifts in CD4/CD8 T cell ratios and elevated Treg rates were observed prior to metastatic involvement, but even more pronounced after (28–30). As metastases in the TDLN grow, memory T cell rates grow and myeloid regulatory cells are recruited (29, 30). Already at early stages of melanoma development, the primary tumor exerts an immunosuppressive effect on its TDLN through the release of immune modulatory exosomes and soluble mediators, which can ultimately lead to a “tumor-supportive” microenvironment, i.e., the pre-metastatic niche (31). In the first-line draining TDLN, the so-called sentinel lymph node (SLN), we have found clear evidence of early suppression of DC (28, 29). DC subsets in TDLN encompass migratory conventional DC (cDC) subsets (marked by CD1a expression in human epithelium draining lymph nodes) as well as lymph node-resident cDC (LNR-cDC, marked by high CD11c levels, various CD1c, CD141, and CD14 expression patterns, and absence of CD1a) and plasmacytoid DC (pDC; CD11c−CD123hiCD303+). Recent studies have shown the in-vivo exchange of antigens between migratory cDC and LNR-cDC and have demonstrated their concerted and coordinated activities to lead to optimal priming of an effective antitumor T-cell response (32–34). Whereas significantly lower levels of maturation and co-stimulatory markers were found in migratory cDC subsets already in Stage-2 melanoma, expression of these markers dropped profoundly in LNR-cDC only by Stage-3 (28). A significant negative correlation between the frequency and activation state of migratory cDC subsets in melanoma SLN and primary tumor size (Breslow thickness), suggested that the developing primary melanoma created a pre-metastatic niche in the TDLN by suppressing the migration of antigen-carrying cDC from the tumor to the TDLN. This early reduction in frequency of migratory cDC is consistent with observations made in murine models by Binnewies et al. (35) who reported that cDC2 migration from the tumor to TDLN was constrained by regulatory T cells (Tregs) in the tumor, resulting in suboptimal priming of Th cells and their failure to migrate to the tumor in sufficient numbers to support an anti-tumor response. In human melanoma SLN, metastasis size was inversely correlated with the frequency and activation state of LNR-cDC in SLN (28). Remarkably, whereas reduced frequencies of migratory cDC subsets was related to decreased local recurrence-free survival (RFS), reduced activation of LNR-cDC was related to decreased distant RFS (28). This suggests differential imprinting for homing properties of tumor-specific T cells by specific cDC subsets, and indicates an essential role for LNR-cDC in the induction of effective systemic antitumor immunity. In breast cancer SLN a similar progressive reduction in the activation state of LNR-cDC was observed, which was most pronounced upon metastatic involvement and then coincided with increased Treg rates, high co-expression levels of CTLA-4 and PD-1, and profoundly suppressed effector-T cell activity in the SLN (29). A possible role for LNR-cDC in keeping PD-1+ T cells in check was suggested by our finding that LNR-cDC in early-stage melanoma SLN expressed relatively higher PD-L1 levels as compared to CD80 (36). This indicates an inability of CD80 to keep PD-L1 from interacting with PD-1 on T cells through in-cis interactions (23, 37) and would fit with LNR-cDC subsets restraining antitumor T cells in early stages of cancer in a PD-1 dependent manner as recently reported (22). Dammeijer et al. (7) showed an association between poor RFS with high frequencies of PD-1/PD-L1 interactions between T cells and cDCs in SLN from Stage-2 melanoma patients. In addition, we found a strong inverse correlation between the activation state of LNR-cDC and Treg rates in melanoma SLN (28). This increase of Tregs accompanying decreased LNR-cDC activation may be responsible for subsequent T-cell anergy induction and the conversion of Ag-specific naïve T cells into Tregs in TDLN, as described by Alonso et al. (38) in a lung adenocarcinoma mouse model. Polychromatic FACS analysis showed CLEC9A+ LNR-cDC to consist mostly of cDC2 expressing both CD1c and intermediate levels of CD141 and of a minority of CD141hi cDC1 (39, 40). Their superior cross-presentation and -priming ability and their apparent relationship to the generalized immune state of the SLN and distant RFS, make LNR-cDC attractive targets for early therapeutic intervention to curb metastatic spread and outgrowth (36).


[image: Figure 1]
FIGURE 1. A proposed model of tumor-induced immune suppression of draining lymph nodes and local therapeutic intervention opportunities to overcome T cell dysfunction and exclusion in early- and late-stage cancer development. (A) Schematic representation of how tumors, at early (left) and late stage (right), suppress the loco-regional immune response in the tumor as well as in the tumor-draining lymph nodes (TDLN). In early-stage disease, migratory DCs are hampered in their migration and activation [through release of suppressive factors in the tumor microenvironment (TME) and interactions with Tregs], resulting in suboptimal T cell priming and activation in the TDLN (generating dysfunctional T cells), conversion of Th cells to Tregs (see arrow), and reduced recruitment of Teff cells to the tumor. In late-stage disease, upon metastatic spread to the TDLN, LNR-cDC are profoundly suppressed, leading to the priming and expansion of dysfunctional progenitor exhausted T cells and Tregs in TDLN and poor recruitment of Teff to the tumor. Active suppression in the TME (with accumulating myeloid regulatory cells like M2 macrophages and a lack of mature DCs) contributes to the differentiation of terminally exhausted T cells and Treg recruitment with possible immune exclusion. (B) Suboptimal priming in the TDLN due to suppression of cDC, accompanied by excess PD-L1 surface expression, results in restrained T cell priming and deviated CD8+ T cell differentiation, marked by a reversibly dysfunctional state in early cancer development. Chronic high-dose (neo)-antigen stimulation in later stages of cancer development and progression will lead to the development of progenitor-exhausted and, ultimately, terminally exhausted T cells, marked by progressively higher PD-1 expression levels and the co-expression of other immune checkpoints, like LAG3, TIM3, and TIGIT. Typical markers for the different stages of dysfunction/exhaustion are listed (25–27). Whereas progenitor exhausted T cells can be rescued by immune checkpoint blockade, terminal exhaustion is an irreversible state due to epigenetic programming. Local immunotherapy, targeted at TDLN conditioning, can restore the anti-tumor T cell response by promoting DC activation (e.g., through local injection of TLR-L): in early cancer stages without tumor involvement of TDLN this may suffice to reverse T cell dysfunction and kick-start effective systemic antitumor immunity. In advanced cancer additional immune checkpoint blockade in the TDLN will enable reinvigoration of progenitor exhausted T cells, which can then home to the tumor and populate the TME, thus overcoming immune exclusion. This image was created using Biorender.com.




THERAPEUTIC TARGETING OF EARLY-STAGE TDLN: “THINK GLOBAL, ACT LOCAL”

We have obtained clinical evidence that local administration (i.e., intradermal injection around the primary tumor excision site) of immune modulatory agents in early-stage melanoma, aimed at TDLN immune potentiation, leads to systemic antitumor immune activation and increased RFS. In two randomized Phase-II trials in clinical stage-1/2 melanoma patients, we have shown that this intradermal administration of one or two doses of the TLR9 agonist CPG7909 (CpG-B), with or without GM-CSF, in the week leading up to the SLN procedure, resulted in enhanced LNR-cDC activation and melanoma antigen-specific T-cell responses in both the SLN and in peripheral blood (39, 41–43). Clinical analysis of the 52 patients participating in these trials showed a significantly and profoundly lower number of tumor positive SLN and (at a median follow-up of 88.8 months) a significantly increased RFS in patients receiving CpG-B as compared to patients receiving a saline placebo (44). In vitro, cultures of single-cell suspensions of breast cancer SLN with CpG-B similarly showed enhanced LNR-cDC activation and increased expression of effector T-cell-recruiting chemokines and cytokines associated with a Th1 response (40). The addition of a JAK2/STAT3 inhibitor interfered with negative feedback loops activated by CpG-B, resulting in further enhanced DC activation, down-regulated Th2 rates, and constrained Treg expansion (40). Altogether, these observations are consistent with the reinvigoration and boosting of pre-existent but dysfunctional T cells in TDLN, through the activation of LNR-cDC, providing protection against metastatic spread and outgrowth (see Figure 1). This is consistent with findings from a previous study by Schietinger et al. (25) showing that in-vivo antigen-driven T-cell dysfunction in early developing tumors is reversible. These clinical studies have clearly demonstrated the systemic immune activating effects of locally administered immune modulatory agents, resulting in long-term protection against loco-regional as well as distant metastases. Moreover, they have delivered important proof-of-concept that in the absence of the primary tumor (but presence of TDLN), direct immune modulation of the TDLN can lead to effective systemic antitumor immunity.



OVERCOMING IMMUNE EXCLUSION BY TARGETING DC IN TDLN: REINVIGORATION OF EXHAUSTED T CELLS

While reinvigoration of suppressed T cells in early tumor stages may only require the “pushing of the gas pedal” by delivering DC-activating agents to TDLN, in more advanced stages simultaneous “lifting of the brakes” may be required by immune checkpoint blockade (Figure 1B). Recent insights hold that effective ICB would require the reinvigoration of so-called exhausted CD8+ T cells (7, 26, 45), which are regarded as a T-cell lineage that usually arises through chronic stimulation with high antigen doses (18). Exhausted T cells display loss of effector functions, accompanied by high expression levels of PD-1 in concert with multiple immune checkpoints. This exhausted phenotype has been linked to the activation of specific epigenetic regulatory programs (46). In cancer, exhausted T cells have been identified, which are replenished from a proliferative pool of so-called stem cell-like or progenitor-exhausted T cells: these progenitors are typified by intermediate surface levels of PD-1 and their expression of TCF-1 and SLAMF6. Recent findings show that in contrast to terminally exhausted T cells, these progenitor-exhausted T cells are still amenable to PD-1 blockade and as such may represent the prime targets for PD-(L)1 checkpoint inhibition (26). Other studies have pointed to CD8+ stem cell–like T cells or early-effector T cells as the foremost targets for effective PD-1 blockade (26, 45, 47–49). These populations, which may in part overlap, have been characterized as having a preserved capacity for proliferation and the ability to exert polyfunctional effector functions (26). Importantly, they are also commonly distinguished by their expression of CD28. Indeed, CD28 was shown to be required for effective PD-1 inhibition (48, 50). This is remarkable and points to the need for CD80/CD86 co-stimulation in addition to the “mere” interruption of PD-1 binding to its ligands PD-L1 and PD-L2 in order to unleash the full force of an antitumor effector T-cell response. This is in keeping with the observation of proliferative tumor-infiltrating CD8+ T cells upon clinical PD-1 blockade (1, 45). These proliferating T cells have a stem-cell phenotype and are found in niches with cDCs (51), which can provide CD80/CD86 co-stimulation. A recent study by Oh and colleagues showed that rather than tumor-expressed PD-L1, PD-L1 expression by infiltrating and cross-presenting DCs dictated PD-1 blockade efficacy (23). Similarly, Garris et al. (21) demonstrated that full-fledged activation of antitumor T cells by anti-PD-1 involved T-cell-DC crosstalk and was licensed by IFNγ and IL-12. This is all the more remarkable since macrophages by far outnumber DCs in tumors, and may be due to the fact that DCs, in contrast to tumor-associated macrophages (TAMs), express CD80. CD80 interacts with PD-L1 in-cis (37), resulting in a block of PD-1 binding to PD-L1 with maintained CD80 co-stimulatory activity through interactions with CD28 on progenitor-exhausted, early-effector or stem-cell like T cells. Indeed, the importance of DCs for PD-1 inhibition efficacy in vivo was recently linked to the relative expression levels of PD-L1 and CD80, which were shown to dictate T-cell priming efficacy of DCs (22). This finding was confirmed by relatively high levels of PD-L1 on DC from patients with renal cell cancer, in line with their compromised T-cell induction ability (22). In particular tumor-infiltrating DCs expressing CCR7, indicative of their ability to migrate to TDLN, have been pinpointed as essential for effective PD-1 inhibition (33). Of note, increased PD-1/PD-L1 interactions in TDLN were identified as restraining antitumor T-cell immunity through increased PD-L1 levels on tumor-conditioned DCs (7); PD-L1 blockade resulted in DC-mediated expansion of progenitor-exhausted T cells, which, upon making their way to the tumor, could expand, and differentiate further to mediate antitumor effector functions. These observations provide a compelling argument for combining immune adjuvants, aimed at DC activation and T cell priming, with PD-1 blocking antibodies.

We propose that the lifting of immune suppressive barriers specifically in TDLN may increase the efficacy of ICB through facilitation of the priming and recruitment of new waves of tumor-specific T cells derived from progenitor-exhausted T cells. Indeed, our studies of local intradermal injections in patients with early-stage melanoma, where the primary tumor was removed but TDLN were still accessible to the locally injected immune stimulatory agents, have revealed the singular capacity of TDLN to prime and modulate the systemic antitumor T-cell response (39, 41–43). For CTLA-4 blockade this may entail both increased antitumor effector T-cell activation in the TDLN through CD28-mediated co-stimulation or Treg depletion or inhibition (52–54). In mouse models, we have demonstrated TDLN to also be vital in the efficacy of PD-1 blockade, regardless of local or systemic delivery of therapeutic antibodies (5). Egress of CD8+ effector T cells from TDLN proved vital for subsequent T-cell homing to the tumor and hence for PD-1 blockade efficacy. This finding echoes data we recently obtained from patients with cervical cancer (55): in patients with adenocarcinoma of the cervix there was an apparent accumulation of effector T cells in TDLN, coinciding with decreased frequencies of T cells infiltrating the primary tumor, indicative of faulty egress from the TDLN and homing to the tumor (55). These observations were related to a decreased cDC1-related transcriptional signature in the tumor and an increased Wnt/β-catenin response signature, similar to observations previously reported by Spranger and colleagues in melanoma, showing that β-catenin-mediated restriction in cDC1 recruitment to the tumor stood in the way of effective PD-1 blockade (56). The importance of T-cell trafficking from TDLN to tumor was further underscored by findings from Salmon et al. (8), showing that the absence of cDCs, presenting antigen in TDLN, resulted in a failure of CD8+ T cells to enter the tumor parenchyma after anti-PD-1 treatment, suggesting that increased T-cell infiltration was due to trafficking of T cells previously activated in TDLN. Thus, a picture is emerging of therapeutic PD-1 blockade involving the CD28-mediated expansion of tumor reactive T-cell clones by DCs in TDLN, rather than just the reversal of T-cell exhaustion in the TME. This is consistent with our own observation of superior effects of in-vitro PD-1 blockade on HPV16 E6-specific T-cell responses in cervical TDLN over tumors, which was related to the presence of CD8+FoxP3+ T cells with intermediate PD-1 expression levels (30), also previously described by others as prognostically favorable early effectors (18, 57). Such early-effector or progenitor-exhausted T cells can persist for long times in the TDLN in the absence of antigen, are polyfunctional, display a high proliferative capacity and share phenotypic traits with central-memory T cells (58). Upon PD-1 blockade they can efficiently home to the TME and there expand further and differentiate into effector T cells (6, 26). In keeping with this, Chow et al. showed that expression of CXCR3, required for tumor rejection after PD-1 blockade in the MC38 mouse model, was expressed at high levels by progenitor-exhausted or early-effector T cells, whereas it was hardly expressed by terminally exhausted T cells (59).

In conclusion, PD-1 blockade in TDLN can lead to efficient and DC-dependent tumor infiltration by reinvigorated progenitor-exhausted T cells, thus overcoming immune exclusion. In light of these observations, there is a clear rationale for intra- or even peri-tumoral delivery of ICI for optimal access to TDLN (see Figure 1B). Indeed, peritumoral administration ensures optimal access to the tumor's entire and exact catchment area and consequently the most efficient delivery to the greatest number of progenitor-exhausted T cells.



IN CONCLUSION: THE RISE OF LOCAL IMMUNOTHERAPY

Local administration of ICI has been described in pre-clinical models and tested in several types of cancer in clinical trials by us and others, with positive results (42, 59–70). We reported that peritumoral delivery of anti-CTLA-4 in mouse models resulted in an equally efficient antitumor response as observed after systemic administration, without the usually associated inflammatory side effects (65). A recent report from Francis et al. (6) elegantly showed in tumor models that intratumoral administration of CTLA-4 and/or PD-1 blocking antibodies ensured optimal access to TDLN (in contrast to systemic administration) and, moreover, that ipsilateral administration on a site different from the tumor but with lymph drainage to the same lymph node stations afforded equal tumor protection. This is in line with our own observations of the induction of systemic and protective anti-melanoma immunity in early-stage melanoma through local immune modulation of the SLN after surgical removal of the primary tumor, either by CpG-B (44) or by anti-CTLA-4 (71). Of note, systemic treatment with ICI, particularly in early stages of cancer, can result in unacceptably high toxicity. Local administration of lower doses may prove instrumental in limiting this toxicity, while maintaining efficacy by directly targeting the TME and, more importantly, TDLN. Both in breast cancer and melanoma patients it has been well-established that completion lymphadenectomy in case of metastatic involvement of the SLN does not offer any prognostic benefits (72, 73). This notion, together with the recently developed insights that TDLN might be vital for ensuring effective anti-tumor immunity would argue for a neo-adjuvant ICB (or other immunomodulatory) strategy where the lymph nodes in the tumor draining basin are kept in place, possibly even in case of clinically detected lymph node involvement. Our approach of local administration of CpG-B to raise the DC activation state in TDLN and thereby systemic anti-melanoma T-cell immunity, might be used in concert with locally applied ICB to ensure DC-mediated T-cell activation in the TDLN, leading to systemic immunity, allowing new waves of T cells to be recruited to tumors. Indeed, recent reports have shown in patients with advanced melanoma that i.t. administration of CpG (likely ensuring optimal access to TDLN) can lead to increased T-cell infiltration (also of distant non-injected metastases) and even overcome prior resistance to PD-1 blockade (74). Oncolytic virus therapies, such as local treatment with the oncolytic Herpes Simplex virus Talimogene laherperepvec (T-VEC) are, similarly to local injection with TLR agonists, described as belonging to the category of so-called human intratumoral immunotherapy (HIT-IT). T-VEC is an engineered virus, that only replicates in tumor cells and induces secretion of the cytokine GM-CSF from its transgene. Oncolytic viruses can induce local and systemic anti-tumor immune responses through immunogenic cell death induction (75). The local release of GM-CSF results in recruitment and activation of DCs, but likely will also drains to nearby TDLN to activate lymph node resident (LNR)-DCs and promote T cell priming and activation. Moreover, the viral particles contain multiple TLR-ligands, which can directly activate DCs within the TME, but also, when produced and released by dying tumor cells [which in turn will also release damage-associated molecular patterns (DAMPs)], will drain, together with released DAMPs through the lymphatics and activate DCs in TDLN. The OPTiM phase 3 trial, that lead to the approval of T-VEC, compared local T-VEC treatment with systemic GM-CSF treatment and reported improved response rate and also showed signs of enhanced systemic immune responses by tumor regression in non-injected lesions (76). Moreover, enhanced immune cell infiltration upon local T-VEC treatment has been reported in non-injected lesions (77, 78). Combination treatment of local T-VEC with systemic anti-PD-1 therapy was shown to induce high response rates in metastatic melanoma patients (79). Altogether these observations clearly stress the importance of TDLN in immunotherapy efficacy and support the rationale for local delivery of ICI to ensure optimal access to, and modulation of, dysfunctional tumor-specific T cells “lying in wait” in the TDLN, which will subsequently provide systemic tumor control. These considerations have led to a remarkable surge in clinical studies exploring local or i.t. immunotherapy and the publication of a consensus statement on the standardization of terminology and methodologies used in their reporting (80). In time, increased knowledge on the role of TDLN in immunotherapy of cancer will lead to even more rational local therapy strategies in terms of dosing, timing in relation to surgery, and treatment combinations.
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Macrophages are crucial innate immune cells that maintain tissue homeostasis and defend against pathogens; however, their infiltration into tumors has been associated with adverse outcomes. Tumor-associated macrophages (TAMs) represent a significant component of the inflammatory infiltrate in breast tumors, and extensive infiltration of TAMs has been linked to poor prognosis in breast cancer. Here, we detail how TAMs impede a productive tumor immunity cycle by limiting antigen presentation and reducing activation of cytotoxic T lymphocytes (CTLs) while simultaneously supporting tumor cell survival, angiogenesis, and metastasis. There is an urgent need to overcome TAM-mediated immune suppression for durable anti-tumor immunity in breast cancer. To date, failure to fully characterize TAM biology and classify multiple subsets has hindered advancement in therapeutic targeting. In this regard, the complexity of TAMs has recently taken center stage owing to their subset diversity and tightly regulated molecular and metabolic phenotypes. In this review, we reveal major gaps in our knowledge of the functional and phenotypic characterization of TAM subsets associated with breast cancer, before and after treatment. Future work to characterize TAM subsets, location, and crosstalk with neighboring cells will be critical to counteract TAM pro-tumor functions and to identify novel TAM-modulating strategies and combinations that are likely to enhance current therapies and overcome chemo- and immuno-therapy resistance.
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INTRODUCTION

Macrophages are innate immune cells and play a myriad of important roles such as host defense, tissue homeostasis, and modulating inflammatory responses (1, 2). To perform these functions, immature macrophages with high plasticity respond to microenvironmental cues, causing them to adopt a spectrum of effector function, among which M1-like and M2-like represent extreme polarization states (3–5). Classically activated M1 macrophages exhibit pro-inflammatory behavior by migrating to inflamed tissues, targeting pathogens with the production of reactive oxygen species (ROS), and having high antigen-expressing potential (6–8). Due to their inflammatory behavior, anti-tumor macrophages are commonly called M1 macrophages. These macrophages can be potent effector cells that kill tumor cells and can recruit cytotoxic T lymphocytes (CTLs) to activate adaptive immune responses. On the opposite side of the macrophage polarization spectrum, alternatively activated M2 macrophages secrete anti-inflammatory cytokines to induce immune tolerance and attract T regulatory cells (Tregs) and Th2 T cell subsets capable of protective type 2 responses but devoid of cytotoxic functions. M2 macrophages facilitate canonical tissue repair functions and in cancer are regarded as pro-tumor where they promote tissue remodeling and repair, stimulate angiogenesis with vascular endothelial growth factor (VEGF), and encourage tissue growth with transforming growth factor beta (TGF-β) (9). Therefore, for simplicity, tumor-associated macrophages (TAMs) have been described as either M1-like (anti-tumor) or M2-like (pro-tumor), but it should be recognized that the M1/M2 dichotomy represents idealized polarization states (Figure 1), while in nature, there exists a broad spectrum of macrophage phenotypes, which will be discussed in detail below.


[image: Figure 1]
FIGURE 1. Opposing phenotypes of M1-like and M2-like tumor-associated macrophages.




TUMOR INFILTRATING MACROPHAGES IN BREAST TUMORS


Recruitment of Monocytes and Macrophages to Breast Tumors

TAMs represent a significant component of the inflammatory infiltrate in breast tumors (10, 11). Tumor-derived growth factors such as chemokines and cytokines facilitate recruitment of monocytes and macrophages into tumors (Figure 2, step 1) (12). One of the best-characterized cytokines responsible for recruiting TAMs into the tumor is chemokine (C-C motif) ligand 2 (CCL2), also known as monocyte chemoattractant protein 1 (MCP-1). CCL2 is expressed by both stromal cells and tumor cells (13) and is associated with poor prognosis in breast cancer (14, 15). Through recruitment of CCR2-expressing monocytes, CCL2 has been shown to promote pulmonary metastasis in mouse models of breast cancer (16). Activation of the CCL2–CCR2 axis promotes CCL3 production from macrophages, enhancing metastatic seeding of breast cancer cells (17). CCL5, also known as Regulated upon Activation, Normal T Cell Expressed and Secreted (RANTES), is another well-known factor that recruits TAMs to the breast tumor. CCL5 is expressed by malignant epithelial cells in breast carcinoma and is associated with advanced disease progression (18–20). Macrophages express high levels of its receptor (CCR5) and respond to CCL5 produced by tumor cells by infiltrating to the TME (21, 22). Importantly, CCL5 has been reported to alter the functionality of TAMs toward a tumor-promoting phenotype in colorectal cancer (23).


[image: Figure 2]
FIGURE 2. Tumor-associated macrophages (TAMs) impede a productive anti-tumor immune response. (1) Monocytes are recruited to the tumor through tumor-derived factors. (2) One of the tumor monocytes mature to suppressive TAMs. (3) TAMs produce factors that promote tumor cell proliferation and survival. (4) TAMs promote angiogenesis and metastasis (5). (6) TAMs impair productive antigen presentation by dendritic cells and themselves downregulate MHC class I and II molecules. TAMs inhibit T cell function through recruitment of T regulatory cells (Tregs) (7) and suppression (8) and upregulation of co-inhibitory molecules (9).


Several other factors produced by tumor cells help recruit macrophages. Colony-stimulating factor 1 (CSF-1), also known as macrophage colony-stimulating factor (M-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF) are other tumor-derived factors produced by breast cancer cells (12, 24, 25). CSF-1 expression is associated with poor prognosis and increased infiltration of CSF-1 receptor (CSF-1R)-expressing macrophages in mouse models of breast cancer (26, 27). Tissue factors important for angiogenesis, such as vascular permeability factor (VPF), are also known to attract monocytes to tumors (28). In line with this, increased VEGF expression in tumor cells correlates with macrophage infiltration in human breast cancer (29). Hypoxia is another well-described factor that alters the activation and accumulation of macrophages in hypoxic regions and prevents migration out of these regions (30–32). Recruitment of TAMs into hypoxic niches occurs in a hypoxia-induced Semaphorin 3A (Sema3A)-dependent manner through VEGF-R1 phosphorylation in a mouse model of breast cancer (33). VEGF signaling and hypoxia also play a crucial role in angiogenesis, an important hallmark of cancer, providing links between angiogenesis and TAMs (34).

To further add complexity to TAMs, there are at least three lineages of macrophages that arise at different stages of development and persist into adulthood (35, 36). Each tissue in the body is composed of 5–20% tissue-resident macrophages, which are yolk sac-derived and seeded during embryogenesis. During homeostatic adaptations, such as tumorigenesis, macrophages of different phenotypes can be recruited from the monocyte reservoirs of blood, spleen, and bone marrow (37) and from resident progenitors or through local proliferation (38, 39). One report documented the loss of resident macrophages and a concomitant increase in monocyte-derived TAMs in a breast cancer model (40). Tissue macrophages have vastly different transcriptional profiles between tissues, suggesting that the macrophages at metastatic sites may differ from the primary tumor site and may need to be targeted differently (36). It is currently unknown how the ontogeny of TAMs influences primary and metastatic breast cancer and the extent to which TAM origin is important for clinical outcome.



Differentiation and Maturation of TAMs in Breast Tumors

TAM differentiation and polarization is regulated by the tumor microenvironment (TME) and results in a heterogeneous population of cells, but the subset diversity is only just beginning to be understood. Tumors are generally poorly vascularized and lack nutrients, causing recruited monocytes to differentiate into mature wound-repairing macrophages. To an infiltrating monocyte, the tumor is a “wound” that needs repair, and therefore, TAMs polarize to an M2-like phenotype driven by CSF-1, IL-3, IL-4, IL-10, and TGF-β (Figure 2, step 2) (41, 42). TAMs subsequently show pro-tumor functions by promoting tumor cell survival, proliferation, angiogenesis, and dissemination (42–47). Whether or not differentiated macrophages are able to undergo M1/M2 repolarization after adopting a mature phenotype in vivo is still under debate, or if instead new monocytes recruited to the TME acquire their phenotype and remain in that state (41, 48–50). At least ex vivo M1-like human macrophages can be repolarized to M2-like macrophages upon exposure to M2 cytokines (51) and that M2-like macrophages are reprogrammed to express M1-like genes following exposure to TLR ligands or IFN-γ (52, 53).




PRO-TUMOR FUNCTIONS OF MACROPHAGES IN BREAST TUMORS


Promotion of Tumorigenesis

The contribution of TAMs to cancer progression and outcomes is multifaceted due to their wide spectrum of phenotypes. In vitro and in vivo studies have shown that macrophages are involved in a feedback loop between tumor cells at invasive fronts of breast tumors, where macrophages provide factors that enhance tumorigenesis. TAMs can directly promote the proliferation of tumor cells by secreting growth factors and inflammatory mediators such as CCL2, IL-1α, IL-6, and TNF-α (Figure 2, step 3) (54). Importantly, TNF-α secreted by TAMs leads to the activation of NF-κB in tumor cells, preventing tumor cell death and enhancing tumor cell invasion (55). In that regard, tumor cells recruit and activate M2-like macrophages, which then produce M2-related cytokines, such as CCL18, which causes breast cancer cells to elongate, lose contact inhibition, and increase vimentin expression. In a humanized murine model, anti-GM-CSF and anti-CCL18 both reversed the epithelial–mesenchymal transition (EMT) state of cancer cells, inhibiting metastasis. This concept was further confirmed with human breast tumors, revealing that high GM-CSF expression significantly corresponds to CCL18-expressing macrophages, cancer cell EMT and metastasis, and poor clinical outcome (56).



Facilitation of Angiogenesis

Angiogenesis is a complex, multistep process of forming new vasculature that facilitates tumor growth and progression (31). Macrophages are a major contributor of angiogenesis through the secretion of angiogenic cytokines (Figure 2, step 4) (57). TAMs secrete a key angiogenic cytokine, VEGF-A, directly, or indirectly by secreting matrix metalloproteinase 9 (MMP9) that activates latent forms of VEGF-A (29, 58, 59). TAMs also produce other pro-angiogenic factors from the fibroblast growth family that includes TGF-α, TGF-β, EGF, and PDGF (12, 60). Further supporting the role of macrophages in tumor angiogenesis, studies have shown that increased infiltration of TAMs promote angiogenesis whereas TAM depletion inhibits the angiogenic switch (61, 62). TAMs also contribute to angiogenesis by producing CCL18, which promotes angiogenesis both in vitro and in vivo (63). In addition to angiogenesis, CCL18 production from TAMs has also been associated with tumor invasiveness and metastasis in breast cancer (64). Furthermore, a subset of angiopoietin receptor Tie2-expressing monocytes, also known as TEMs, promote tumor angiogenesis (65, 66). In murine models, TEMs were initially identified as leukocytes expressing Tie2, CD11b, and CD45 in the peripheral blood and Tie2, CD11b, and Sca-1 in mammary tumors (65, 67). Additionally, TEMs also show a unique surface marker profile consisting of Tlr4, Mrc1, Il4ra, and CD163, which differentiate them from TAMs in murine mammary tumors (68). In humans, TEMs express CD45, CD11b, CD11c, CCR5, CD33, M-CSF-1R, and CD13 but lack expression of CD62L and CCR2 in circulating blood. Interestingly, TEMs from tumors of primary invasive breast carcinoma patients display different markers associated with antigen presentation, such as HLA-DR, CD80, CD86, and CD1a in addition to CD14, Tie-2, and VEGFR-1, which suggests their role in tumor-specific immune responses (69, 70). TEMs are also capable of secreting large amounts of IL-10 and VEGF, promoting a pro-angiogenic and immunosuppressive environment that inhibits tumor-specific T cell responses in breast tumors (70).



Promotion of Metastasis

TAMs play a major role in tumor progression and metastasis by producing various matrix proteolytic enzymes including matrix metalloproteases (MMPs) and urokinase (uPA; Figure 2, step 5) (71, 72). This allows for the local invasion and attachment of cancer cells to other adjacent epithelial cells and the extracellular matrix (ECM) through the formation of adherens junctions. Next, the multistep process of invasion-metastasis occurs with intravasation of cancer cells to blood and lymphatic vessels, escape of cancer cells to distant tissues, and, finally, the growth of small lesions in tumors (34, 73). Direct visualization of macrophages using intravital multiphoton imaging showed that perivascular macrophages are important for the intravasation of cancer cells in the mammary tumor (74). In line with this, the genetic ablation of CSF-1 reduced macrophage density and slowed tumor progression and metastasis in the MMTV-PyMT model of breast cancer (75). CXCL1 secretion from TAMs is known to promote breast cancer migration and epithelial–mesenchymal transition in both mouse and human breast cells (76). Furthermore, a study showed that macrophages were required for breast tumor metastases, and Ets-2 transcription factor in TAMs was important for promoting angiogenesis and growth of both primary tumors and lung metastases (77). In another study, macrophage depletion using clodronate-encapsulated liposomes in an ovarian tumor reduced metastasis in ovarian cancer (78). In the MMTV-PyMT mouse model of breast cancer, TAMs show high levels of cathepsin protease activity, which promotes tumor invasion and angiogenesis (79). It is also reported that IL-4 released from tumor cells and T cells induces cathepsin protease activity in TAMs to promote tumor invasion (79).

Importantly, tissue-resident macrophages at metastatic sites may vary greatly. For example, hypoxic primary breast tumor environments release lysyl oxidase (LOX), triggering NFACTc1-driven osteoclastogenesis, which increases bone resorption and thereby creates a metastatic niche for circulating tumor cells. Bisphosphonate treatment inhibits bone osteoclasts, which could be a potential combination therapeutic for patients with high-LOX primary breast tumors (80). The ability for therapeutics to reach sites of metastasis should also be considered when targeting TAMs. For example, in a murine breast cancer model, local pulmonary administration of CSF-1R inhibition allowed the drug to overcome lung physiological barriers of administration better than oral administration, significantly enhancing the M1/M2 ratio at a much lower dose. Therefore, orally administered medications may not effectively reach the lung-resident macrophages due to mucous layers, enzyme degradation, or mucociliary clearance; therefore, locally administered routes specific to lung metastatic sites should be considered (81).



Non-productive Antigen Presentation

Detrimental to the TME, protumor TAMs can become less efficient antigen-presenting cells, subsequently causing these cells to produce lower levels of pro-inflammatory cytokines and become less tumoricidal or able to activate T cells (82–84). TAMs that express pro-tumor features such as the IL-4R and arginase activity express low levels of MHCII (85). Subsets of TAMs characterized by lower expression of MHCII have been shown to be less effective in antigen presentation (85–87). In general, macrophages are less efficient in processing internalized antigens compared to conventional DCs, and macrophages in tumors appear to be greatly restricted in their antigen-presenting capacity (85, 86). Importantly, IL-10 derived from TAMs can also inhibit DC antigen presentation, further dampening tumor immunity (Figure 2, step 6) (88).



Suppression of T Cell Function

TAMs release anti-inflammatory cytokines that promote an immune-suppressive tumor microenvironment through the recruitment of Tregs, which suppresses effector T cell activation (Figure 2, step 7). For example, CCL22 and CCL20 secreted by TAMs induce an immunosuppressive microenvironment by recruitment of Tregs in ovarian and colorectal cancer (89, 90). In addition, TAM-derived chemokines CCL17, CCL18, CCL22, IL-4, IL-10, TGF-β, and prostaglandin-E2 (PGE2) have all been well-characterized in their ability to suppress T cell functions (Figure 2, step 8) (91–97). As a third way to inhibit T cell function, blocking B7-H4 on macrophages improves macrophage-mediated T cell activation (98), and at the heart of T cell activation as it relates to immunotherapy, TAMs induce immunosuppression through the expression of ligands that bind to PD-1 and CTLA-4 molecules on T cells, which inhibits T cell activation (Figure 2, step 9) (99).




MACROPHAGE METABOLISM AS A BARRIER TO ANTI-TUMOR IMMUNE RESPONSES

Macrophage metabolism is a critical feature of the macrophage phenotype. Previous work has revealed that M2-like macrophages have a distinct metabolic profile compared to M1-like macrophages (100). In vitro, the metabolic profile of macrophages activated with IL-4 (M2-like stimuli) is distinct from those activated with lipopolysaccharide (LPS) + IFN-γ (M1-like stimuli) (100). Studies have revealed that IL-4-stimulated macrophages depend on fatty acid oxidation (FAO) known as β-oxidation (101) and glutamine metabolism for the production of key metabolic intermediates such as α-ketoglutarate and succinate (100), to fuel the oxidative tricarboxylic acid cycle (TCA) cycle. IL-4 activates glutamine catabolism in macrophages, and interestingly, glutamine deprivation or inhibition of N-glycosylation decreased M2 polarization and production of the chemokine CCL22 (100). However, macrophages stimulated with LPS and IFN-γ utilize glycolysis and fatty acid synthesis (FAS) (102). Some early work has revealed that enhanced uptake of glucose through the induction of glucose transporter 1 (GLUT1) is a key feature of LPS-activated macrophages (103). Furthermore, A[1,2-13C2] glucose tracer-based metabolomics approach, coupled with mass isotopomer distribution analysis of the newly formed metabolites, revealed that stimulated macrophages are highly glycolytic cells. The expression of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK2), which regulates fructose-2,6-bisphosphate concentration and the glycolytic flux, was found to be the key molecular switch between the two phenotypic states and was independent of hypoxia-inducible factor 1α (HIF-1α) activation (104).

Metabolic regulation is a major difference between the extreme states of macrophage polarization and related to their downstream effector function. M1 macrophages preferentially depend on glycolysis, whereas M2 macrophages facilitates ATP production through the oxidative tricarboxylic acid cycle (TCA) coupled with oxidative phosphorylation (OXPHOS) (105–107). Previous work shows that M1 macrophages heavily depend on glycolysis to fulfill their energy demands; however, glycolysis only generates two ATP molecules per unit of glucose whereas the TCA cycle and OXPHOS generates 36 ATP molecules (108). It is speculated that M1 macrophages produce enough energy and intermediate metabolites for quick execution of effector functions like cytokine production and microbial killing (109, 110). Indeed, the metabolic differences between M1 and M2 macrophages are critical for their effector function. M1 and M2 macrophages display major differences in L-arginine metabolism via nitric oxide synthase (NOS) or arginase, respectively, which ultimately impact their functional outcome. NOS2 is activated through proinflammatory cytokines such as IFNγ, TNFα, IL-1β, and LPS (111) and has been well-characterized to metabolize L-arginine to L-citrulline and cytotoxic nitric oxide (NO; a pro-inflammatory mediator responsible for anti-tumor immune response) (112, 113). The expression of arginase is induced by Th2 cytokines such as IL-4 and IL-13 that activate the signal transducer and activator of transcription 6 (STAT6), which acts with STAT3 and CCAAT/enhancer binding protein β (C/EBPβ) to bind to the arginase 1 enhancer locus. Additionally, GM-CSF, TGFβ, prostaglandin E2 (PGE2), cyclic adenosine monophosphate (cAMP), and TLR agonists can induce the expression of arginase 1 (111). In M2 macrophages, arginase catalyzes L-arginine to urea and L-ornithine (113). In M2 (wound repairing) macrophages, ornithine production promotes cell proliferation and repairs tissue damage through generation of polyamines and collagen, which are important for wound repair, but highly immunosuppressive in the TME (114–117) and involved in mediating TME remodeling (118). Recent studies have challenged this dichotomy of macrophage metabolism. A transcriptomic and metabolomics-based analysis of macrophages stimulated either with LPS or Pam3CysSK4 [P3C; a toll-like receptor (TLR) 2 agonist] revealed divergent metabolic responses such as TCA, OXPHOS, and lipid metabolism pathways between both stimuli, which regulated cytokine production and phagocytosis. Unlike LPS, the TLR2 ligand P3C induced a complex metabolic rewiring by upregulating both glycolysis and OXPHOS (119).


The Role of the TME on Mediating TAM Metabolism

The intricate communication between TAMs and the TME has been well-studied (36, 120–123), and the metabolic interactions between TAMs and cancer cells have been recently reviewed (124). There are growing efforts to understand the crosstalk between metabolic pathways, their metabolites, and the intracellular signaling in macrophages that in turn affects the epigenetic and transcriptional profile, which ultimately controls macrophage plasticity (100, 105, 125–127). One recent study showed that lactic acid production from tumor cells was an essential component in driving the M2-like polarization of TAMs by upregulating ARG1 and vascular endothelial growth factor A (VEGFA), with the effect of lactic acid being dependent on HIF-1α (128). Another study showed that lactate released from cancer cells acts as ligand for G protein-coupled receptor 132 (Gpr132, a pH sensor) that converts macrophages to an immunosuppressive M2-like phenotype. Importantly, genetic deletion of Gpr132 impaired M2-like macrophage phenotype with reduced tumor burden and metastasis in a preclinical model of breast cancer (129). In line with this, in areas of hypoxia, TAMs upregulate HIF-1α, which enables migration and survival (130), suggesting a feedback loop and signaling between tumor cells and TAMs that regulate their metabolic phenotype. Tumor-derived lactic acid has also been shown to induce the activation of the angiopoietin receptors (Tie1 and Tie2) and AXL receptors on TAMs. These receptors have been associated with pro-angiogenic and immunosuppressive phenotypes (131, 132). Similarly, macrophages treated with conditioned media from thyroid cancer cells underwent functional reprogramming. This effect was partly mediated by tumor cell-derived lactate that induced upregulation of cytokine production through an AKT1/mTOR-dependent increase in aerobic glycolysis. Immunohistochemistry (IHC) analysis confirmed the increase in glycolytic enzymes and lactate receptor in TAMs from human tumors (133).

Tumor cell-derived long-chain fatty acids including oleic acid have been shown to reprogram mitochondrial respiration in TAMs and subsequently induce polarization to an immune-suppressive phenotype through activation of the mTORC signaling pathway (134). In another study, tumor cell-derived succinate resulted in TAM polarization toward a pro-tumor phenotype through a succinate receptor (SUCNR1) and was dependent on the PI3K/HIF1α signaling pathway that resulted in enhanced metastasis (135). Similarly, prostaglandin E2 (PGE2), a prostanoid lipid synthesized by tumor cells, has been reported to polarize TAMs toward a pro-tumor phenotype through the cyclic AMP-responsive element binding (CREB) pathway (136, 137). These studies indicate that there is an intricate relationship between the factors secreted by the TME that dictates the outcome of macrophage phenotype and function. Additional studies to evaluate the differences of how the TME at different metastatic sites regulates TAM metabolism are warranted. An in-depth understanding of the crosstalk between TAMs and TME will be critical to design therapeutic strategies to target TAMs at both the primary and metastatic sites.




CLINICAL SIGNIFICANCE OF TAMS IN BREAST TUMORS

TAM infiltration is associated with poor prognosis, in a variety of cancers, including breast cancer (61, 92, 138, 139). This finding has been corroborated in a meta-analysis where TAM density significantly correlated with poor survival in patients with breast cancer (140). In an analysis of 11,000 breast tumors, the immune cell type that correlated most significantly with poor clinical outcome in estrogen receptor-positive (ER+) breast tumors was the presence of TAMs (141, 142). Clinically, the presence of TAMs is associated with metastasis (44) and poor survival (45–47) and has been shown to induce endocrine therapy resistance in ER+ breast cancer cells in vitro and in vivo through NF-κB- and IL-6-dependent signaling pathways (143). Importantly, a higher fraction of M1-like TAMs in ER+ breast cancer correlated with a higher pathological complete response (pCR) rate as well as prolonged disease-free survival (DFS) and overall survival (OS) (142). In a cohort of 40 HER2+ breast cancer patients who received trastuzumab, an anti-HER2 therapy, a high number of M1-like macrophages (iNOS+) were significantly associated with improved survival whereas high expression of M2-like macrophages (CD163+) were associated with worse prognosis (144). Additionally, high numbers of iNOS+ M1-like macrophages combined with high numbers of CD8+ T cells were significantly associated with improved survival, and this combined marker predicted a patient's ability to remain progression-free without trastuzumab after initially responding to therapy (144). This is in line with other reports demonstrating low TAM and high CD8+ T cell populations are associated with better recurrence-free survival in patients with invasive breast cancer (145).


Relative Numbers of Macrophages Across Breast Tumor Subsets

Evidence for differential TAM regulation between breast tumor subsets comes from ER+ and triple-negative breast cancer (TNBC) cell lines co-cultured with macrophages. Tumor-induced phenotypic drift toward M2-like phenotype has been shown in differentiating bone marrow-derived macrophages (BMDMs) in breast cancer cell-conditioned media (146). Additionally, macrophages exposed to a TNBC cell line upregulated CCL2, reinforcing the concept that macrophage infiltration is a vicious feedback loop. In contrast, ER+ breast cancer cells co-cultured with macrophages were more broadly pro-inflammatory, secreting CXCL10, IL-2RA, and IL-3 (147). Furthermore, macrophage infiltration by breast cancer subtype has been explored using gene expression data with adjacent normal tissue as a baseline, which reported lower macrophage scores in ER+ tumors, especially ER+/HER2– subsets, in comparison to ER– tumors (148). A recent study examined immune-rich ER+ and immune-rich TNBC tumors based on microarray expression scores and compared relative fractions of immune cells. Although TNBC had a higher overall macrophage count, ER+ tumors had a higher relative percentage of M2-like macrophages and upregulation of TGF-β expression, which are both indicators of poor prognosis (149). TGF-β and IL-4 have been shown to upregulate YKL-39, a chitinase-like protein secreted by TAMs, which facilitates monocyte recruitment and angiogenesis. Importantly, YKL-39 expression levels were six times higher in patients with metastases than without metastases after neoadjuvant chemotherapy (NAC), independent of tumor stage or grade (150). YKL-39 has also been shown to be elevated in estrogen receptor 1 (ESR1) mutant metastatic breast cancer (151) and has been shown to be regulated by the androgen receptor in prostate cancer (152). These differences highlight unique targeted therapies, such as targeting the TGF-β pathway or reprogramming M2-like macrophages into M1-like macrophages, as having high potential, especially in ER-positive breast cancer.

Immunohistochemistry (IHC) has revealed that TNBC has significantly more tumor-infiltrating T cells and macrophages compared to non-TNBCs (153). To further understand the extent of macrophage infiltration in TNBC, immune infiltrates in 41 TNBC tumors were characterized using multiplexed ion beam imaging by time of flight (MIBI-TOF) (154). The fraction of infiltrating immune cells ranged widely from 1 to 91% of cells in the analysis fields selected from each tumor. On average, macrophages were among the most abundant immune cell in the tumor region, accounting for 25% of the immune population. Other immune populations also significantly contributed to the immune landscape, including the following: CD8+ (19%), CD4+ (15%), regulatory T cell (1%), B-cells (11%), and NK cells (<1%). However, these numbers varied greatly between patients. In fact, macrophages comprised as high as 100% of the immune population in tumors with low immune infiltration or as low as 5% in more immunologically abundant TNBC tumors. Our group has recently investigated macrophage abundance in TNBC using multiplex cyclic immunofluorescence (CyCIF) (155–158). We also found that TAM infiltration can vary greatly between tumors (Figure 3). In addition, we recently reported that TNBC harboring mutations in the breast cancer gene 1 (BRCA1) has a nearly 10-fold increase of TAMs compared to BRCA1-wildtype TNBC (159). This work highlights that tumor cell intrinsic mutations, such as BRCA mutations, may play a key role in regulating the TME. Indeed, the current and other studies have shown that BRCA-deficient cancer cells have an increase in cytosolic DNA leading to STING pathway activation and secretion of type 1 interferon-related cytokines such as CXCL9 and CXCL10 that can recruit immune cells, including macrophages, to the tumor (160, 161). Another work has confirmed an increase in CD68+ macrophages in TNBC compared to other subsets, and interestingly, breast tumors with high frequency of c-Myb-positive cells, identified through mRNA levels in breast cancer patients from public datasets, were correlated with a lower density of CD68+ macrophages, which was also found within the molecular subtypes (162).


[image: Figure 3]
FIGURE 3. Infiltration of macrophages (CD68 and CD163) and T cells (CD8) in human triple-negative breast cancer (TNBC) with a low density of immune cells (top row) and high density (bottom row).




Relative Numbers of Macrophages in Breast Cancer Progression

Not only does macrophage abundance vary between breast cancer subtypes but also with the stage of cancer progression. In preclinical models, macrophages have been shown to orchestrate early breast cancer dissemination and metastasis in a mouse model of HER2+ breast cancer, where CCL2 produced by both cancer cells and myeloid cells recruited CD206+/Tie2+ macrophages to propagate the disease (163). Similar results were seen in the MMTV-PyMT murine model of luminal B breast cancer, where blocking CCL2 prevented recruitment of TAMs to breast tumors, reduced metastasis, and prolonged the survival of mice (16). Other preclinical studies have shown a significant correlation between CSF-1 and breast cancer metastasis using the MMTV-PyMT model (26).

Compared to normal breast tissue, macrophage numbers are significantly higher in ductal carcinoma in situ (DCIS) and remain higher through progression to invasive ductal carcinoma (IDC) (164). TAMs from human breast cancer have been shown to have a distinct transcriptomic signature from macrophages in healthy breast tissue, which is enriched in more aggressive forms of breast cancer (165). Additionally, CD68+ macrophages (166, 167), especially those defined by authors as M2 macrophages (CD68+PCNA+), have been shown to be elevated in high-grade compared to low-grade DCIS (167). Recent work by Gil Del Alcazar et al. compared immune cell infiltration in HER2+ and TNBC as a function of disease progression by comparing DCIS to IDCs (168). IDC had higher numbers of macrophages compared to DCIS. Interestingly, in DCIS, higher fractions of CD8+ T cells were associated with a significantly higher frequency of macrophages. Gene expression profiling revealed that Th1 and Th2 cells were enriched in HER2+ IDCs, while TNBC IDCs had enrichment of Th17 cells and T regulatory cells (Tregs). For TNBC tumors, but not HER2+ tumors, the transition from DCIS to IDCs correlated with an increased number of TILs, but fewer were in the activated state, indicative of T cell exhaustion in advanced stages of TNBC. Macrophages were not examined in this context, indicating that further characterization is needed to fully understand how macrophages participate in different stages of cancer progression.



Location of Macrophages in Breast Tumors

In addition to breast cancer subtype and disease state, the location of macrophages within the TME may be a predictor of their function and correlate with clinical outcome. However, the field has not yet come to a consensus on the extent of region-specific TAM behavior as a prognostic factor. Generally, macrophages in the stroma are associated with angiogenesis, immunosuppression, and cancer cell migration. In contrast, macrophages in the cancer nest tend to be more heterogeneous across cancer types and are correlated with reduced overall survival (OS) and recurrence-free survival (RFS) in breast cancer (169). Gwak et al. found stromal, intratumoral, and total TAMs to all have similar prognostic value, while Merdeck et al. reported stromal TAMs, but not tumor nest TAMs, are significantly correlated with tumor size and high tumor grade (45, 170). Recently, CD68 and CD163 were evaluated in both tumor nests and tumor stroma in 60 specimens of invasive breast cancer. High numbers of CD68+ TAMs in the tumor stroma were significantly associated with larger tumor size and positive nodal metastasis, whereas high numbers of CD163+ TAMs in the tumor stroma were significantly associated with positive vascular invasion, nodal metastasis, and molecular subtypes (171). Macrophage behavior may be modulated by breast cancer subtype and TME location, which in turn may regulate tumor behavior with stimulatory and inhibitory signals. For example, in HER2+ and basal-like subtypes, macrophages concentrate in invasive fronts and use TGF-β signaling to thicken the extracellular matrix (ECM), contributing to breast tumor metastasis (172). Therefore, not only are macrophages shaped by their location within the TME but they also reciprocally influence the surrounding TME composition. The significance of histologic localization of TAMs and the degree of TAM infiltration add additional layers of complexity to targeting TAMs in breast tumors for anti-cancer therapy.



Macrophage Characterization After Therapy

The characterization of TAMs before and after therapy may provide insight to how TAMs may change with treatment and play a role in drug resistance and metastasis. Increases in macrophages have been reported after chemotherapy in both preclinical and clinical settings (145). In a primarily ER+ patient cohort, neoadjuvant chemotherapy increased the percentage of CSF-1R+ macrophages (173). In line with these findings, Waks et al. examined changes in TAM populations after neoadjuvant chemotherapy in ER+ breast cancer, reporting an influx of CD68 macrophages with a larger proportion associating with an M2-like phenotype (174). These findings are in line with preclinical studies showing chemotherapy significantly increased F4/80+ macrophages in chemotherapy-sensitive tumors, but not chemotherapy-resistant tumors, indicating that macrophages are recruited to the site of chemotherapy-induced apoptosis and play a role in drug response (175). These changes in the TME could be implicated in mechanisms of chemotherapy resistance.




MACROPHAGES AS A BARRIER TO CHEMOTHERAPY AND IMMUNOTHERAPY

While the heterogeneity of TAM populations is still being deconvoluted, clinical evidence suggests that macrophages can contribute to shortcomings of chemo- and hyphenate immuno-therapy. High TAM density has been shown to be an independent poor prognostic marker in breast cancer patients, especially for HR-positive breast cancer (170). Importantly, macrophages have been shown to contribute to reduced efficacy of chemotherapy. Shree et al. discovered that in vitro cathepsin-expressing BMDMs shield mammary cancer cells from paclitaxel-induced cell death. They further demonstrated that tumors from MMTV-PyMT mice treated with paclitaxel had increased TAM infiltration, and cathepsin inhibition in combination with paclitaxel increased long-term survival (176). Similarly, tamoxifen-resistant ER-positive and HER2-negative clinical samples had a higher density of CD163+ macrophage populations and increased expression of EGFR than tamoxifen-sensitive samples, which positively correlated with tumor size and metastasis (177). Furthermore, macrophages can disrupt T cell infiltration, which immunotherapies rely on to mediate efficacy. For example, in lung cancer patients, macrophage exclusion of CD8+ T cells from tumor nests correlated with poor response to anti-PD-1 therapy. When macrophages were depleted with anti-CSF-1R therapy, CD8 T cells successfully infiltrated the tumor to interact with malignant cells and delay tumor progression (178). Also, importantly, in preclinical breast cancer models, when macrophages are depleted using anti-CSF-1R therapy (145, 178) or their phenotype was converted to an anti-tumor phenotype (179), anti-PD-1 therapy induced potent anti-tumor immunity. This highlights the deleterious effects of TAMs in tumors and the importance of targeting both innate and adaptive immune cells to achieve the full potential of immunotherapy and a durable anti-cancer immune response.


Targeting TAMs for Anti-Cancer Therapy

Both preclinical and clinical strategies to target the tumor-promoting functions of TAMs in cancer are being developed. These approaches have been reviewed in great detail and include inhibiting the recruitment of macrophages to tumors by blocking the CCL2–CCR2 or CCR5–CCL5 axes, depleting TAMs by blocking CSF-1 or CSF-1R; blocking macrophage “checkpoint inhibitors” such as CD47/SIRP1α, PD-1/PD-L1, MHCI/LILRB1, and CD24/Siglec-10; and suppressing macrophages' pro-tumor activity (inhibition of TGF-β or VEGF) (36, 180–184). Depletion or inhibition of macrophages using CCL2, CSF-1, and CSF-1R inhibitors has been shown to be effective against both mouse and human tumors (16, 36, 145, 185). Importantly, a recent study showed that CCL2 inhibition as a monotherapy led to more metastasis when the therapy was discontinued, which was driven in an IL-6- and VEGF-dependent manner (186). This study challenges the use of CCL2 as a monotherapy and highlights the need to understand the tumor microenvironment composition for successful anti-metastatic therapy.

CSF-1R is a promising target to address TAMs therapeutically, as high expression of CSF-1 or CSF-1R predicts cancer progression and mortality (187). Blockade of CSF-1R has been shown to decrease TAM infiltration, which subsequently results in the increase in CD8+ T cells and improves response to chemotherapy (95, 145). In a phase Ib study with advanced solid tumors, the combination of pexidartinib, a CSF-1R inhibitor, and paclitaxel was well-tolerated, and the combination showed reduced macrophage infiltration in the tumor microenvironment (188). However, in another phase I a/b study, emactuzumab, a monoclonal antibody against CSF-1R, showed reduction in immunosuppressive TAMs but did not demonstrate clinical benefit alone or in combination with paclitaxel (189). These studies suggest that a careful evaluation of the TME is important before deciding which patients would best benefit from CSF-1R therapy. Other caveats to anti-CSF-1R therapies include reports showing that inhibition of CSF-1R signaling can promote breast cancer metastasis (190).

To enhance anti-CSF-1R therapies, combining anti-CSF-1R with complementary chemotherapy and agents that enhance T cell function may markedly improve outcomes. In that regard, a recent study showed that addition of a CD40 agonist before anti-CSF-1R therapy induced a short-lived hyperactivated macrophage state that was enough to generate an effective T cell response in ICB-resistant tumors (191). Additionally, we have recently shown that CSF-1R inhibition leads to a significant reduction in TAMs and when combined with PARP inhibitor therapy results in an increase in overall survival, with some mice experiencing tumor-free survival for at least 1 year (159). Studies with CSF-1R signaling antagonists, combined with the drug paclitaxel or carboplatin, showed enhanced tumor control and reduced metastasis in preclinical models of breast cancer. Importantly, blockade of CSF-1 signaling also enhanced anti-tumor immunity and cytotoxic T cell infiltration to chemotherapy (145). The blockade of the CCR5–CCL5 axis, which decreased macrophage infiltration in tumors, is another exciting therapeutic target with ongoing clinical trials for breast cancer (192).

An alternative strategy is to convert pro-tumor TAMs to an anti-tumor phenotype. CD40 agonists (193), PI3Kγ inhibitors (194), CD47 inhibitors (195), and a class IIa HDAC inhibitor (179) have all been shown to reduce primary and metastatic murine breast tumors (179) and have emerged as novel modalities to convert TAMs to anti-tumor macrophages. In addition, other strategies have been shown to convert TAMs to an M1 phenotype and include Bruton's tyrosine kinase (BTK) inhibitors (196), TLR agonists (197), STAT3 inhibitors (198), IL-1Ra inhibitors (199), and LILRB2 inhibitors (200) Taken together, strategies to deplete or inhibit suppressive TAM functions or activate anti-tumor TAMs combined with chemotherapy and/or immunotherapy may have a great potential for the treatment of breast cancer patients. However, while many of these compounds in preclinical and clinical development are now filling our toolbox with TAM-targeting strategies, it will likely be necessary to further elucidate the complexity of TAM subsets including their ontogeny and phenotype for successful therapeutic targeting (Figure 4).
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FIGURE 4. Macrophage-targeting strategies for anti-cancer therapy have started to fill our toolbox. We now need to understand how these compounds work, which subsets of TAMs they modulate, and which breast cancer patients will benefit.




Therapeutic Targeting of TAM Metabolism for Anti-Cancer Therapy

The metabolic programming of TAMs is complex, and the underlying molecular mechanisms and crosstalk between tumor cells and stroma remain to be characterized. An in-depth analysis of these metabolic circuits may facilitate better appreciation for the functional fates of macrophages, including their pro- vs. anti-tumor phenotype. This important information would further support the clinical application of targeting TAM metabolism for anti-cancer therapy. There is some insight of the potential of this strategy from several recent publications that utilized other immune cell types including Tregs. Recently, Tregs were shown to activate the sterol regulatory element-binding protein 1 (SREBP1)-mediated fatty acid synthesis pathway in TAMs. SREBP1 induced M2-TAM metabolic fitness, mitochondrial integrity, and survival (201). Pharmacological inhibition of de novo fatty acid synthesis using a SREBP1 inhibitor, fatostatin, showed anti-tumor immunity when combined with ICB (anti-PD-1) in a B16 melanoma preclinical tumor model (201). Our group recently reported that PARP inhibition directly modulated macrophage metabolism by shunting glycolysis and inducing a dependence on lipid metabolism, which generated an immunosuppressive TME by inhibiting T cell function and thereby contributed to PARP inhibitor resistance (159). The use of fatostatin in combination with PARP inhibition and macrophage modulation significantly enhanced the overall survival of mice bearing brca1-deficeint TNBC (159). In line with our findings, inhibition of PARP induced upregulation of lipogenic genes by modulating the transcription factor specificity protein 1 (Sp1), which leads to the accumulation of lipid droplets in the liver (202). Similarly, a study suggested that genetic deletion as well as pharmacologic inhibition of PARP induced the expression of ATP-binding cassette transporters (ABCA1) and cholesterol efflux in macrophages (203). These studies highlight the role of both Tregs and PARP inhibitors in regulating macrophage lipid metabolism. Further molecular understanding on the mechanisms of how PARP inhibitors regulate TAM metabolism would provide future opportunity for promising therapeutic strategies.

In a preclinical syngeneic model of pancreatic ductal adenocarcinoma (PDAC), a TLR9 agonist, CpG oligodeoxynucleotide, induced a metabolic state that required fatty acid oxidation and shunting of TCA intermediates for de novo lipid biosynthesis. This shift in central carbon metabolism activated highly phagocytic macrophage that could overcome the CD47 “don't-eat-me” signals on tumor cells to mediate an antitumor response (204). Macrophages cultured with PDAC-conditioned media compared to normal pancreatic cells had higher levels of vascular network formation, enhanced metastatic potential, increased levels of EMT, and a pronounced glycolytic signature. Inhibiting hexokinase II (HK2) with 2-deoxyglucose (2DG) inhibited glycolysis and reversed the pro-tumor TAM phenotype, highlighting the therapeutic potential of modulating TAM metabolism for anti-cancer therapy (205). Molecular metabolic control of TAMs has been demonstrated in vitro by inhibiting glutamine synthetase (GS). In human monocytes, GS expression activates an M2-like phenotype, which is reversed through pharmacological inhibition of GS by methionine sulfoximine (MSO). Inhibition of GS resulted in production of succinate, a critical regulator of the pro-inflammatory response, and enhanced glucose flux through glycolysis. Importantly, in ex vivo studies, GS restored T cell recruitment. In vivo, genetic deletion of macrophage-specific GS reduced metastasis in a preclinical mouse model of lung cancer (206). Taken together, precisely targeting the metabolic rewiring of TAMs may re-educate their phenotype and may overcome TAM-associated immunosuppression.




BEYOND M1 AND M2 PHENOTYPES AND NEXT STEPS

To date, characterizing the diversity of macrophage subsets has been difficult, as researchers have relied on a limited number of macrophage markers, and gene expression profiling has been done in bulk tissue or total macrophage populations, which preclude detection of unique subsets. Although gene expression data is high throughput, it inherently lacks the ability to determine spatial relationships, precise cellular function, or biochemical analysis at a single-cell level. Another consideration for leukocyte-containing samples is the canonical expression of RNase, which could potentially degrade RNA transcripts and interfere with single-cell analysis sample quality. Likewise, protein analysis should be used to support gene expression data, but is comparably tedious and low yield. The intracellular glycoprotein CD68 is widely used in clinical studies as a TAM marker, but it also detects other cell types such as some lymphoid and non-hematopoietic cells (207, 208) and does not identify TAM phenotype or functional status. The scavenger receptor CD163 has also been used to identify some TAM populations and has been shown to associate with early recurrence and reduced survival in breast cancer patients (209). CD68 and CD163 have been broadly used to show that high TAM density correlates with a worse clinical outcome in breast cancer but do not predict their functional phenotype (122, 140, 210). As high-resolution techniques uncover the heterogeneity and plasticity of macrophage populations, researchers will need to look beyond the binary M1/M2 nomenclature and incorporate an extensive panel of markers in their analysis. Indeed, TAMs have high plasticity and can express both M1-like and M2-like phenotypes simultaneously, creating a need for more nuanced categorizations of macrophages (169). Multiplex IF such as MIBI-TOF and CyCIF have the unique advantage of analyzing a relatively large number of proteins, while maintaining spatial context of the tumor. These technologies will be invaluable in the next era of TAM studies, in which distinct phenotypes will need to be pursued.

Immune-focused mass cytometry has shed light on the diversity of TAMs in breast cancer, where in a study of 144 breast cancer patients, 19 distinct subsets of myeloid cells were identified, which clustered into five broader categories (211). These clusters included CD14-expressing monocytes, early immigrant macrophages, tissue-resident macrophages, TAMs, and myeloid-derived suppressor cells, with each group containing several additional subsets of myeloid cells. The distribution of the 19 clusters was distinct regarding the location within the tumor microenvironment and the subtype of breast cancer. For example, ER– tumors had more PD-L1+ TAMs than ER+ tumors, while luminal B tumors contained a higher proportion of PD-L1+ TAM subsets than luminal A. Although the sample set was predominantly from ER+ tumors, the results expose high-resolution categorizations of macrophages that could shed light on current therapeutic barriers. This work highlights the complexity of macrophages and tumors and is the right step forward; however, it is yet to be understood what the functional significance of these subsets are for clinical outcomes (211). Assays that test the functional ability of macrophages are warranted including high-throughput efferocytosis assays or gene signatures that may predict enhanced efferocytosis. The abovementioned studies have contributed to understanding the immune profile related to macrophages in breast cancer subtypes using bulk and single-cell RNA-sequencing, single- and dual-color IHC, multiplex spatial analysis such as MIBI-TOF and CyCIF, as well as flow cytometry, which compile data with different perspectives and limitations. As researchers continue to assess the breast TME, it is critical to acknowledge the strengths and limitations of different methods regarding their resolution, accuracy, and ability to represent tumor heterogeneity.

TAMs play a major role in tumor progression and metastasis and promote a highly suppressive TME that may limit breast cancer therapy. Therefore, modulating TAMs in combination with chemo- and/or hyphenated immuno-therapy will be critical to achieve maximum tumor reduction and elimination. Thus, it is imperative to characterize TAM subsets and their location. In addition, differences among breast tumor subtypes and how TAMs change after therapy will be important to characterize, along with differences in tissue-resident macrophages at metastatic sites. To develop effective macrophage-targeting therapies for the treatment of breast cancer, it is critical to have a precise understanding of the unique macrophage populations in each subset of breast cancer, as well as their location within different regions of the tumor. In addition, when considering the variety of influences that macrophages have on the TME, it is apparent that the surrounding TME will also need to be considered. Therefore, it is crucial to assess the number of infiltrating macrophages, their phenotype and function, as well as their spatial location to other cells in the TME. Expanding beyond M1 and M2 macrophage nomenclature will enhance the field of cancer immunology by providing better understanding of the tumor environment for rationale design of immunotherapy strategies including future development of macrophage-targeting therapies (Figure 4).
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Representing the fourth leading cause of cancer-related mortality worldwide, liver cancers constitute a major global health concern. Hepatocellular carcinoma (HCC), the most frequent type of liver cancer, is associated with dismal survival outcomes and has traditionally had few treatment options available. In fact, up until 2017, treatment options for advanced HCC were restricted to broad acting tyrosine kinase inhibitors, including Sorafenib, which has been the standard of care for over a decade. Since 2017, a multitude of mono- and combination immunotherapies that include pembrolizumab, nivolumab, ipilumumab, atezolizumab, and bevacizumab have been FDA-approved for the treatment of advanced HCC with unprecedented response rates ranging from 20 to 30% of patients. However, this also means that ~70% of patients do not respond to this treatment and currently very little is known regarding mechanisms of action of these immunotherapies as well as predictors of response to facilitate patient stratification. With the recent success of immunotherapies in HCC, there is a pressing need to understand mechanisms of tumor immune evasion and resistance to these immunotherapies in order to identify biomarkers of resistance or response. This will enable better patient stratification as well as the rational design of combination immunotherapies to restore sensitivity in resistant patients. The aim of this review is to summarize the current knowledge to date of tumor-intrinsic mechanisms of immune escape in liver cancer, specifically in the context of HCC.
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INTRODUCTION


Liver Cancer and Hepatocellular Carcinoma

Liver cancers represent the fourth leading cause of cancer-related mortality worldwide, with estimates from the World Health Organization predicting over 1 million deaths in 2030 (1). As the second-most lethal malignancy behind pancreatic cancer and harboring a 5-year survival rate of 18%, liver cancers represent a major global health concern (1). The two most frequent forms of liver cancer are hepatocellular carcinomas (HCCs) and cholangiocarcinoma, which represent 80–90% and 6–15% of all primary liver cancers, respectively (2). While patients diagnosed with early-stage HCC may be eligible for potentially curative surgical resection, most patients are diagnosed with recurrent or advanced stage disease (1). Until recently, treatment options for advanced HCC were restricted to tyrosine kinase inhibitors (TKIs) that confer limited survival benefits (3–6). Sorafenib, a TKI, has been the standard of care for advanced HCC for over a decade (3) but confers a survival benefit of merely 2.8 months over placebo. More recently, additional TKIs have been approved as first or second-line treatment for advanced HCC patients including regorafenib (4), cabozantinib (5), and ramucirumab (6). However, since 2017, two immune checkpoint inhibitors targeting the programmed cell death-1 (PD-1) pathway, pembrolizumab and nivolumab, the latter alone or in combination with the monoclonal antibody targeting cytotoxic T-lymphocyte-associated protein 4 (anti-CTLA-4) have been FDA-approved as second-line treatment for advanced HCC (7–9). Most recently, the combination of monoclonal antibodies atezolizumab (anti-programmed death ligand-1; anti-PD-L1) and bevacizumab (anti-vascular endothelial growth factor; anti-VEGF) has shown, for the first time in any HCC clinical trial, superiority over sorafenib and is now FDA-approved as first-line treatment for advanced HCC (10). With objective response rates of around 30%, these immunotherapies have demonstrated unprecedented results in the treatment of advanced HCC (7–10). However, this also means around 70% of patients are insensitive to this treatment, making it imperative to understand mechanisms of immune escape in liver cancers in order to design novel combination therapies that restore sensitivity in these immunotherapy-resistant patients as well as identify biomarkers of resistance or response to improve patient selection.



Immunoediting and Immune Escape

To understand the notion of immune escape in cancer, it is important to first understand the concept of cancer immunoediting as well as the cancer immunity cycle. Immunoediting describes the process by which the immune system protects the host from cancers (i.e., immune surveillance); however, in doing so the immune system also places evolutionary pressure on malignant cells causing them to undergo immunogenic sculpting that enables disease progression (i.e., immune escape) (11, 12). Immunoediting proceeds through three phases: elimination, equilibrium, and escape (11). During the elimination phase, transformed cells that have escaped normal cell-intrinsic apoptotic/senescence checkpoints are recognized and killed by cells of the innate and adaptive immune systems (11). In the equilibrium stage, tumor subclones that survived the elimination phase (e.g., through the acquisition of additional genetic alterations that promote immune suppression) begin to expand (11). However, the overall net growth of the tumor is still being prevented primarily by the adaptive immune system, which maintains tumor cells in a state of functional dormancy (11, 12). Over time, the evolutionary pressure placed on the developing tumor by the immune system, coupled with the genetic instability associated with rapidly dividing malignant cells, promotes the selection and expansion of tumor subclones that have acquired alterations that suppress host immune responses and tumor cell destruction (11, 12). In this final stage of escape, tumor outgrowth is no longer restricted or blocked by the host immune responses and these tumor subclones emerge to cause clinically apparent disease (11, 12). While the immune system is capable of recognizing and killing malignant cells and constraining tumor growth, this theory of cancer immunoediting describes the process by which the same mechanism also promotes the emergence of malignant subclones that have undergone immunogenic sculpting to evade detection and destruction.

In the cancer immunity cycle (13) (Figure 1), certain somatic mutations in tumor cells result in the production of a modified protein product (neoantigen), which has the potential to be recognized by the host's immune system as foreign. Additionally, cancer-specific antigens resulting from expression of viral genes or aberrant expression can also be recognized by the immune system. These antigens can be released into the tumor microenvironment and sampled by dendritic cells, which travel to secondary lymphoid organs where they prime tumor antigen-specific adaptive (T and B lymphocyte-mediated) immune responses (13). Primed antigen-specific cytotoxic CD8+ T cells subsequently traffic to and lyse tumor cells that are presenting tumor-specific antigens through the Major Histocompatibility Complex (MHC) class I molecules, which results in the release of more tumor-associated antigens into the microenvironment (13) (Figure 1). The cancer immunity cycle represents the adaptive arm of the immune surveillance cancer immunoediting phase. However, innate immune cells, such as natural killer cells and γδT cells, also participate in immune surveillance by these cells (14–16). Tumors can escape immune surveillance through a variety of strategies, such as the acquisition of genetic alterations that perturb the aforementioned processes.


[image: Figure 1]
FIGURE 1. Genetic alterations that perturb the cancer–immunity cycle and lead to tumor immune escape. Depiction of the cancer-immunity cycle (13). Tumor cells release antigens into the tumor microenvironment where they are sampled by circulating antigen presenting cells (APCs), such as dendritic cells. These APCs traffic to the lymphoid organs where they present antigens to T cells leading to T cell priming and activation. These activated T cells traffic back to the tumor site where they infiltrate, recognize, and kill tumor cells expressing their cognate antigen. Known mechanisms of immune escape in HCC and other tumor types that perturb specific points in this process are indicated. Abbreviations are as follows: neoAg, neoantigen; TME, tumor microenvironment; DC, dendritic cell; Ag, antigen.





TUMOR-INTRINSIC MECHANISMS OF IMMUNE ESCAPE: GENETIC ALTERATIONS IN LIVER CANCER

Known tumor-intrinsic mechanisms that induce immune escape in the context of liver cancer are limited; however, a few studies have demonstrated that mutations affecting the WNT/ß-catenin pathway, which affects ~27–37% of human HCC patients, promote immune escape in HCC. One group published correlative data on human HCC samples suggesting that ß-catenin activation may promote immune escape (17). Here, Sia et al. analyzed gene expression profiles from 956 HCC patient samples and virtuallyand, using a non-negative matrix factorization algorithm, separated the gene expression profiles from tumor, stromal, and immune cell compartments. Expression patterns were correlated to immune cell infiltration by pathology and immunohistochemical analysis. Then, using data from The Cancer Genome Atlas (TCGA), these immune cell gene expression profiles were correlated with chromosomal aberrations and mutations. Through this analysis, they found that around 25% of HCCs displayed high expression of inflammatory markers (termed “immune class”), either indicative of an adaptive T cell immune response or an immune exhausted phenotype. However, they also found that tumors with a “CTNNB1-mutation gene signature” were specifically excluded from the “immune class.” This CTNNB1 class also showed lower T cell enrichment scores and downregulation of CCL-4. Previously, using an autochthonous mouse model of melanoma, Spranger et al. demonstrated that activation of the ß-catenin pathway led to impaired T cell priming through repression of CCL-4-mediated dendritic cell recruitment to the tumor microenvironment and, subsequently, led to resistance to anti-PD-L1 and anti-CTLA-4 immunotherapy (18). However, the resistance to immunotherapy here could be due to the lack of endogenously activated T cell responses and thus no baseline infiltration into the tumors. A subsequent study by Spranger et al. used adoptive T cell transfer to address this and found that still, adoptively transferred effector T cells failed to traffic to the tumor site and this was due to the absence of CXCL9/10 production from CD103+ dendritic cells (those with the ability to cross-present extracellular antigen to CD8+ T cells) (19).

More recently, using a murine model of HCC based on hydrodynamic tail vein injection of genetic elements in vivo, our laboratory demonstrated that activating mutations in CTNNB1 lead to immune escape in HCC (1). We generated two models with MYC overexpression and knockdown of TP53; one version that is non-immunogenic (MYC-luc;sg-p53) and one that is immunogenic due to expression of 3 model antigens (MYC-lucOS;sg-p53). The MYC-lucOS;sg-p53 model had significantly better overall survival and decreased tumor burden compared with MYC-luc;sg-p53 mice and this was found to be due to CD8+ T cell-mediated tumor clearance. We then generated two additional models overexpressing an activating form of ß-catenin (encoded by CTNNB1): non-immunogenic MYC-luc;CTNNB1 and immunogenic MYC-lucOS;CTNNB1. There was no difference in survival or tumor burden between the non-immunogenic and immunogenic mice expressing an activating form of ß-catenin, which suggests that ß-catenin induces immune escape in the context of antigen expression. We found that this was due to diminished CCL5 expression, which in turn impaired dendritic cell recruitment to the tumor microenvironment and thus led to ineffective CD8+ T cell tumor clearance (1). Furthermore, overexpression of CCL5 restored dendritic cell infiltration into the tumors leading to active immunesurveillance and restored survival in the MYC-lucOS;CTNNB1 mice. Finally, using TCGA data, Luke et al. showed across multiple tumor types, including HCC, an inverse correlation between a T-cell inflamed gene signature and ß-catenin pathway activation (20). ß-catenin pathway activation was inferred through somatic mutations in pathway signaling elements, pathway prediction from RNA-sequencing data, as well as ß-catenin protein levels (20).

Correlative data from human HCC patients as well as mechanistic studies in mouse models of HCC are highly suggestive that tumor-intrinsic activating mutations in the WNT/ß-catenin pathway promote immune escape and resistance to immunotherapy in HCC. More specifically, these studies suggest the mechanism of immune escape is through defective recruitment of dendritic cells to the tumor microenvironment leading to inferior anti-tumor T cell responses (Figure 1). While mutations affecting the WNT/β-catenin pathway account for a large proportion of human HCC cases (27% to 37%), this disease is highly heterogenous with complex genetic etiology underlying each case. It is unlikely that the mutations affecting the WNT/β-catenin pathway are the sole genetic alterations that perturb effective anti-tumor CD8+ T cell responses and promote immune escape and resistance to immunotherapies in HCC. As immunotherapies have only recently demonstrated success in the treatment of HCC, to date, the roles of additional genetic alterations in promoting immune escape and response or resistance to immunotherapies in the context of HCC have not been well elucidated. In other solid tumor types, for example non-small-cell lung cancer, tumor mutational burden and microsatellite instability/mismatch repair deficiency have been implicated as good predictors of response to immune checkpoint therapies - the idea being that these tumors have a higher probability of expressing immunogenic neoantigens capable of eliciting anti-tumor immune responses (21–24). Currently, there is little evidence suggesting a prominent role of tumor mutational burden and microsatellite instability/mismatch repair deficiency as biomarkers of HCC responsiveness to immunotherapies. Two recent studies suggest that these features are, in fact, infrequent in HCC and poor predictors of response to immunotherapy in HCC (25, 26). As a relatively new field, more studies with larger cohorts of patients are needed to investigate the role of tumor mutational burden and microsatellite instability/mismatch repair deficiency as biomarkers of immunotherapy responsiveness in HCC. However, there are a few other genetic alterations with known relevance to human HCCs that have been shown to mediate immune escape and resistance to immunotherapies in other tumor types.



TUMOR-INTRINSIC MECHANISMS OF IMMUNE ESCAPE: GENETIC ALTERATIONS IN OTHER TUMOR TYPES

While studies investigating tumor-intrinsic mechanisms of immune escape involving acquisition of genetic alterations in liver cancers, and HCC in particular, are scarce, there are further examples published in the context of other solid tumors that may have relevance in HCC. One study by Peng et al. demonstrated that PTEN loss leads to decreased T cell trafficking to tumors and impaired T cell-mediated tumor killing in a murine model of melanoma (27) (Figure 1). Specifically, PTEN loss induced upregulation of CCL2 and VEGF expression and inhibited tumor cell autophagy (27). In melanoma patients, PTEN loss was associated with lower T cell infiltration in tumors and poorer response to anti-PD-1 immunotherapy (27). Though nothing has been published to date implicating PTEN in promoting immune escape in HCC, PTEN is altered in 7% of human HCC patients (28) making this pathway an appealing option for targeted therapies; however, future studies are needed to demonstrate whether or not tumor-intrinsic loss of PTEN leads to immune escape in HCC.

Another example of a tumor intrinsic mechanism of immune escape in cancer is overexpression of the Notch signaling pathway. Shen et al. demonstrated in a murine model of spontaneous mammary carcinoma that Notch overexpression leads to upregulation of proinflammatory cytokines, IL-1ß and CCL2, which in turn promote the recruitment of tumor-associated macrophages (29). Further, in breast cancer patients, expression data revealed a correlation between Notch activation, IL-1ß/CCL2 expression, and macrophage infiltration (29). It is possible that these findings hold true in the context of liver cancer, as NOTCH2 is amplified in 10% of HCC patients (28); however, again, further studies are needed to demonstrate a role for tumor-intrinsic Notch signaling in promoting immune escape in the context of liver cancer.

Finally, two studies have demonstrated a role for TGFß overexpression in inducing immune escape in solid malignancies. First, Mariathasan et al. showed TGFß expression from fibroblasts leads to T cell exclusion within the peritumoral stroma and subsequent resistance to anti-PD-1 immunotherapy in urothelial cancer (30). Additionally, Tauriello et al. demonstrated that stromal cell-derived TGFß overexpression induces T cell exclusion as well as prevents acquisition of Th1 effector phenotype and resistance to anti-PD-1 immunotherapy in colon cancer (31) (Figure 1). While TGFß production from stromal cells might not be considered “tumor-intrinsic,” this immune escape mechanism may be important in the context of HCC as TGFß is overexpressed in 28% of human HCCs (28). Further, TGFß has been identified in multiple HCC classification systems based on expression data from HCC patients (17, 32).



TUMOR-INTRINSIC MECHANISMS OF IMMUNE ESCAPE: OTHER EXAMPLES IN LIVER CANCER

Beyond acquisition of genetic alterations that induce immune escape, there have been other tumor-intrinsic mechanisms of immune escape described in liver cancers. For example, two tumor-derived non-coding RNA molecules have been implicated in such mechanisms. Yang et al. reported that the pseudogene or long non-coding RNA RP11-424C20.2 as well as it's parental gene, UHRF1, are upregulated in HCCs and promote immune escape, in part, through the IFNgamma-mediated CTLA-4 and PD-L1 pathways (33). Similarly, Liu et al. provided a mechanism by which endoplasmic reticulum stress in HCC leads to the release of exosomes containing the microRNA miR-23a-3p, which promotes immune escape through PTEN inhibition and subsequent upregulation of PD-L1 in macrophages (34). They showed that expression of proteins related to ER-stress were positively correlated with CD68+ macrophage recruitment and PD-L1 expression in HCC tissues (34). Furthermore, co-culture of macrophages stimulated with these exosomes and T cells led to a decrease in CD8+ T cells and IL-2 production as well as an increase in apoptosis in T cells (34). Finally, they found that miR-23a-3p levels in HCCs negatively correlated with overall survival (34). Another example of tumor-intrinsic immune escape described in HCC involves epithelial-to-mesenchymal-transition (EMT). A study by Shrestha et al. investigated the association between EMT and induction of immune checkpoint expression in HCC (35). TNFalpha induced EMT in Hep3B and PLC/PRF/5 cells and led to the upregulation of PD-L1, PD-L2, CD73, and B7-H3, whereas reversal of EMT (MET) led to suppression of these markers (35). In a cohort of 422 HCC patients, they demonstrated that high expression of TNFalpha and PD-L1 is associated with poor overall survival and expression of TNFalpha and PD-L2 was associated with increased HCC recurrence (35).

Additional examples of tumor-intrinsic mechanisms of immune escape described in liver cancer involve overexpression of secreted immunomodulatory molecules. For example, Chan et al. provided a mechanism by which IL-6-activated JAK1 phosphorylates PD-L1, which then results in PD-L1 glycosylation that maintains PD-L1 stability (36). Combination of IL-6 and TIM-3 antibody blockade resulted in synergistic T cell-mediated tumor killing in vivo (36). Further, they identified a positive correlation between IL-6 and PD-L1 expression in HCC patients, making this a potentially relevant and targetable mechanism in HCC (36). Another study by Li et al. detected indoleamine 2,3-dioxygenase 1 (IDO1) expression in tumor cells in 109/112 HCC patients analyzed and this expression was associated with CD8+ T cell infiltration (37). They also showed that IDO1 expression is significantly correlated with IFNgamma and CD8a transcripts in HCC and this is associated with better overall as well as disease-free survival (37). Additionally, Zhu et al. demonstrated that tumor cell-intrinsic osteopontin correlates with PD-L1 expression and tumor-associated macrophage infiltration in tumor tissues from HCC patients (38). Mechanistically, they showed that oseopontin promotes chemotactic migration of macrophages and PD-L1 expression in HCC through activation of CSF1R pathway (38). In vivo, dual blockage of PD-L1 and CSF1R resulted in enhanced anti-tumor immune responses and resulted in improved survival in mice with high expression of osteopontin (38). This was attributed to increased CD8+ T cell infiltration, reduced tumor-associated macrophages, as well as polarization of Th1 responses (38).

In addition to tumor-derived secreted molecules, overexpression of other molecules as well as surface receptors on tumor cells have been implicated in promoting immune escape in liver cancer. For example, Qiu et al. suggested a role for Annexin A2 in promoting immune escape in HCC by leading to an increase in regulatory T cells and expression of inhibitory molecules as well as a decrease in natural killer cells and dendritic cells (39). In another study, Zhou et al. demonstrated that tumor cell-intrinsic TLR9 activation negatively regulates PARP1 expression, promoting STAT3 phosphorylation, and leading to increased transcription of PD-L1 (40). They also show that TLR9 is positively correlated with increased STAT3 phosphorylation and PD-L1 expression while negatively associated with PARP1 expression in HCC patients (40). Finally, they demonstrated that combination therapy with TLR9 agonist and anti-PD-1 or anti-PD-L1 therapy inhibited HCC growth in vivo (40). Another example involved overexpression of decoy receptor 3 (DcR3) in HCC mediated by the TGFß-Smad-Sp1 pathway. Overexpression of DcR3 promotes Th2 and regulatory T cell while inhibiting Th1 differentiation and knockdown of DcR3 restored CD4+ T cell immunity (41). Another study by Ren et al. provided a mechanism by which CD147 expression on HCC tumor cells promotes immune escape through binding secreted cyclophilin A (42). This subsequently led to tumor cell proliferation through ERK1/2 pathway activation and knockdown of CD147 Hepa1-6 cells led to increased T cell chemotaxis (42).

Other studies have also demonstrated expression of immune checkpoint inhibitors on liver cancer cells, which attenuate anti-tumor immune responses. In this regard, Li et al. defined 5 subtypes of stage I/II HCCs based on gene expression profiles from TCGA, gene expression omnibus, and the International Cancer Genome Consortium that each differ in immune profile and clinical responses (43). For example, subtype C4 was associated with upregulation of immune profiles as well as expression of immune checkpoint inhibitors (e.g., PDCD1, CD274, CTLA4, etc.) whereas subtype C5 was associated with downregulation of the same immune profiles (43). Similarly, Zhou et al. characterized tumor-infiltrating lymphocytes from HCC patients who underwent surgical resection and found higher expression of PD-1, TIM3, LAG3, and CTLA4 on CD8+ and CD4+ T cells isolated from tumor tissue compared with control tissue or blood (44). They also found expression of PD-1, TIM3, and LAG3 was higher on tumor-specific CD8+ T cells compared with other CD8+ T cells (44). Tumor infiltrating lymphocytes with expression of these checkpoint inhibitors had higher expression of activation markers, but similar or lower levels of granzyme B expression compared to tumor infiltrating lymphocytes not expressing these checkpoints (44). Blocking antibodies against these checkpoints resulted in increased proliferation of CD8+ and CD4+ tumor infiltrating lymphocytes and cytokine production in response to stimulation (44). Another interesting study by Li et al. set out to investigate the mechanism of resistance of HCCs to MET inhibitors (45). They found that MET inhibitors promote immune escape through stabilization of PD-L1 and decreased anti-tumor T cell inactivation (45).



MECHANISMS OF IMMUNE ESCAPE: IMMUNE INFILTRATES IN LIVER CANCER

In addition to tumor-intrinsic mechanisms of immune escape, some studies in liver cancer have described immune escape due to perturbations within the tumor-immune microenvironment. First, Dong et al. demonstrated in a cohort of 15 patients with multifocal HCC+ that those arising from intrahepatic metastasis vs. multicentric occurrence had a unique tumor-immune microenvironment (46). Specifically, those with multicentric occurrence had higher expression of immune checkpoint inhibitors and higher levels of immunoediting while those with intrahepatic metastasis had less T cell and M2-like macrophage infiltration (46). Another study found an association between M1-like macrophage infiltration and PD-L1 expression in HCC and further demonstrated that M1-conditioned media from THP-1 cells induced expression of PD-L1 in HCC cells (47). In this study, they identified IL-1ß to be the major driver of PD-L1 expression through transcription factors p65 and IRF1 (47). Additionally, Liu et al. found a role for CCL15-mediated recruitment of CCR1+CD14+ monocytes in promoting tumor invasion and metastasis and these tumor-derived monocytes also expressed high levels of immunosuppressive molecules including PD-L1, B7-H3, and TIM3 (48). Moreover, CCR1+CD14+ monocytes positively correlated with CCL15 expression and predicted survival in HCC patients (48). Aside from macrophages and monocytes, Ye et al. found that HCC patients show higher TIM-1+ regulatory B cell infiltration within tumors compared to peri-tumoral sites, and that these cells express IL-10 and promote CD8+ T cell suppression (49). Mechanistically, this was shown to be due to HMGB1 from tumor-derived exosomes, which lead to activation of B cells and expansion of TIM-1+ regulatory B cells through TLR2/4 and MAPK pathways (49). The accumulation of TIM-1+ regulatory B cells was associated with advanced stage HCC and was associated with reduced survival and predicted early recurrence of disease (49). Another interesting study by Kang et al. compared conventional HCCs (cHCCs) with HCCs containing immune cell stroma (isHCCs) and found that isHCCs had higher Epstein-Barr virus (EBV)-positivity in CD20+ tumor infiltrating lymphocytes (50). isHCCs also had higher CD8+ T cell infiltration, PD-L1 and PD-1 expression in tumor infiltrating lymphocytes, PD-L1 expression in tumors, and association with a favorable recurrence-free survival (50). However, paradoxically, a subgroup of isHCCs with high EBV-positivity in tumor-infiltrating lymphocytes demonstrated poorer recurrence free and overall survival as well as higher enrichment scores for CD8+ T cell exhaustion (50). Furthermore, CTNNB1 mutations were not identified in isHCCs, whereas 24.1% of cHCCs harbored such mutations (50). Interestingly, viral infections such as hepatitis B precede many cases of liver cancer and these viral infections can lead to expression of unique viral antigens. However, there are also tumor antigens that are produced due to mutations generated throughout the process of tumorigenesis. A study conducted by Bubie et al. provided strong evidence that tumor neoepitopes are more immunogenic than viral epitopes in hepatitis B virally infected liver cancer and that this could potentially drive immune response in this context (51).



CONCLUSIONS

As an immune privileged site, the liver can tolerate the introduction of innocuous antigens without mounting an immune response (52). This is necessary as the hepatic portal system brings blood through the portal vein and hepatic arteries. The portal vasculature supplies blood from the gastrointestinal tract, spleen, and associated organs whereas the hepatic arteries bring oxygenated blood from the aorta. Though immune privileged, the liver is enriched in immune cells. The liver has the largest reservoir in the body of tissue-resident macrophages, which are called Kupffer cells (53). Additionally, the liver contains resident γδT cells, natural killer cells, B cells, and other antigen presenting cells (54, 55). More comprehensive reviews on liver immunology have been conducted (53–55). Furthermore, underlying liver diseases (e.g., hepatitis viral infections, alcohol abuse, or non-alcoholic fatty liver disease) occur in the majority of patients with HCCs (1), meaning most cases of HCCs arise in the context of chronic inflammation. Thus, tumor immunology in the context of liver cancer is likely a critical factor in disease initiation and progression. This is further supported by the recent unprecedented success of immunotherapies in the treatment of advanced HCC. However, there is still very little known regarding tumor-intrinsic mechanisms of modulating immune responses specifically in the context of liver cancer, but also in most tumor types in general. As a very heterogeneous disease, this is an exciting area of study in HCC and lends the opportunity to design personalized combination immunotherapies for patients with advanced HCC that are rationally designed based on unique genetic alterations and the mechanisms by which these genetic alterations induce immune escape. However, much more mechanistic work in this regard needs to be conducted.
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(2VI21RULZAG e, NKT celsCO8 T ot IL21 suppresses te anigenincoed COB+ T-cel irentaton fom
nave T cols 0 ofector T cals and nduced stemike propertes, whch
aows OB+ T ces for secondary expansion after adopte rarsfer
(99,
CoA0LCD40 G, macrophages, B ols. T CDAOLICDAD creases T-osl proferaon, CDBs T-col iy, and
cols, st cals/CD4O+ Toell  memory (195)
TGBILGHL28 o cuture reatment. G+ T-oollifeenttes into T17 v TGFB and L6 (196). 1123 Transter of Th7 cels

CCL21/CCAT, CXCRY

Lympratic vesses, sroma cels,
HEV in ymph nodes/CO4 T cels
(@5, 36)

maintains the prolferaton of Th7. (Fn. 10) Th17 are ong-d cals with  enhances suvil and tumor
stom-ko proportes. It can dso convertito a Thi-ioeage over time,  regression beterthan T
switcting fom IL17 secreing o (0 PNy producers o FNYILITA  callsina muine meanoma
‘doutl producers (197). mool (198).

CCL21 promotes Tht posrzaion (141).
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Mechanisms.

(1n. 12)1L4 cives CDA+ T-cat
polaizaton o tha Th2 phenotype
and suppressos IFNyproducing T
cels @17),

TGFp promotes the conversion of
efloctor T cels to Tregs (218).

Therapy

MUCT CAR T with a cytokina swich recoptor of L4 receptor
xacaiuar domain ksed to an L7 nraceiuar Sgnaing domain
can prolfeato and suppress tumor gronth in ico breast cancer
model (106).
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Producer/Target

Oytotowc T cls/endothotal
el fivobiass, umor o,

Tool, macrophage,
envdoinoal cal eptheal cal
ondoaal ol

Phagocytc macrophage, DG/

Lymphoid, mast, endotheial,
forobist, tumor ool
endoinaalcal (19).
Endothotal, foxobiast, tumor
el onocyte/CXCR3 T

Tumor csl, macrophage, OC.
Firoblastactiated T col,
i, KK el

Endothetal cal/Th1, CDB T

Epithotal oo, roblast,
manocyte, NK cal, DG,
ondotholal cot, macrophage,
hymphocyte/CORS - OC
Lymphati vessels,
oroblass, HEV in mph
ocks/CORT+ T e, DG (35,
a5
Keatinocytes/CORIOs sk
homing T cals

Mechanisms.

Interon- ncuces CXCR3 igands (CXCL9,10,11).

thus

ennancing tho CXCRS-mediatod T-cell recrufment 15).

1L5 trans-signating entances both E- and P-sdlctin

nteractons and ICAMY dependent T-cel ransmigaton on

tumor vessos (17),

112 may attonuate the mpaod T-cel taficking modated by

MOSCs by decreasing the percentage of MDSCs
.

tumors

TN stimulation nduces ICAMT and VGAM1 expression on

endothotalcols forT-odl extravasation (14).

Thess chemoikines are incuced by ntedercn- and share a

receptor CYCRS, iecting the migraton of actvated
NKcels (2.

Tand

(CXGLIBis chamotactcfor cels expressig s receptor

OXCRB (27, 29)

Actn foes benesinthe endotheial pasia membranss wil

Gock vesics storing COL2. Th tight hmphocyte-endothall

Synapses vil deasa the chemoiins o promola the
wansendothela T-osl migration (29).

00L3.4,5 can indiecty promote efector T-cal ecrutment by
recniing the DO no tumor ies. Then, DG, i turm, recnts
oyotoxc T el nfo the tumor by prociucng CHCRS lgands

OXLO and OXCLIO (32, 9.

00L21 can sigifcanty increase the CD4+ and CD8+ T osts,

and OCs infivaion 0 umors (37, 38).

‘Skin-assocated chamokine COL2? i speciicaly expressed
epidommal keratnocytes and medates the recrmant o skin-

homing CCR10+ memory T cafs o cutaneous sies

(@0,

Therapy

Intravesica intiation ofrecombant intederony
i the recurtence ofbladder tumors in
patents (16).

1L6-1ch tumor microenvionment proided by
‘Systemic thermal therapy improves cytotosic T
els’ Glvery 0 o lesions n movse tunors.
ant patient tumor oxpants (13).
Treasment of 1L12 sgrficanty aered the
phenotype and suppressive functon of MDSC in
mice (15).

The systomic adminstraton of TNF had sovere
toicty (201 The usion of TNF and TGA lgand
Pact anttumor efects i mice (21)
Vius-Siected exprossion of GCLIO, 11, o
focombinant CXCLIO jecton i tumors can
tacnit antcancer T osis n mice (23-26).

‘CARICGRR T cels dipiayed greater homing and
tumor-kding in malgnant peural mesolheloma
50) and purobiastoma tumors (31) i mice.

‘Combining adenovealdovery of COL3 ith the
‘adoptive ransler of acivated efector T cals
sigifcanty atacted actated T celsto the
murine meanoma tumors (3.

Intratumoral iecton of GOL21 incced DG and
T-call intaton, causig tumor eduction 2
murine g cancer model (39

“The tumor rjecton of adenoviea vctor encodng
0CL27 atacied T osls and suppressad tumor
growth ina murine melanoma model (41,
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Therapy

SignalReceptor Producer/Target

L35 (L2278 Tregs, macrophages, B

(. ) L12RB2ALEST  colT coll

TGFBI/TGFBRT, 2,8 Fibrobasts/Tumor epitholal
o

CXCL1, 2, S/OKCR2 Tusmor cel, macrophoge,
neuophICXCR2+ MDSC

(. 5 COLBICKCR1, 2 Tumor cels, mast s,
TAM, endothotal osts/
(CXORY, 2+ Neutrophi,
MDSC

FAPS CAFICHCRAL
MDSC, Endothelal oo, T
et

CXOLIZIOXCRA

Endothaial st tumor col,
florobiast, monocyle/CCRZ
+ TAM, MDSC, Treg
coLsioos

coL17ICCRI, 8

ccL22/00R4 TAMYCORAS Trog,

CeL28I0CRI0 Tumor cets/CORIOK sk
homing T cels.

Tumor, Mactophage,
Endothelal, Forotast/
Endotholal cal, Trg,
MOSC

CAF/Endothal cols

VEGFNEGFRI, 2, NAPT

FOFFGFR1 234

POGFCDGFRA
PGFFLT!

CAF/Endotheial et
TAMSEndothatalcols

Trog cols derved 135 can docrease the ntatumoral CO4+
20 CDB+ T cols nivaton. Ao, the nfiated T ool
displayed a less acthated, ofector momory phendtypo (12,
TGFp s 2 welknon reguator of EMT. Fidobast induced
TGFp may reprograi parumora stromal fbroblasts and
X1 a orobiast- nd cotagensich tumor (13, whih vl
ecreasa tho CDB+ T efector ol penstation i the tumor
),

(CXCL1, 2,5+ CXCRE signal promotes therecnitment of
MOSC o tumars (0.

(OXCL8 (L8 snhances th infation f vrune-
Suppressive ols expressing receptors CXCR, 2), such as
tusmor-assocated neutrophis and MOSCs (53, T cels do
ot express CXCRI and CXCR2 (54).

(CXOL12 has chemo-repuisive eacts on T osls (55).
(CXGL12 promates angogenesis by recnting endothelal
precussor cels (5.

(OXGL12 o ects MDSCs o trmors (57).

‘Soue CCL2 promotes the recriments of TAM, MOSC,
and Treg 0 he tumor sies (59-61).

COLS reguiates TAM and MDSC migaton (2}, t can 50
oot Tog to tumors (59

GOLI7 nduces chematads in COR4s T cols, many Th2
and Trogs, goneratng an mmunosupprossive TME (54, 65)

00L22 enhances he recrtment of Tregs, thus decreasing
efisctor T-cal boming (57,

COLZBICCR1O signals promate Treg rocrtment in hyposc:
tumors (63)

VEGF indues FASLG on endotheal i, leading t T-call
‘apoptosis duing extavasaton (9. VEGF recrus the
NRP1+ Tregs and VEGFR1 2+ MDSCs (10, 71).

FGF2 signifcanty blocks the adhesion molecues VCAM1
and E-selctin expression 73).

PDGEC acts as a poangiogenic signal 74

TAM prociction of PGF stinates angiogensss (75,

Neuraizaton of L35 enhances anttumor
immunity i a geneticaly induoed KP mouse
model 32)

Inniitors of TGFP and receptors have entered
cirical il (15-15). CAR.T cols expressing a
‘dominant-negative TGF-BRI enhance T-cel
‘expansion and prostate cancer adication
cinical i (49).

‘Soveral CHCR? antagerists and inhbors have
e tested n precinical modsts and shown
anticancer efects (51, 52).

‘CXCR1 or CXCR2 modified CARS markedly
enhance T-cel homing and persstence i muine
GBM mors (59,

AMD3100, 2 OXCRA inbtor, induced apid
Tl accumaton around cancer calls im0
9

‘GAR- CDY0 cosxpressing CCRA T cels have an
improved homing and antitumor aciviy i the
murine Hodigin tumer model (6

Tho ant-VEGFVEGFR is a standard therapy for
many tmor types (2],





OPS/images/fimmu.2020.594609/table3.jpg
Signal/Receptor

Producer/Target Mechanisms Therapy
(6 L2L2RAB, DC,acthated Tcals/  CD8+ T cals depend on L2 for sustaned L2 was one of thefrst FDA-approved immunotherapies for
6 ofector Teel, Treg expanson (14, 15). However, the hgh-afiaty  metastatic meinoma and rena cal cance (94, 117), (. 7).
ILZRA s notonly exprossed on acthated T oals  Sop L2 expands efecor T cels at (o cost of Trog protferaton,
bt also on Tregs, which i the prmary bare for - engineered L2 s necessary o preerentaly trget 12 recepiors
tho cinica apptcaton of L2 (116, onefecor T cels (107,
LPLTRWILZRG  Fioroblasic etiular 8T IL7 promoles the homeostass and expansion of | Coaxpressing the IL7R wih CAR-GD2 T cels activates STATS
sl raive and memory T cels by upreguiating BCL2  signaing and shows super antiumor tesponse in mtastatc
(118, 119), and suppressing pro-apoptotc: ouroblastoma and globastoma oo model(104). Cincal vials
mediators (120). using recomtinant L7 as monotherapy showed ncreases n CD4
a0} CDB T cols with adocrease i Tregs i mufilo cancer ypos
©5. 121,
0.8 L10/ Treg, ™1, OC, L10 Grecty activates and expands tumor- Treatment with pogyated L1O restoros tumor-spociic CD T-cet
LIORAVILIORS  macrophage, pheil  resident T cals wihout 0@ novo infiraion fom  accumuation and contrss tumar growth s mica (124),
ool Tumor-esident T-cef — secondary mphaid organs (129
122
L12A IL128/  Pragocyt cels, Bosls,  IL12 stmulates actvated T-cal prolfeaton (125).  Inratumora jocton of  recombnant feovius vector
L12RB1 + 0O cols exprossing IL-12 induces anitumor and antangiogenic eflects i

L12rE2

(.6 LISILISRA,  Monooyles, maciophages,

L2RB,ILORG  DCICOB T ool

e Actvated macrophages.

LISRISILIGRAP  and Kupfer CeiST cols,

L2V2IRA TN, Thh, NKT el oot

128G

CozTUCD27  ToolsTosts

MBBUATBE  DC, macrophages, B
el T cots/acthated T
ol

COLIOCCRT  Firoblast retiular co¥T
cal

CCL2VCCRT,  Lymphatc vesses stoma

orcRs cels, HEV in mpn

P0cS/CORT+, CXCRG+
calls (35, 36)

The ILISLISRA signaing iggers the
ounsiream JAKI, JAK3, STATS, and STATS,
which stinuates T-col proffecaton and sunial
(127). 1L15 innibits AICD and maintains T cols’
Pomeosta proserion.

‘Combined stimuation wih IL12 and IL18 can
Stimuato memory T cels in an anigen on-
Specic mamer (129, 130).

1L12 and 1L18 may synergize with each other to
ks Th1 dfecentton (131,

IL21 synecgisticaly works with 1L15 10 expand
GD8+ memory T cels (39, 121 also suppressos:
Forpd-expressing cals (132).

The CD27LICDR signang pays an essentil 60
i T-ool ifeventation, survival, and memory T-cel
fonmation (19, 134,

4188 facitates ce actvaton, suvial, and
profferaton upon binding 10 4188 on T cels
3,

T 200 foblastcrefcuar cels can prevent the
deatn of nave and memory T s by secretng
0GL1S (139, 140),

CCL21 promoes he expansion ofnave T cells in
tmors (141).

musine modes o head and neck squamous cel carcinoma (99)
and melanoma (100). The phase | alof . 9 NHS-L1Z in
metastaio orlocay advancad soid epiheial or mesenchymal
tumors showed enhanced antitumor sty with ncreasing
mmune cll nfitration (126).

L5 has entere he dirica il i patients wih metasiatc:
melanoma, ena cal carcnoma, and non-small sl kg cance n
(CAR-T therapy and combiation restment with antPD1
antbody (96, 97, 126).

The comsned administaton of L21 and L15 dramataly
Increased tho CDB+ T cels and resuled in tumox rogrosson i
mice metanoma modss (35). Likewse, the combnation treatment
of 21 vith L7 promotes the expansion of CAR'T cas wiih a
TSCM phenctype (133,

(CO27 agonist showed anthumor eficacy in mice modes (135)
anc phase | and l ciica s of acvanced 5ok tumars (108,
136),

41BBL amored CAR T-cals showed entanced nviro and -
Vo elficacy (139).

(COL1D CAR:T achieved superor antitumor acivity compared fo
conventional CAR-T inmic (103)

Deivery of COL21 to metastass tumors enhances the ACT
eficacy by promoting the T-cd suvival and cytooic acihiy n
mice (142),
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Mechanisms.

TN can mediato mature T-ce receptorinduced apoptosss tiough
tho TNFR1 (1), Macrophages can induos CD8 T-cel apoptosi via
e nteraction btwsen macrophage membrane-bownd TNFa
(MBTNF) and TNFR2 on T cols (164).

FASLG is 2 doath igand for actvated T ools. Actvated CD8+ T ool
ar0 sonstive 10 FASLG Kiing (166).

TRA rardy triggers o0l apoptoss bocause T osls ither lack or
expross low leves o ectonaldoath receptors (OR4 and RS)
(166, Iterestingy, CART s may express DRS and are prone to
TRAL medated apoptosis (169).

TGF-f impais the cel cycle progresson of CDA+ and COB-T sl
(171). TGF-B vt 1L2-cpendont T-cel prosoration by
suppressing the expression of L2 and s receptor (172, 173).
Tomor cels stmuate TlLs to secret COLS, wich acthatos an
apoptotc patmiay in TIL imoking cyloctvome G reease into the
oytosol and actaton of caspase-3 and -9 (174), COLS codd
ennance the Tregs'King abity on CDB» T Gels thiough TG
Siaing (175. Cancer cels might induos DA+ T cals to secrete
GOLS and acivate the Fas-medated apoptoss n CDB+ cal (1),

Therapy

TINF or TNFR1 blockade synergizes
Wth ant-PD-1 o antscancer immune
responses aganst 50K tumors in mice
(169)

Ant-FASLE aniiody reaiment beforo
adoplive T cels ansfer sgcanty
onhances CDB.+T s ration
mico 69, 167)

Invivo combinad biockade of Fas and.
“TRAL signaing signicanty rescued the
CART cats i mia (170).

For to Tablo 2
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