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The adoptive transfer of chimeric antigen receptor T (CAR T) cells have been recognized as a promising therapeutic strategy for the treatment of hematological malignancies; however, clinical success using CAR T cells for the treatment of solid tumors are still limited since the T-cell function is inhibited by negative signals in the microenvironment of solid tumors. CTLA4 is a well-known immune checkpoint molecule, thus we developed a novel CAR by converting this negative signal to positive signal. The CAR developed consists of the extracellular and transmembrane domains of CTLA4 and the cytoplasmic domains of CD28 and CD3z (CTLA4-CAR T). CTLA4-CAR T cells exhibited superior cytokine secreting activities and cytotoxic to tumor cells in vitro and in xenograft models. CTLA4-CAR T cells were found to accumulate in tumors and are toxic to myeloid-derived suppressor cells (MDSCs) without signs of severe GVHD and CRS in preclinical models. Thus, this chimeric CTLA4-CAR can enhance the antitumor activity of CAR T cells and shed light on the strategy of using armed CAR T cells to target the immunomodulatory tumor microenvironment.
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Introduction

T cell responses can be compromised by the presence of negative costimulatory signaling molecules, such as programmed death-1 (PD1), T cell Ig mucin-3 (TIM3), Lymphocyte activation gene-3 (LAG3), and cytotoxic T lymphocyte-associated antigen 4 (CTLA4) (1–3). The CTLA4-CD86/CD86 axis is a well-known immune checkpoint inhibitor pathway. CTLA4, which is up-regulated after T cell activation (2), is homologous to the T cell costimulatory protein CD28, and bind to its ligands CD80 and CD86 on many tumors and on cells within the tumor microenvironment (TME), such as antigen-presenting cells, B cells, macrophages, and the stromal cell subset (4). The CTLA4-CD80/CD86 pathway serves as a negative feedback mechanism to control the immune responses to inflammatory stimuli (5). CTLA4-CD80/CD86 signal initiates T cells anergy or exhaustion, which reduces the activities of T cells, whereas blockade of the interaction between CTLA4 and its ligands reverses effector T cells exhaustion, thereby reinforcing anti-tumor activities of T cells (6). Recent preclinical and clinical evidence has shown promise in treating cancer by utilizing anti-CTLA4 antibodies (7–10); however, the clinical trial for solid tumors achieved very limited success because of the weak anti-tumor T cell immune responses, it is very challenging to establish the effective anti-tumor response in solid tumors due to its immunosuppressive TME.

In recent years, chimeric antigen receptor T (CAR T) cell therapies have shown exciting therapeutic modalities for some difficult cancer (11–13). CARs generally comprise an extracellular ligand recognition domain, typically a single-chain variable fragment (ScFv) fused to the signaling domain of CD3z (14). Second-generation CARs contain another intracellular costimulatory domain, which may include CD28, 4-1BB, ICOS, CD40, and CD27 molecules, to enhance cytokine secretion and proliferation of CAR T cells (15–17). Many CARs have been developed to recognize multiple tumor-associated antigens (TAAs); however, currently available targets for CAR T cell therapy are still limited due to high heterogeneity among cancer patients (18–20). In addition, tumor relapse occurred in many patients who achieved disease remission after initial CAR T cell therapy, which may have been due to the loss of tumor antigen on tumor cells (21).

Targeting of CTLA4-CD86/CD86 interaction by the administration of blocking antibodies could enhance the potency of immunotherapy for cancers. However, partial or poor complete response (CR) was observed in patients, suggesting that the therapeutic effects of a naked antibody would not be potent enough for the curable treatment of cancer (22, 23). Previous studies had reported that CTLA4-CD28 chimera gene-modified T cell, which the intracellular signaling domain of CTLA4 was replaced with the CD28 signaling domain, showed significantly enhanced anti-tumor effect in murine tumor models (24, 25). Therefore, in this study, we attempted to convert the negative CTLA4-CD86/CD86 signal by generating a novel CTLA4 signaling pathway in T cells to disrupt the interaction of immune checkpoint inhibitors CTLA4 and CD80/CD86 to effectively treat CD80/CD86-expressing cancer. To this end, we developed a novel chimeric receptor that can recognize CD80 and CD86 as tumor antigens on malignant B cells by combining the extracellular and transmembrane domains of CTLA4 with the intracellular signaling domains of CD28 and CD3z and explored its potential in cancer treatment.



Materials and Methods


Human Tissues

Cord blood samples and primary B lymphoma samples were obtained according to procedures approved by the institutional review boards at Nanfang Hospital (Guangdong, China). The use of human tissue samples in this study was approved by the Committee for the Ethical Review of Research Involving Human Subjects at Nanfang Hospital, Southern Medical University. Institutional guidelines regarding human experimentation were followed, according to the Helsinki Declaration of 1975. The protocol was approved by the Ethical Committee of The Third Affiliated Hospital of Guangzhou Medical University. Written informed consent was obtained from individual or guardian participants.



Mice

Animal experiments were performed in the Laboratory Animal Center of the Guangzhou Institutes of Biomedicine and Health (GIBH), and all animal procedures were approved by the Animal Welfare Committee of GIBH. NOD-SCID-IL2Rg−/− (NSI) mice were derived at the Laboratory Animal Center of GIBH. C57BL/6J mice were purchased from Vital River Laboratory Animal Technology Co. (Beijing, China). Mice were maintained in specific pathogen-free cages and provided with autoclaved food and water. Adult male mice aged 6 to 8 weeks were used in this study. Protocols were approved by the relevant Institutional Animal Care and Use Committee (IACUC).



Cell Cultures

HEK-293T, Platinum-E, and B16F10 cells were maintained in Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, New York, NY, USA). All lymphoma cell lines (NALM6, RL, Raji, and K562 cells) were purchased from American Type Culture Collection (ATCC; Maryland, USA) and were labeled with green fluorescent protein (GFP) and luciferase. Cells were cultured in RPMI-1640 medium (Gibco, New York, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, New York, NY, USA). All cells were cultured at 37°C in an atmosphere of 5% carbon dioxide.



Flow Cytometry

Peripheral blood, spleen, liver, and bone marrow from mice were treated with red blood cell lysis buffer (Biolegend) before staining. Solid tissue samples were mechanically chopped with scalpels, placed in culture medium (DMEM with 5% FBS, 0.5 mg/ml collagenase A, 0.2 mg/ml hyaluronidase V, and 0.02 mg/ml DNase I), and digested for 45 min at 37°C. The resulting suspensions were resuspended in PBS, and the cells were pelleted at 300 r.c.f. for 3 min.

All antibodies were purchased from BD Biosciences unless otherwise noted. Flow cytometric analysis was performed using an Accuri C6 or LSRFortessa cell analyzer (BD Biosciences, San Jose, CA), and data were analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA). Anti-human CD80 PE-conjugated (560925), anti-human CD86 APC-conjugated (560956), anti-mouse CD11b FTTC-conjugated (561688), anti-mouse Ly6C PerCP-Cy5.5-conjugated (560525), and anti-mouse Ly6G PE-Cy7–conjugated (560601) antibodies were used for analyses. 4′,6-Diamidino-2-phenylindole (DAPI; 0.1 µg/ml final concentration; Invitrogen, D1306) was used to distinguish live and dead cells. Staining was performed on ice for 30 min, and cells were then washed with PBS containing 2% FBS before cytometry analysis.



Vector Design

The human CTLA4 CAR comprises the extracellular and transmembrane portions of human CTLA4, the cytoplasmic region of human CD28, and the intracellular domains of human CD3z (Figure 1A). All the domains were synthesized by GenScript (Nanjing) Co., Ltd. (Nanjing, China). The mouse chimeric CTLA4, comprising the extracellular and transmembrane domains of mouse CTLA4, the cytoplasmic region of mouse CD28 and the intracellular domain of mouse CD3z (Figure 3A), was synthesized by GenScript (Nanjing) Co., Ltd. (Nanjing, China). The human CTLA4-chimeric gene was cloned into lentiviral pWPXLD expression vectors, the murine CTLA4-chimeric genes were cloned into pMX expression vectors. All the sequences used in experiments were confirmed by automated DNA sequencing.




Figure 1 | T cells transduced with the CTLA4-CD28-CD3z chimeric gene showed enhanced in Vitro Cytotoxicity. (A) The chimeric CTLA4 molecule contains the extracellular and transmembrane domains of human CTLA4, the cytoplasmic signaling region of human CD28, and the intracellular domain of human CD3z. GFP was used to fluorescently label the cells. (B) Representative flow cytometric analysis of the transduction efficiency of chimeric CTLA4 or GFP (control) in human activated T cells that were transduced with a lentivirus. CTLA4-T: CTLA4 chimera-transduced T cells, GFP-T: GFP-transduced T cells. (C, D) Representative flow cytometric analyses of CD80/CD86 expression in K562, Raji, RL, and NALM6 cells. (E) Activated T cells transduced with either chimeric CTLA4 or GFP (control) and cocultured with the indicated cell lines for 18 h, mean ± SD. The levels of IFN-γ (F) and IL-2 (G) secreted into the culture supernatant were measured by ELISA with a 1:1 E:T ratio, mean ± SD, unpaired two-tailed t-test. Significance values: ***P < 0.001.





Production of Lentivirus and Retrovirus

The lentivirus plasmids and another two packaging plasmid (psPAX2 and pMD2.G) were transduced to HEK-293T cells by using polyethyleneimine (Sigma-Aldrich, St. Louis, MO, USA). After 48 and 72 h, the supernatant containing lentivirus was harvested and filtered by using 0.45-μm syringe filter. The retrovirus plasmid was transduced to Platinum-E cells by using polyethyleneimine (Sigma-Aldrich, St. Louis, MO, USA). After 48, the supernatant containing retrovirus was harvested and filtered by using 0.45-μm syringe filter.



Isolation, Transduction, and Expansion of Primary Human T Lymphocytes

Peripheral blood mononuclear cells (PBMCs) were isolated from cord blood using Lymphoprep (StemCell Technologies, Canada) according to the manufacturer’s instructions. Primary human T cells were isolated from PBMCs via negative selection by using a pan-T Isolation Kit (Miltenyi Biotec, Germany). Isolated T cells were maintained in RPMI-1640 medium supplemented with 10% FBS (Biochrom, Australia), 10 mM HEPES, 100 IU/ml recombinant human IL-2, 2 mM glutamine, and 1% penicillin-streptomycin (Gibco, New York, USA). T cells were stimulated with an ImmunoCult™ Human CD3/CD28 T Cell Activator (StemCell Technologies, Canada) for 48 h. T cells were transfected with CAR vector lentiviral supernatants in the presence of 8 μg/ml polybrene at a multiplicity of infection of 2.0 (Sigma-Aldrich, St Louis, USA). Twelve hours after transfection, T cells were cultured in a fresh medium containing IL-2 (300 U/ml); subsequently, a fresh medium was added every 3 days to maintain cell density within the range of 0.5 to 1 × 106 cells/ml. CAR-T cells determined by flow cytometry at day 5, as GFP+, and then were included in the experiments.



Isolation, Transduction, and Expansion of Primary Mouse T Lymphocytes

Mouse spleens were removed from euthanized C57BL/6J mice, and mouse T cells were enriched by using a mouse pan-T Isolation Kit (Miltenyi Biotec, Germany). Isolated T cells were incubated in medium supplemented with human IL-2 (10 ng/ml, PeproTech, Rocky Hill, USA) and human IL-7 (2 ng/ml, PeproTech, Rocky Hill, USA) and were cocultured with mouse T cell activator beads (Miltenyi Biotec, Germany) for 48 h and then transduced with retrovirus by centrifuging at 1,200g for 90 min and then placed in a cell culture incubator (37°C, 5% CO2) for 24 h. CAR-T cells determined by flow cytometry at day 5, as GFP+, and then were included in the experiments.



Cytotoxicity Assays

Target cells (NALM6-GL, RL-GL, and Raji-GL) were cocultured in triplicate wells U-bottomed 96-well plates with T cells that expressed either human CTLA4 CAR or GFP-CAR (control) at the indicated effector cell:target cell (E:T) ratios. Target cell viability was monitored 18 h later by adding 100 µl/well of the substrate D-luciferin (potassium salt) (Cayman Chemical, Michigan, USA) at 150 µg/ml. Background luminescence was negligible (<1% of the signal from wells containing viable target cells alone). Percent viable target cells (%) was calculated as (experimental signal − blank signal)/(targeted signal − blank signal) × 100, and percent cytotoxicity as 100 − percent viable target cells.



Cytokine Enzyme-Linked Immunosorbent Assay (ELISA)

After 18 h of co-culture cells at a 1:1 E:T ratio, the supernatants were collected, and the levels of interferon γ (IFN-γ) and interleukin-2 (IL-2) in the supernatant were detected using cytokine ELISA kits (e-Bioscience, San Diego, CA, USA) according to the manufacturer’s instructions.



Xenograft Models of Malignant B Cells

NOD/SCID/IL2Rg−/− mice were subcutaneously injected with NALM6, RL, or Raji cells (2 × 105) with 10% Matrigel (20 µl Matrigel in 180 µl PBS) on day 0. Two days after transplantation, the mice were randomly divided into three groups (five mice/group) and injected via the caudal vein with CTLA4-T cells, GFP-T cells, or non-transduced T cells (2×105 cells) in 200 µl PBS. Tumor volume was calculated every 7 days. The tumor length and width were measured every 5 days using a Vernier caliper, tumor volume was calculated using the following equation: (length × width2)/2.

For primary lymphoma models, primary lymphoma tumors were resected and placed in RPMI-1640 medium in an ice bath. The tumors were diced into 3 × 3 × 3 mm cubes and subcutaneously transplanted into NOD/SCID/IL2Rg−/− mice. When the tumor volume in the PDX model mice reached 50 to 100 mm3, the animals were intravenously injected with CTLA4-CAR T cells, GFP-CAR T cells, or non-transduced (2×105 cells). After 30 days, all the mice were sacrificed, and the tumors were assessed.

For autologous transplantation, 6- to 8-week-old CD45.2 B6 mice were used as recipients. Mice were radiated by 4.5 Gy and subcutaneously injected with B16F10 cells (2 × 105) with 10% Matrigel (20 µl Matrigel in 180 µl PBS) on day 0. A week after transplantation, the mice were randomly divided into three groups (five mice/group) and injected via the caudal vein with CTLA4-CAR T cells, GFP-CAR T cells (2 × 105 cells), or PBS, donor T cells were derived from CD45.1 B6 mice. Tumor volume was calculated every 7 days. After 35 days, all the mice were sacrificed, and the tumors were assessed. For long-term observation, the mice were raised until tumor volume exceeded 2,000 mm3.

The severity of systemic graft-versus-host disease (GVHD) developed in the mice was assessed according to a mouse clinical GVHD scoring system as a previous report (26). Weight loss of <10% was scored 0, 10% to 25% was scored as 1, > 25% was scored as 2. For gastrointestinal symptoms, the scoring system denoted 0 as normal and 1 as suffering from diarrhea. For posture and activity, the scoring system denoted 0 as normal, 1 for hunching at rest and a mild to moderate decrease in activity, and 2 for severe hunching and a severe decrease in activity. For fur texture and skin integrity, the scoring system denoted 0 as normal, 1 for mild to moderate fur ruffling and scaling of the paws and tails, and 2 for severe fur ruffling and an obviously denuded mouse. Each clinical GVHD score was measured twice a week.

For the CRS Model, 6- to 8-week-old female CB17.B6-Prkdcscid Lystbg/Crl (SCID-beige) mice (Charles River) were intraperitoneally injected with 3 million Raji cells and tumors left to grow for 21 days. Mice were injected intraperitoneally with 30 million CAR T cells in PBS, weight change was measured every 8 h, the levels of the inflammatory cytokines were analyzed at 24 and 48 h, mice were euthanized and analyzed 3 days after T cell transplantation.



Immunohistochemical Staining and Analysis

Paraffin-embedded sections were deparaffinized and, after heat-mediated antigen retrieval, stained with an antibody against GFP protein (ab290, 1:500) overnight at 4°C. The sections were incubated with a peroxidase-labeled antibody at 37°C for 60 min. The slides were then stained with DAB and counterstained with hematoxylin. All slides were imaged with a microscope (DMI6000B; Leica Microsystems), results were analyzed using Image-Pro Plus 6.0 software.



Statistical Analysis

Samples and animals were random allocation and were unbiasedly included in the analysis unless specific mention. All cell culture experiments, real-time PCR, and ELISA were performed in triplicate at least three independent times. Statistical analysis to determine group differences was done by Student’s t-test (two groups) or ANOVA analysis with Tukey’s multiple comparison test (three or more groups) using GraphPad Prism, version 7.0 (GraphPad Software), all statistical analyses are described in the figure legends. All cell culture experiments were performed in triplicate at least three independent times. The p values are considered as follows: *p<0.05, **p<0.01, and ***p<0.001.




Results


T Cells Transduced with the CTLA4-CD28-CD3z Chimeric Gene Showed Enhanced In Vitro Cytotoxicity

To alter the negative signals of CTLA4 in T cells, we attempted to convert the negative signals to the positive ones by linking the intracellular stimulatory domains from CD28 and CD3z with CTLA4 to generate a CTLA4-CD28-CD3z CAR (CTLA4-CAR). For the CTLA4-CAR plasmid, the extracellular and transmembrane domains from human CTLA4 were designed to be fused to the intracellular signaling domains from human CD28 and CD3z (Figure 1A and Supplementary Figure 1A). The corresponding cDNA was cloned into a lentiviral vector and transduced efficiently into activated human T cells, chimeric CTLA4 expression was analyzed in the GFP+ cell population. The transduction efficiencies of CTLA4-CAR were found to be approximately 50% to 60% (Figure 1B and Supplementary Figure 1B).

Studies have shown that the CD80 (B7.1) and CD86 (B7.2) ligands of CTLA4 are highly expressed in malignant B cells (27, 28). The expression of either CD80 or CD86 is likely to facilitate co-stimulation via CTLA4 chimeras. Therefore, we detected the surface expression levels of CD80 and CD86 in Pre-B acute lymphoblastic leukemia (ALL) (NALM6) and B cell lymphoma (Raji and RL) cell lines. Flow cytometry revealed that both CD80 and CD86 were highly expressed in Raji cells, CD86 was highly expressed in NALM6 and RL cells, which exhibited low levels of CD80 expression. Neither CD80 nor CD86 was expressed in an erythroid precursor cell line K562 cells (Figures 1C, D).

To determine whether CTLA4-chimera-transduced T cells (CTLA4-T) could specifically recognize and kill CD80-positive or CD86-positive tumor cells, we performed cytotoxicity assays by co-culturing CTLA4-T cells or genetically modified control T cells (GFP-T) with the tumor cells. CTLA4-T cells efficiently lysed CD80-positive or CD86-positive tumor cells (Raji, RL, and NALM6), but not CD80/CD86-negative K562 cells, whereas control effector cells (GFP-T) could not initiate specific lysis on either cell line (Figure 1E and Supplementary Figure 1C). In line with these observations, CTLA4-T cells secreted higher levels of IFN-γ and IL-2 than GFP-T cells when coculturing with Raji, RL, and NALM6 cells, no significant difference in cytokine secretion was observed in co-cultures of CAR-T cells and K562 cells (Figures 1F, G). These results suggested that modified CTLA4-T cells retained significant cytotoxic activities toward CD80/CD86-positive tumor cells specifically.



CAR T Cells Redirected to CD80/86 Significantly Suppress the Tumorigenesis of Subcutaneous Xenografts

To examine the in vivo anti-tumor activity of CTLA4-T cells toward CD80/CD86-expressing tumors, we developed subcutaneous xenograft models using NOD/SCID/IL2Rg−/− mice. Raji, RL, or NALM6 cells were subcutaneously implanted into the mice 2 days before initiating immunotherapy. Experimental mice received CTLA4-T cells, GFP-T cells, or non-transduced T cells (control group), and observation for 4 weeks. The potent anti-tumor effect was observed in mice treated with CTLA4-T cells, whereas GFP-T cells did not suppress tumor growth, at the end of the experiment, all mice treated with CTLA4-T cells had significantly decreased tumor volume and tumor weight (Figures 2A–C), whereas mice in GFP-T cells treated or the control groups developed large tumors.




Figure 2 | CAR T cells redirected to CD80/86 significantly suppress the tumorigenesis of subcutaneous xenografts. (A–C) NOD/SCID/IL2Rg−/− mice were subcutaneously injected with 2 × 105 of Raji, RL, or NALM6 cells and were intravenously administered human T cells transduced with either chimeric CTLA4 or GFP. Blank control groups comprised mice intravenously administered non-transduced T cells (2 × 105 cells, five mice/group). The tumor weight of the Raji, RL, and NALM6 xenografts was weighed after 28 days. The tumor volumes in the CDX models were measured and calculated every 7 days. (D) Representative flow cytometric analyses of CD80 and CD86 expression in a xenograft comprising tumor cells from a B cell lymphoma patient. (E) NOD/SCID/IL2Rg−/− mice were subcutaneously transplanted with patient-derived xenografts (PDXs) of B cell lymphoma to create PDX mouse models, which were treated with CTLA4-T, GFP-T, or non-transduced T cells when the tumor volume reached 50 to 100 mm3. The total number of GFP-positive T cells injected per mouse was 2 × 105. Tumors in the mice in all three groups (five mice/group) were weighed at the end of the experiment. The tumor volume was measured and calculated every 5 days. Data are shown as the mean ± SD from independent experiments. One-way ANOVA; significance values: *P < 0.05; **P < 0.01; ***P < 0.001.



The PDX model is an effective tool for preclinical research (29–32). To further assess the anti-tumor efficacy of CTLA4-T cells against primary tumors, we developed B cell lymphoma PDX mouse models by using primary tumor tissues with high CD80 and CD86 expression (Figure 2D). In line with the cell line experiments, the mice treated with CTLA4-T cells displayed more pronounced tumor regression than those treated with GFP-T cells or treated with PBS (Figure 2E). Taken together, these results suggested that CTLA4-T cells confer strong anti-tumor activities and could specifically suppress CD80/CD86-expressing tumors in vivo.



Murine CTLA4-Chimeric T Cells Are Toxic to MDSCs Within Tumors

We further investigated whether CTLA4-T cells targeting mouse CD80/CD86+ cells were safe and effective in an autologous transfer setting. We constructed a murine CTLA4-chimeric molecule, which comprised the extracellular and transmembrane domains of murine CTLA4, murine CD28 costimulatory domain, and murine CD3z signaling domain (Figure 3A and Supplementary Figure 2A). The transduction efficiencies of murine CTLA4-CAR were found to be approximately 55% (Figure 3B). Murine T cells expressing either the CTLA4 chimera or GFP were transplanted into C57BL/6J mice bearing B16F10 tumors. 4 weeks after transplantation, the mice were euthanized for analysis (Figure 3C). In autologous recipients, CTLA4-T cells significantly suppressed tumor growth (Figure 3D). Moreover, in peripheral blood the percentages of remaining CAR T cells in the CTLA4-T group were higher, compared to the GFP-T group (Figure 3E), suggesting that the converted CTLA4 signal improved the persistence of CAR T cells in vivo. At the experimental endpoint, mice treated with CTLA4-T cells had significantly decreased tumor weight (Figure 3F). The infiltration of T cells was validated in the tumor tissues, CTLA4-T cells were accumulated in residual tumors (Figure 3G). Also, fewer LAG3+TIM3+PD-1+ T cells were detected in the tumor tissue of the CTLA4-T group (Figure 3G, Supplementary Figure 2B). The expression of IL-2 and IFN-γ were up-regulated in the CTLA4-T cells (Figure 3H), which indicated advanced fitness of the CTLA4-T cells. Moreover, we found intratumoral infiltration of CTLA-4 T cells, whereas no specific infiltrated T cells were detected on staining in the sections of tumors treated with GFP-T cells (Figure 3I). CD4/CD8 ratio shifted after T cell transplantation, CD8+ CTLA4-T cells were growing faster in vivo, higher CD8+ T cell percentage was associated with higher anti-tumor efficacy (Supplementary Figure 2C–D).




Figure 3 | T cells expressing the CTLA4-CD28-CD3z chimera had effective tumor infiltration. (A) Murine chimeric CTLA4 molecules contained the extracellular and transmembrane domains of mouse CTLA4, the cytoplasmic region of mouse CD28, and the intracellular domains of mouse CD3z. T cells expressing GFP were constructed as the control group. (B) Representative flow cytometric analysis of murine chimeric CTLA4 or GFP expression in mouse T cells. (C) Experimental scheme for evaluating murine CTLA4-CAR T cells efficacy, 2 × 105 of B16F10 cells were subcutaneously transplanted, and mice were intravenously administered T cells transduced with either chimeric CTLA4 or GFP or PBS (Control), five mice/group. (D) The tumor volumes in the mice were measured and calculated every 7 days. (E) The percentages of CAR T cells in peripheral blood of the mice were measured and calculated every 7 days. (F) The B16F10 tumor weight was weighed after 35 days, mean ± SD, one-way ANOVA. (G) The percentages of CAR T cells in total infiltrated T cells within the tumor tissues, and the percentages of TIM3+LAG+PD-1+ CAR T cells, mean ± SD, one-way ANOVA. (H) qRT-PCR analysis of the mRNA expression of the indicated genes. The results were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels and are presented as the mean ± SEM (n = 3), unpaired two-tailed t-test. (I) Immunohistochemical staining identified the infiltrated CAR T cells in resected tumors, GFP+ cells were stained. Significance values: **P < 0.01; ***P < 0.001.



Myeloid-derived suppressor cell (MDSC) is a population of immature myeloid cells with immune suppressive function, these cells are also expressing CD80 and CD86 (33, 34). We further explored the anti-MDSCs potential of CTLA4-T cells, both granulocytic MDSCs (G-MDSCs, CD11b+Ly6G+) and monocytic MDSCs (M-MDSCs, CD11b+Ly6C+) were decreased within tumor tissues following CTLA4-T cells administration (Figure 4A). CD80/CD86-positive MDSCs were targeted by CTLA4-T cells (Figure 4B). These observations indicate that targeting MDSCs is responsible for some, if not all, of the enhanced intratumoral infiltration and anti-tumor activity of CTLA4-T cells.




Figure 4 | Murine CTLA4-chimeric T cells show toxicity against MDSCs. (A) Statistical analysis of MDSCs percentage with tumors by flow cytometry, mean ± SD, one-way ANOVA. (B) Representative flow cytometric analysis of the expression of CD80 and CD86 on MDSCs after CTLA4-CAR T cell therapy. (C) Weight change of autologous mice (n = 5) after T cell transfer. (D) Mice were monitored for GVHD pathology score twice a week. (E) H&E staining of organs, scale bar, 100 μm. Significance values: ***P < 0.001.



Although no significant weight loss was observed in autologous recipients (Figure 4C), we found the T cell inoculated mice showed signs of few Graft-versus-host disease (GVHD). Using the GVHD clinical scoring system, the clinical status of the T cell inoculated mice were scored. Assessing the clinical GVHD manifestations, the mice with CTLA4-T cells transfusion showed a mild hunching posture and a ruffling fur texture, suggesting the occurrence of GVHD (Figure 4D). The histopathology of lung, liver, spleen, and kidney tissue was assessed, no significant morphological changes were observed (Figure 4E).

To evaluate the potential for CTLA4-T cells to elicit the cytokine release syndrome (CRS) in mice, we established high tumor burden xenograft models as reported in prior studies (35–37). We found that human CTLA4-T cells elicited acute inflammatory responses associated with piloerection, malaise and, weight loss in recipients (Figure 5A). No death due to CRS happened in mice infused with CTLA4-T cells (Figure 5B), though high levels of mouse IL-6, an indicator of CRS (38), were detected with CTLA4-T cells and GFP-T cells (Figure 5C). The levels of the inflammatory cytokines hIL-2 and hIFN-γ in the serum were higher in the mice with CTLA4-T cells transfusion (Figures 5D, E). Taken together, these results suggest that CTLA4-T cells may have the potential to elicit CRS or GVHD.




Figure 5 | CTLA4-chimeric T cells elicited mild CRS in vivo. (A) Weight change of tumor-bearing mice (n = 5) after T cell transfer, two-way ANOVA with Tukey’s multiple comparison test. (B) Percent survival of mice after CAR T cell transfer (n=5 mice for each group). (C–E) Serum levels of mIL-6, hIL-2, and hIFN-γ 24 and 48 h post CAR T cell transfer were measured by ELISA. Significance values: *P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significance.






Discussion

The expression of CD80/CD86 on tumor cells and immunosuppressive cells with the TME, such as MDSCs, makes the CTLA4-CD80/CD86 axis a remarkable target for cancer immunotherapies. In this study, we generated CD80/CD86-targeted CAR T cells to destroy CD80/CD86-associated tumor cells in culture and in the tumor xenograft mouse models. Our findings revealed that the cytotoxic activities of CTLA4-T cells against tumor cells were associated with their targeting specificity. CTLA4-T cells had enhanced abilities of TME infiltration, tumor suppression, and targeted MDSCs in tumor xenograft mouse models. These results rationalized the extension of our CD80/CD86-targeted CAR T cell-based immunotherapy for human malignant B cell lymphoma treatment.

CD80 and CD86 are highly expressed in approximately two-thirds of a cohort of 70 malignant B cell samples from patients with non-Hodgkin lymphoma. Thus, CTLA4-chimeric T cell therapy could be a promising approach to treat B cell malignancies. In clinical reports, B cell lymphoma patients who have received standard therapy may suffer from a relapse concomitant with increased expression of the costimulatory molecule CD86 (28). Currently, Patel et al. observed the expansion of CTLA4+PD-1− T cells close to CD86+ tumor cells and tumor-associated macrophages (39), which suggests that the interaction between CD86 and CTLA4 might be a key negative regulator in Hodgkin lymphoma. However, CTLA4 blockade using ipilimumab (anti-CTLA4) failed to show clinical benefits in high-risk cancer patients (40).

Immunotherapy using CAR T cells is in its infancy, its efficacy against leukemia has been widely recognized (41). However, clinical success using CAR T cells for the treatment of solid tumors was still limited. Clinical trials based on CAR targeting single antigens, such as human epidermal growth factor receptor 2 (HER2) (42), mesothelin (MSLN) (43), prostate stem cell antigen (PSCA) (44) are found mixed results due to the loss of tumor antigen on tumor cells, which confirms a fundamental issue with CAR T cell therapies: a lack of ideal single antigen targets. Another major barrier for CAR T cell therapies in solid tumors is the immunosuppressive TME (45). Thus, reports recommended that combining CAR T cell therapies with immune checkpoint inhibitors, such as CTLA4 and PD-1 inhibitors. Whereas our strategy of utilizing CTLA4-targeted CAR T cells has the advantages of not only suppressing cancer cells but also blocking immune checkpoint. For other CD80/CD86-negative solid tumors, it is worthy of consideration to utilize CAR construct targeting the tumor-associated antigens as well as converting CTLA4 signals. Besides, adoptive transfer of CTLA4-chimeric CAR T cells can avoid the loss of the negative regulation of the entire body’s immune system caused by anti-CTLA4 antibodies (25). This response may reduce the risk of developing an autoimmune disease for tumor patients (46, 47). Therefore, treating with CTLA4-CAR T cells as an alternative therapeutic regimen may be a promising option for these patients.

Our study showed the effects of CTLA4-CAR T cells on MDSCs cytotoxicity. Although it shed light on the strategy of using armed CAR T cells to target immunomodulatory TME, it also indicated that CTLA4-CAR T cells showed toxicity against non-malignant CD80/CD86 expressing cells. We observed mild GVHD in autologous recipients of CTLA4-T cells, high tumor burden xenograft models of CAR T cell-induced CRS suggested that CTLA4-T cells have the potential to elicit CRS. Therefore, CTLA4-T cells may present a risk for clinical development even in the autologous setting. Additional preclinical and clinical studies would be needed to validate the safety of CTLA4-T cells.

The current proof-of-concept study provides support of using armed CAR T cells for targeting immunomodulatory TME not only for CD80/CD86-CTLA4 axis but also for PD-1/PD-L1 (48), TIM3 (49), LAG3 (50). Our results indicate that converting the negative CTLA4-CD86/CD86 signal leads to improved antitumor activity without eliciting severe GVHD and CRS, suggesting that CTLA4-CAR could be employed to improve CAR T cell efficacy.
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Intrahepatic cholangiocarcinoma (ICC) is highly invasive and carries high mortality due to limited therapeutic strategies. In other solid tumors, immune checkpoint inhibitors (ICIs) target cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and programmed death 1 (PD1), and the PD1 ligand PD-L1 has revolutionized treatment and improved outcomes. However, the relationship and clinical significance of CTLA-4 and PD-L1 expression in ICC remains to be addressed. Deciphering CTLA-4 and PD-L1 interactions in ICC enable targeted therapy for this disease. In this study, immunohistochemistry (IHC) was used to detect and quantify CTLA-4, forkhead box protein P3 (FOXP3), and PD-L1 in samples from 290 patients with ICC. The prognostic capabilities of CTLA-4, FOXP3, and PD-L1 expression in ICC were investigated with the Kaplan–Meier method. Independent risk factors related to ICC survival and recurrence were assessed by the Cox proportional hazards models. Here, we identified that CTLA-4+ lymphocyte density was elevated in ICC tumors compared with peritumoral hepatic tissues (P <.001), and patients with a high density of CTLA-4+ tumor-infiltrating lymphocytes (TILsCTLA-4 High) showed a reduced overall survival (OS) rate and increased cumulative recurrence rate compared with patients with TILsCTLA-4 Low (P <.001 and P = .024, respectively). Similarly, patients with high FOXP3+ TILs (TILsFOXP3 High) had poorer prognoses than patients with low FOXP3+ TILs (P = .021, P = .034, respectively), and the density of CTLA-4+ TILs was positively correlated with FOXP3+ TILs (Pearson r = .31, P <.001). Furthermore, patients with high PD-L1 expression in tumors (TumorPD-L1 High) and/or TILsCTLA-4 High presented worse OS and a higher recurrence rate than patients with TILsCTLA-4 LowTumorPD-L1 Low. Moreover, multiple tumors, lymph node metastasis, and high TumorPD-L1/TILsCTLA-4 were independent risk factors of cumulative recurrence and OS for patients after ICC tumor resection. Furthermore, among ICC patients, those with hepatolithiasis had a higher expression of CTLA-4 and worse OS compared with patients with HBV infection or undefined risk factors (P = .018). In conclusion, CTLA-4 is increased in TILs in ICC and has an expression profile distinct from PD1/PD-L1. TumorPD-L1/TILsCTLA-4 is a predictive factor of OS and ICC recurrence, suggesting that combined therapy targeting PD1/PD-L1 and CTLA-4 may be useful in treating patients with ICC.
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Introduction

Evasion of immune destruction is a hallmark of cancer and results in immune tolerance (1). Immune tolerance can be mediated through multiple pathways, including the immune checkpoint receptors cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death protein 1 (PD1) (2). A costimulatory signal exerted by CD28:B7 binding is necessary for T cell maturation; CTLA-4 belongs to the CD28 family of immunoglobulins and competitively binds to B7 to produce inhibitory signals that counteract stimulatory signals from CD28:B7 and TCR: MHC binding (3). CTLA-4: B7-1/2 (CD80/B7-1 and CD86/B7-2) binding suppresses several signaling cascades in T cells, including differentiation, proliferation, and survival through inhibits IL-2 accumulation and cell cycle progression etc. (4, 5). CTLA-4 maintains peripheral tolerance by enhancing regulatory T cell (Treg) functions; thus, undirected control of the effector T cells (6) and overexpression of CTLA-4 in tumor samples implicates poor prognosis in patients with melanoma (7). Because CTLA-4 inhibition results in increased activation of the immune system, Ipilimumab, an inhibitor of CTLA-4, was approved for the treatment of advanced or unresectable melanoma (8).

PD1 regulates the activation of T cells by binding to programmed death-ligand 1/2 (PD-L1/2). Activation of the PD1/PD-L1/L2 pathway inhibits T cell proliferation and secretion of interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), and IL-2, sustaining the immune inhibitory state of the tumor microenvironment (9). Clinical evidence supports aberrant PD-L1 expression in tumor cells, which aids in their escape from T cell immune attack in non-small-cell lung cancer (NSCLC), renal cell carcinoma, Hodgkin’s lymphoma, hepatocellular carcinoma (HCC), and intrahepatic cholangiocarcinoma (ICC) (10). Based on these findings, immune checkpoint inhibitors (ICIs) targeting PD1/PD-L1 are approved or being evaluated as a malignant tumor treatment in various tumors (11).

Although CTLA-4 and PD1/PD-L1 exert similar negative effects on T cell activity, their timing and mechanisms differ. CTLA-4 acts in the initial stage of the immune response, typically in lymph nodes, and the PD1/PD-L1 pathway regulates previously activated T cells at later stages primarily in peripheral tissues (12). Recent evidence reveals interactions between PD1/PD-L1 and CTLA-4 signals. For example, the tumor cell glycolytic rate is depressed by anti-PD-L1 therapy, and patients with low glucometabolic levels in tumors may benefit from CTLA-4 blockade (13, 14). A combination of anti-CTLA-4 and anti-PD1/PD-L1 therapies may have an additive or synergistic effect in the treatment of advanced malignancies. Preliminary results of a clinical study report that the combination of the anti-CTLA-4 antibody ipilimumab and anti-PD1 antibody nivolumab elevated the objective response rate (ORR) and the progression-free survival of patients with BRAFWT metastatic or unresectable melanoma (15).

ICC accounts for 10%–15% of primary liver cancer cases, but its incidence has rapidly increased worldwide, and major ICC risk factors are hepatitis virus B (HBV) and C (HCV) infection along with hepatolithiasis (16, 17). ICC has a poor prognosis owing to local invasion and distal metastasis at first diagnosis (18). First-line therapy for ICC is gemcitabine-based chemotherapy as it is for other advanced biliary tract tumors, but even with treatment, the median overall survival (OS) is 11.7 months (19). Our previous study revealed elevated PD1/PD-L1 signals in tumor samples and distinct profiles of PD-1/PD-L1 in ICC patients with different risk factors (20), and the PD1 inhibitor Toripalimab, in combination with GEMOX (oxaliplatin and gemcitabine) chemotherapy and Lenvatinib, showed an ORR of 80% (24/30) and a 93.3% (28/30) disease control rate in treating advanced ICC (21). On the other hand, CTLA-4 expression and its relationship with tumor-infiltrating Tregs has not been characterized in ICC, and little is known about CTLA-4 and PD1/PD-L1 expression and interaction in ICC. This information could guide both diagnosis and treatment. To address this knowledge gap, we investigated the expression and interaction of CTLA-4 and PD1/PD-L1 in ICC and assessed their value as prognostic indicators in ICC.



Materials and Methods


Patients and Clinical Samples

Study participants consisted of 290 patients with ICC who underwent curative resection between May 2002 and December 2011 at Zhongshan Hospital, Fudan University. Enrolled patients met the following criteria: (1) pathologically confirmed ICC; (2) ≥3 months of disease-free survival (DFS) after resection; (3) had not undergone antitumor treatment before surgery; and (4) had complete medical records and follow-up data available. Patients were stratified by a tumor-node-metastases (TNM) stage system according to the American Joint Committee on Cancer (AJCC) 8th edition (22). The histological grade of ICC was based on World Health Organization criteria (23). Tumor samples and adjacent liver tissue samples were collected, formalin-fixed, and paraffin-embedded. The last follow-up was on April 30, 2016. The study was approved by the institutional review board of Zhongshan Hospital (Y2017-130), and all related procedures conformed to the Declaration of Helsinki.



Tissue Microarrays and Immunohistochemistry

We previously described methods for the construction of tissue microarrays (TMAs) and immunohistochemistry (IHC) (24). Briefly, antihuman rabbit monoclonal antibodies for FOXP3 (1:50; #98377S, CST, Massachusetts, USA) and antihuman mouse monoclonal antibodies for CTLA-4 (1:100; #ab19792, Abcam, Cambridge, UK) were used as primary antibodies to detect the expression of FOXP3 and CTLA-4. An automated digital pathological slice scanner, KF-PRO-120 (KONFOONG Biotech International Co. Ltd., Ningbo, China), was used to scan images of IHC slides, and slides were photographed by digital slices view software K-Viewer (KONFOONG). IHC for PD-L1 was performed as described (20).



Evaluation of CTLA-4 and FOXP3 Expression

The previous study in extrahepatic bile duct cancer revealed CTLA-4 expressed on both tumor cells and TILs (25); here, we found that CTLA-4 positively stained both tumor cells and interstitial cells as well, and CTLA-4+ TILs were distinguished by their topographic localization, cell nucleus volume, and other morphological characteristics. Two independent pathologists evaluated the expression of CTLA-4, and FOXP3 as a marker of Tregs was also evaluated to reveal the relationship between CTLA-4 and tumor-infiltrating Tregs (26). Lymphocytes with positive staining for CTLA-4 and FOXP3 were manually counted in five high-power fields that were randomly selected under 200× magnification for each TMA core, and the mean density (the number of positively stained cells per field) was determined to represent the expression level for each patient. Positive expression of CTLA-4 in tumor cells was scored 0–5 (0, <5% of the tissue section; 1, 5%–40%; 2, 40%–75%; 3, 75%–85%; 4, 85%–95%; 5, ≥95%). The median number of CTLA-4 and FOXP3-positive infiltrating lymphocytes was defined as the cutoff value for high or low expression levels. By calculating the Youden index, patients with CTLA-4 expression on tumor cells were divided into high (score >2) and low (score ≤2) score subgroups. PD-L1 expression was evaluated as described (20).



Statistical Analyses

Statistical analyses were performed with SPSS 25.0 (Chicago, IL, USA), R (version 4.0.2, R foundation for statistical, Vienna, Austria), and GraphPad Prism 8 software (La Jolla, CA, USA). Values are presented as median (range) or mean ± standard deviation (SD). Paired Student’s t-test, χ2 tests, one-factor analysis of variance (one-way ANOVA), Pearson correlation analysis, Spearman rank correlation analysis, and the Wilcoxon rank-sum test were used to compare differences between groups. The Kaplan–Meier method was used to construct the survival and recurrence curves. Cox proportional hazards model analysis was used to analyze the correlation between variables and ICC patient prognosis. Statistical tests were two-tailed, and P-values <.05 were considered significant.




Results


Expression and Prognostic Implication of CTLA-4 in ICC

The distribution of positive CTLA-4 expression in ICC was highly heterogeneous (Figure 1A). CTLA-4 positive staining is mainly localized in lymphocytes, the tumor cell membrane, and the hepatocyte cytoplasm in adjacent liver tissues. CTLA-4 is transferred from intracellular vesicles to the cell surface after environmental stimulation and plays a role in sustaining the inhibitory tumor environment (27, 28). Here, we investigated the expression of CTLA-4 in the membrane of T cells and tumor cells. The density of positively stained CTLA-4+-infiltrating lymphocytes in the tumor tissue was 22.0 ± 19.1/field, which was significantly higher than in para-tumor hepatic tissue (7.5 ± 7.8/field, P <.001, Figure 1B). The different expression levels of CTLA-4 in tumor cells are presented in Supplementary Material, Figure S1.




Figure 1 | Prognostic implications of CTLA-4 expression in ICC tumors versus paired adjacent normal liver tissues. (A) Representative H&E staining of CTLA-4 in ICC tumor and paired adjacent normal liver tissues (Case 61, CTLA-4 positively stained on tumor-infiltrating lymphocytes; Case 93, CTLA-4 positively stained on ICC tumor cells; Case 2, Negative staining on tumor cells or lymphocytes of CTLA-4; T, Tumor; PT, Paired adjacent normal liver tissues). Magnification 200x. (B) Density of CTLA-4+ infiltrating lymphocytes was higher in ICC tissues than paired adjacent normal liver tissues in the whole ICC cohort (P <0.001, paired Student’s t-test). (C, D) The Kaplan–Meier curve of OS and cumulative recurrence shows that patients with TILsCTLA-4 High were associated with worse OS and a higher cumulative recurrence rate compared with patients with TILsCTLA-4 Low. *P < 0.05 and ***P < 0.001.



By final follow-up, 177 patients experienced relapsed disease, and median DFS was 14 months (range, 3–122 months). Postoperative 2-, 5-, and 10-year recurrence rates were 53.8%, 64.5%, and 79.4%, respectively. Two hundred patients died, and the median OS was 24.5 months (range, 3–122 months). The 2-, 5-, and 10-year postoperative survival rates were 55.5%, 34.0%, and 19.1%, respectively. Analysis of the relationship between CTLA-4 expression and patient prognosis revealed that patients with low CTLA-4 density in TILs (TILsCTLA-4 Low) had a much longer OS (P <.001) and a lower recurrence rate (P = .024) compared with patients with high density (TILsCTLA-4 High) (Figures 1C, D). However, the density of CTLA-4+ lymphocytes in adjacent hepatic tissues was not related to patient prognosis in terms of OS (P = .111) or recurrence rates (P = .057) (Supplementary Material, Figures S2A, B). We also analyzed the prognostic role of CTLA-4 expression in tumor cells (TumorCTLA-4) in patients with ICC. No statistical difference in OS (P = .402) or recurrence rate (P = .080) was observed between TumorCTLA-4 High and TumorCTLA-4 Low subgroups (Supplementary Material, Figures S2C, D).

Moreover, a higher density of TILsCTLA-4 was related to malignant characteristics in ICC, including a higher level of preoperative serum CA19-9 (P = .003), larger tumor size (P = .014), lymph node metastasis (P = .019), and high TNM stage (P = .036). Other parameters were not related to CTLA-4 expression; detailed information is listed in Table 1.


Table 1 | Correlation between CTLA-4 and clinicopathological features in 290 patients with ICC.





Expression Pattern of FOXP3 in ICC

Because Treg cells maintain an inhibitory immune state in malignancies (29) and CTLA-4 inhibition could reduce Treg-mediated suppression of T cell responses (30), we further investigated FOXP3 expression and its relationship with CTLA-4 in patients with ICC. FOXP3 exhibited nuclear localization in lymphocytes (Figure 2A). The density of FOXP3+ TILs (TILsFOXP3) in ICC tumor samples was 15.7 ± 14.8/field, which is significantly higher than that in para-tumor liver tissues (4.8 ± 5.3/field, P <.001, Figure 2B) and lower than CTLA-4 (P <.001, Figure S3A). Pearson correlation analysis revealed a positive relationship between the density of CTLA-4+ TILs and FOXP3+ TILs (r = .31, P <.001, Figure 2C).




Figure 2 | FOXP3 expression and relationship with CTLA-4 in patients with ICC. (A) Representative staining of CTLA-4 and FOXP3 in ICC tumor samples (Case 125: patient with a high density of CTLA-4+ TILs and FOXP3+ TILs; Case 111: patient with low density of CTLA-4+ TILs and FOXP3+ TILs). Magnification 400x. (B) Density of FOXP3+ infiltrating lymphocytes was higher in ICC tissues than paired adjacent normal liver tissues in the whole ICC cohort. (C) Positive correlation between the density of FOXP3+ TILs and CTLA-4+ TILs. (D, E) The Kaplan-Meier curve of OS and cumulative recurrence shows that patients with TILsFOXP3 High were associated with worse OS and a higher cumulative recurrence rate compared with patients with TILsFOXP3 Low. *P < 0.05 and ***P < 0.001.



We also evaluated the prognostic potential of FOXP3 expression in ICC. Similar to studies in gastric and lymph node-positive breast cancer (31, 32), ICC patients with a high density of FOXP3+ TILs showed poor prognosis in terms of shorter OS (P = .021) and higher recurrence rates (P = .034, Figures 2D, E).



Interaction Between CTLA-4/PD-L1 and Prognostic Implication in ICC

PD-1/PD-L1 and CTLA-4 had distinct modes of inhibitory T responses. Our previous studies (20) show that patients with high PD-L1 expression in ICC tumor cells (TumorPD-L1 High) had a shorter OS and higher recurrence rates than patients with low tumor PD-L1.

Here, in the whole cohort, Spearman rank correlation analysis revealed no correlation between the expression of TILsCTLA-4 and TumorPD-L1 (r = .015, P = .802), suggesting that the expression of TILsCTLA-4 and TumorPD-L1 in ICC was relatively independent. We next divided the cohort into four subgroups according to TumorPD-L1 and TILsCTLA-4 expression (G I refers to TumorPD-L1 High and TILsCTLA-4 High patients; G II refers to TumorPD-L1 High and TILsCTLA-4 Low patients; G III refers to TumorPD-L1 Low and TILsCTLA-4 High patients; G IV refers to TumorPD-L1 Low and TILsCTLA-4 Low patients). Representative pictures are presented in Figure 3A. Commonly hyperactivated PD-L1 and CTLA-4 expression (G I) was observed in 44 patients, overexpression of PD-L1 alone (G II) in 49 patients, and overexpression of CTLA-4 alone (G III) in 102 patients. Low expression of PD-L1 and CTLA-4(G IV) was observed in 95 patients (Figure 3B).




Figure 3 | ICC classification and combined prognostic implications of PD-L1 and CTLA-4 expression. (A, B) Classification of patients with ICC according to PD-L1 expression in tumor cells and density of CTLA-4+ TILs along with representative staining pictures for each subgroup. Magnification 200x. (C) The Kaplan–Meier curve of OS shows that patients with TumorPD-L1 High or TILsCTLA-4 High (GI/GII/GIII) are associated with worse OS compared with patients with TumorPD-L1 Low plus TILsCTLA-4 Low (GIV). (D) The Kaplan–Meier curve of cumulative recurrence shows that patients with TumorPD-L1 High or TILsCTLA-4 High (GI/GII/GIII) are associated with higher cumulative recurrence rates compared with patients with TumorPD-L1 Low plus TILsCTLA-4 Low (GIV). *P < 0.05, **P < 0.01, and ***P < 0.001.



Given the different activated states of PD-L1 and CTLA-4 pathways in tumor tissues, we further investigated the synthesized effect of TumorPD-L1 and TILsCTLA-4 expression on prognosis in patients with ICC. Survival analysis showed that patients with TumorPD-L1 High and/or TILsCTLA-4 High subgroups (G I, II, and III) had poorer prognoses in terms of shorter OS (G I vs. G IV, P <.001; G II vs. G IV, P = .017; G III vs. G IV, P = .001) and higher recurrence rates (G I vs. G IV, P <.001; G II vs. G IV, P = .008; G III vs. G IV, P = .046, log-rank test) compared with patients with TumorPD-L1 Low TILsCTLA-4 Low (Figures 3C, D).

As for the FOXP3 expression level in the four groups’ patients, TumorPD-L1 High/TILsCTLA-4 Low patients have a higher level of Tregs compared with TumorPD-L1 Low/TILsCTLA-4 High patients (P <.001, Figure S3B), and integrally, TumorPD-L1 High patients are prone to have more Tregs infiltrating into the ICC tumor than TumorPD-L1 Low patients (P <.001, Figure S3C).

Cox regression analysis showed that clinicopathological characters, including tumor size and number, lymph node metastases, nerve invasion, TILsFOXP3, TILsCTLA-4, TumorPD-L1, and TumorPD-L1/TILsCTLA-4 were related to OS and recurrence rate of ICC. Hepatolithiasis was only related to patients’ survival (Table 2). Individual clinicopathological features that showed significance in univariate analysis, including tumorPD-L1 and TILsCTLA-4, were adopted as covariates in a multivariate Cox proportional hazards model (Supplementary Material, Table S1), and then combined variables of tumorPD-L1/TILsCTLA-4 were further analyzed (Table 2). Multiple tumors, lymph node metastasis, and tumorPD-L1 High were determined as independent risk factors of cumulative recurrence for patients with ICC, and hepatolithiasis, large tumor, multiple tumors, lymph node metastasis, nerve invasion, and high TILsCTLA-4 were independent risk factors of OS. Interestingly, tumorPD-L1/TILsCTLA-4 was an independent risk factor of patient prognosis for ICC in terms of recurrence and OS (Table 2).


Table 2 | Univariate and multivariate analyses of characteristics associated with prognosis in 290 patients with ICC.





Distinct CTLA-4 Expression and Prognostic Role in ICC With Different Risk Factors

HBV/HCV infection and hepatolithiasis are risk factors for ICC (16). Our previous studies show that hepatolithiasis is an independent risk factor for ICC, and patients with hepatolithiasis had worse survival than patients with HBV infection or undefined risk factors (20). In the present study, we classified 290 patients with ICC into four subgroups according to HBV infection (HBV+/-) and hepatolithiasis (Stone+/-): 206 patients had HBV infection only (HBV+/Stone-), nine patients had hepatolithiasis only (HBV-/Stone+), seven patients had both hepatolithiasis and HBV infection (HBV+/Stone+), and 68 patients had undefined risk factors (HBV-/Stone-).

Our previous data also showed a PD1/PD-L1 signal in distinct expression mode and prognostic implication in different risk factor–related ICCs (20). Here, we further investigated CTLA-4 expression and prognostic significance in different risk factor–related ICCs. One-way ANOVA analysis showed that the density of CTLA-4+ TILs in tumor tissues from the four subgroups was significantly different (P = .031, Figure 4A). The density of TILsCTLA-4 in samples from patients with HBV-/Stone+ (37.4 ± 22.3/field) was higher than in patients with HBV+/Stone- (21.2 ± 17.9/field, P = .013) and patients with HBV-/Stone- (21.0 ± 20.3/field, P = .007). Interestingly, tumor samples from patients with HBV-/Stone+ showed a lower expression of PD-L1 than patients with HBV+/Stone- as described in our previous study (20). We further investigated the prognostic influence of the density of TILsCTLA-4 in patients with HBV-/Stone+. The OS of the nine patients with HBV-/Stone+ was limited with a median of 7 months (from 4 to 12 months), and the TILsCTLA-4 High patients with HBV-/Stone+ had poor survival (P = .018, Figure 4B).




Figure 4 | Relationship of the density of CTLA-4+ TILs to risk factors and prognosis. (A) Patients with HBV-/Stone+ ICC had a higher density of CTLA-4+ TILs in tumor samples compared with patients with HBV+/Stone- ICC and HBV-/Stone- ICC. (B) Patients with TILsCTLA-4 High show a reduced OS compared with patients with TILsCTLA-4 Low among nine patients with HBV-/Stone+ ICC. *P < 0.05 and **P < 0.01.






Discussion

We determined a profile of CTLA-4 expression with prognostic implication in a large cohort of patients with ICC. CTLA-4 was hyperactivated in tumor samples from patients with ICC, and the high density of CTLA-4+ TILs (TILsCTLA-4 High) was significantly correlated with malignant characteristics. Clinically, the density of CTLA-4+ TILs was an independent risk factor for OS in patients with ICC, and we found that patients with TILsCTLA-4 High showed an unfavorable prognosis. These data indicate that CTLA-4 expression in TILs is an important factor for sustaining the inhibitory immune microenvironment in the clinical setting of ICCs. Thus, this provides a rationale for anti-CTLA-4 therapy in ICCs, at least in a subset of patients. Treg cells are considered the strongest inhibitor of antitumor activity, and CTLA-4 expression is essential for the activation of FOXP3+ T cells. Our data also show a positive relationship between the density of CTLA-4+ TILs and FOXP3+ TILs, which provides indirect evidence to support a role for CTLA-4 in the inhibitory immune microenvironment of ICCs. Furthermore, plenty of studies suggest that CTLA-4 on both activated conventional T cells and FoxP3+ Tregs is important for immunology suppression (33, 34), and it is demonstrated that Treg CTLA-4 blockade alone could not induce antitumor immunity, but it could augment the antitumor responses induced by CTLA-4 blockade of conventional T cells by using selective blockade of CTLA-4 on Treg or conventional T cell (35). Here, we show that both hyperactivated CTLA-4 and FOXP3 are related to an unfavorable prognosis, and the amount of CTLA-4+ TILs is higher than FOXP3+ Tregs, which indicates that besides FOXP3+ Tregs, other CTLA-4+ TILs may be involved in antitumor immune disorders. Thus, the overexpression of CTLA-4 reflects a more global immunomodulatory effect, not just Treg infiltration.

CTLA-4 maintains immune homeostasis through complex mechanisms; the cell-intrinsic model of CTLA-4 function describes that the cytoplasmic tail of CTLA-4 affects intracellular posttranslational modifications and regulates cellular localization of CTLA-4, and the cell-extrinsic model describes CTLA-4 acting through Tregs to exert its function (5). CD28 can costimulate T cell functions by affecting cytokine production, reducing the TCR signaling threshold for T cell activation and enhancing T cell proliferation and survival (36). CTLA-4 may act as an antagonist of CD28–ligand interaction by competing for ligand binding. Recent studies show that CTLA-4 expression was overactivated in several malignant tumors, such as melanoma and spinal chordoma (7, 37). Here, we also demonstrate that the CTLA-4 signal was activated in tumor tissues of ICCs. Patients with early recurrence of ICC had a higher density of CTLA-4 expression than patients without early recurrence. Moreover, the density of CTLA-4+ TILs is related to the density of FOXP3+ TILs. Therefore, CTLA-4 acts as a central element of immunologic tolerance to lessen the immune response in the tumor microenvironment (38). Further, the density of CTLA-4+ TILs in ICC tissues is related to aggressive clinicopathologic features, such as preoperative serum CA19-9, larger tumor size, lymph node metastasis, and high TNM stage. The augmentation of CTLA-4 expression in T cells could reduce the secretion of IFN-γ (39) and then facilitate malignant phenotypes, such as tumorigenesis and metastasis (40). Hence, CTLA-4+ TILs may be involved in the invasive behavior of ICC cells. Our data indicate that overexpression of CTLA-4 in TILs promotes the invasion and metastasis of ICC and may be a prognostic indicator in patients with ICC.

However, CTLA-4 expressed in tumor cells was not related to the prognosis of ICC. The role of CTLA-4 in tumor cells is controversial, and a previous study suggests that elevated CTLA-4 expression in tumor cells of NSCLC is predictive of a good outcome (41). CTLA-4 is constitutively expressed in a variety of tumor cell lines, such as breast, colon, kidney, lung, ovarian, and uterine cancers and in melanoma cell lines, and elevated CTLA-4 expression is associated with the induction of apoptosis through sequential activation of caspase-8 and caspase-3 (42), but the exact role and mechanism of CTLA-4 in ICC remain to be fully elucidated.

Furthermore, we determined a distinct expression profile of CTLA-4 and PD1/PD-L1 in ICC. PD-L1 was overexpressed in tumor cells, and CTLA-4 was activated in TILs but not tumor cells. CTLA-4 acts as an antagonist of CD28–ligand interactions by competing for ligand binding with CD80. Meanwhile, a large amount of CD80 expressed in antigen-presenting cells (APCs) directly competes with PD1 on the overlapping interface on PD-L1 to disrupt the combination of PD-L1/PD-1 and its inhibitory function in T cell activation. Further, PD-L1 inhibition reduces the expression of CD80 on APCs, and the effect could be offset by the blockage of CTLA-4. This molecular basis has implications for the combination of anti-PD-L1 and anti-CTLA-4 in treating ICC (43, 44). In the present study, patients with coactivation of PD1/PD-L1 and CTLA-4 signals presented the worst prognosis among patients with ICC. Moreover, the density of CTLA-4+ TILs was determined as an independent predictor of OS, and PD-L1 expression in tumor cells was an independent predictor of cumulative recurrence. Interestingly, combined CTLA-4+ TILs and PD-L1+ in tumor cells showed better sensitivity for predicting prognosis of ICCs in terms of OS and cumulative recurrence than that of overexpression of either CTLA-4 or PD-L1 alone. These data indicate that CTLA-4 is a good assistant of PD1/PD-L1 in the inhibitory TEM of ICC.

Moreover, we found that TumorPD-L1 High patients have more Tregs infiltrating into the ICC tumor than TumorPD-L1 Low patients. A previous study revealed that PD-L1 could promote Treg development and enhance Treg function (45), which provides implications in the synergistic use of anti-PD-L1 and anti-CTLA-4 therapies.

Additionally, distinct expression of CTLA-4 and PD1/PD-L1 was observed among different risk factors in ICC. Our data suggest that CTLA-4 overactivation in hepatolithiasis-related ICC is likely the predominant factor involved in sustaining the inhibitory immune environment, providing a promising therapeutic target for such patients.

In conclusion, our findings reveal elevated CTLA-4 and FOXP3 in ICC; the combined overexpression of CTLA-4 and PD-L1 is a good marker for predicting poor prognosis in ICCs and presents a potential target for ICI treatment strategies. These findings will be further evaluated in our clinical trial (NCT04634058) about the combination of anti-PD-L1 and anti-CTLA-4 in treating ICC patients, which is already in progress.
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Malignant melanoma is an aggressive form of cancer, which can be treated with anti-CTLA-4 and anti-PD-1 checkpoint inhibitor antibodies but while anti-CTLA-4 antibodies have clear benefits for some patients with melanoma, productive responses are difficult to predict and often associated with serious immune related adverse events. Antibodies specific to CTLA-4 bind two major isoforms of CTLA-4 in humans, the receptor isoform and a second naturally secretable, soluble isoform - sCTLA-4. The primary aim here was to examine the effect of selectively blocking the function of sCTLA-4 on in vitro immune responses from volunteer healthy or melanoma patient PBMC samples. Addition of recombinant sCTLA-4 to healthy PBMC samples demonstrated sCTLA-4 to have immunosuppressive capacity comparable to recombinant CTLA4-Ig, partially reversible upon antibody blockade. Further, we identified a mechanistic relationship where melanoma patient TGFβ2 serum levels correlated with sCTLA-4 levels and provided the basis for a novel protocol to enhance sCTLA-4 production and secretion by T cells with TGFβ2. Finally, a comparison of selective antibody blockade of sCTLA-4 demonstrated that both healthy and melanoma patient effector cytokine responses can be significantly increased. Overall, the data support the notion that sCTLA-4 is a contributory factor in cancer immune evasion.




Keywords: checkpoint inhibitor, CTLA-4 (cytotoxic T lymphocyte-associated antigen 4), sCTLA-4, melanoma, TGFβ2, T cells



Introduction

Malignant melanoma is a dangerous form of skin cancer, whose incidence has risen over the last thirty years. In 2020, global incidence of melanoma reached 324,635 cases with 57,043 deaths (1). Treatment of primary lesions, which emerge from hyperproliferation of melanocytes, is usually performed by resection and offers a favourable prognostic outcome, whereas metastatic malignant melanoma is very difficult to treat effectively and has a very poor prognosis with a 5-year survival rate of only 22.5% compared with >98% for stage I disease. Recently though, the outcome for such patients has been improved by the introduction of novel checkpoint inhibitor therapies that target immune checkpoint receptors including CTLA-4, PD-1 and PD-L1, to promote anti-tumor immunity (2).

The inhibitory CTLA-4 receptor (3, 4), expressed primarily on regulatory (Treg) and activated effector T cells, was the first target for checkpoint inhibitor immunotherapy (5) and antibodies that target the CTLA-4 receptor allow priming and expansion of tumor-specific T cell responses by promoting CD28 mediated T cell costimulation (6). Ipilimumab, a fully human IgG1 anti-CTLA-4 antibody, has been approved as a monotherapy for the treatment of advanced malignant melanoma (7) and together with anti-PD-1 mAb, nivolumab, for the treatment of metastatic melanoma, renal cell carcinoma and metastatic colorectal cancer (8–10).

The introduction of ipilimumab in 2011 (7) provided a tangible improvement in metastatic melanoma patient outcomes, and for some individuals an enduring remission from disease, but there remains scope for improving the therapy further. Currently, there is no biomarker for effective stratification of patient responders, or as a guide for severe immune-related adverse effects associated with the therapy. Retrospective analyses of patients treated with ipilimumab as a monotherapy also indicate that approximately only 22% of patients benefit from long term disease remission (11). In contrast, more recent checkpoint inhibitor antibodies that disrupt interaction between PD-1 on T cells (12, 13) and PD-L1 (14–16) on tumor cells have been approved for a broader range of cancers but also demonstrate improved patient response frequency and safety compared with ipilimumab (17). This latter approach is aided by using PD-L1 tumor expression levels as a stratification biomarker to identify patients most likely to respond to the therapy (18).

While there is no doubt about the potential therapeutic benefits of ipilimumab, its precise mechanism of action remains to be fully resolved, as does the biology of CTLA-4 more generally. CTLA-4 is crucial at the priming stage of naïve anti-tumor T cell responses by professional antigen presenting cells (APC), and therefore its blockade has the potential to generate de novo powerful CD8+ cytotoxic and CD4+ helper T cell anti-tumor effector responses. Despite its fundamental importance to naïve T cell differentiation and activation, the clinical response variation between patients receiving anti-CTLA-4 therapy hints that other processes such as differences in tumour immunogenicity, the manifestation of tumour neoantigens and other immune factors may also be important for the generation of effective responses (19, 20). Anti-CTLA-4 antibodies may also function by directly binding to and depleting Treg via macrophage dependent antibody-dependent cell-mediated cytotoxicity (ADCC) within the tumor microenvironment (21, 22). This uncertainty of mechanism is reflected in the unusual kinetics of anti-CTLA-4 mAb therapy, in which for some patients, tumors may grow for weeks or months after therapy commences, before eventually stabilising, shrinking and ultimately disappearing altogether. No one hypothesis adequately explains this extended hiatus between therapeutic intervention and productive anti-tumor immunity.

Despite a primary focus on the CTLA-4 receptor, anti-CTLA-4 antibodies bind two isoforms of CTLA-4 in humans, the full length CTLA-4 receptor and a second secretable form of CTLA-4, soluble CTLA-4 (sCTLA-4) (23, 24). Soluble CTLA-4 is an alternatively spliced variant of full length CTLA-4 in which the transmembrane domain, encoded by exon 3, is not utilised and a frameshift mismatch during post-transcriptional splicing of exon 2 (extracellular domain) to exon 4 (cytoplasmic domain) gives rise to a unique C terminal amino acid sequence that replaces the cytoplasmic domain of full length CTLA-4 (24). Soluble CTLA-4 like its full-length counterpart can bind to B7 (CD80/CD86) ligands on APC (24).

The secretory isoform of CTLA-4 was identified after the receptor isoform and less is known regarding any immunoregulatory properties it may possess. Few studies that aim to explain response diversity in patients receiving anti-CTLA-4 therapy have examined sCTLA-4 as a significant influential factor (25, 26). Analysis of sCTLA-4 serum levels in patients with acute B lymphoblastic leukaemia (B-ALL) (27), malignant melanoma (28) or mesothelioma (29), however, revealed increased production together with good evidence that tumour cells may actually be secreting this potentially immunosuppressive molecule. Retrospective analyses of patients treated with ipilimumab also discovered that patients with higher serum levels of sCTLA-4 were significantly more likely to respond to the therapy than those with low levels (25). Further support for the clinical relevance of sCTLA-4 to cancers in particular, has emerged with the discovery that the repulsive guidance molecule B (RGMB) acts as a ligand for sCTLA-4 and greatly strengthens its immunosuppressive activity through enhanced CD80 binding (30).

The TGF-β family includes three closely related molecules, TGFβ1, 2 and 3 whose roles in maintaining immune homeostasis are crucial, but which also play a complex role in tumour development (31, 32). Despite initial anti-tumor growth effects, during tumorigenesis TGFβ can both assist the metastatic EMT transition process and promote evasion from anti-tumour immunity (33–35). Thus TGFβ represents another potential target for anti-tumour immunotherapy and could be used in combination with anti-CTLA-4/PD-1/PD-L1 antibodies (31).

Previously, we demonstrated that selectively blocking sCTLA-4 boosted antigen-specific immune responses and further, generated effective anti-tumour immunity in the B16F10 model of metastatic melanoma, which was comparable to that achieved with pan-specific anti-CTLA-4 mAb (36). Our initial analysis of sCTLA-4 production identified Tregs to produce and secrete this immunoregulatory molecule. Here, we demonstrate recombinant sCTLA-4 to be directly immunosuppressive with regard to T cell responses and identify a novel functional association between sCTLA-4 production and the immunoregulatory cytokine, TGFβ2. Further, by selectively targeting this particular isoform, melanoma patient derived PBMC response activity in vitro was increased significantly with higher production of the T cell effector cytokines IFN-γ and IL-17A when compared with non-selective ipilimumab. We propose a new mechanism through which tumor cells utilise TGFβ2 to promote production of sCTLA-4 as a novel mechanism of immune evasion and further, highlight the urgent need to examine the relevance of sCTLA-4 to immune checkpoint inhibitor therapy.



Methods


Donors, Ethics and PBMC Sample Preparation

Blood samples were collected by venepuncture from patients at the dermatology, oncology or plastic surgery clinics at Aberdeen Royal Infirmary (see Table 1 for demographic summary) and compared with age and sex-matched healthy volunteer donors (n=27). Sera from the Lupus patient cohort was provided from a previous study, which was age but not sex matched (n=40) (37). PBMC were prepared using Lymphoprep 1.077 (Axis Shield, Dundee, UK) density gradient centrifugation and cultured essentially in RPMI 1640 medium (Thermofisher Scientific, Paisley, UK) supplemented with 5% autologous human serum in an atmosphere of 37°C, 5% CO2 as previously described (38). 1×106 PBMC were cultured for 5 days in 1 mL wells unless otherwise stated. Jurkat T cells (1×106 per well) were stimulated for 48 hours with PHA-L according to manufacturer’s instructions and B7.1/2Ig at 1 μg/mL (Peprotech EC, London, UK) in an atmosphere of 37°C, 5% CO2. Spleens from Balb/c mice were obtained from the University of Aberdeen, Medical research facility and stimulated in the presence of anti-CD3 antibody (Clone: 2C11, BD Biosciences, Oxford, UK), murine TGFβ2 (R&D Systems, Abingdon, UK) and IL-2 (Peprotech EC) for 8 days.


Table 1 | Summary of the melanoma patient demographics.





Cytokine and sCTLA-4 ELISA

ELISA for cytokines in cell culture supernatants or sera was based on previously published methods. Antibody pairs used for the human IL-10 ELISA were clones JES3-19F1 and JES3-12G8 from BD Biosciences), for anti-IFN-γ (clones NIB42 and 4S.B3 BD Biosciences, Oxford, UK), and for anti-IL-17A (clones eBio64CAP17 and eBio64DEC17, Thermofisher Scientific). Cytokine standards were from Peprotech EC Ltd. Bound antibody was detected using streptavidin-labelled alkaline phosphatase with a phosphate substrate (both Sigma Aldrich, Gillingham, UK), and absorbance measured at 450nm (corrected with a reference reading at 492nm) with a Multiskan MS microplate photometer (Life and Laboratory Sciences, Basingstoke, UK). IL-2 was measured using an IL-2 Human Uncoated ELISA Kit with Plates (Thermofisher) according to manufacturer’s instructions.

The selective ELISA for human sCTLA-4 used the anti-CTLA-4 murine mAb clone BNI3 (2 µg/ml) as a capture reagent and biotinylated mAb clone 73-B1 (IgG1κ) as the sCTLA-4 specific detection reagent using the same protocol described for the cytokine ELISA above. The alternatively spliced recombinant human sCTLA-4 (MRC PPU Services, University of Dundee, Dundee) was used to construct standard curves. Biotinylated anti-sCTLA-4 clone 73-B1 cross-reacts with murine sCTLA-4 and was used in ELISA to detect the presence of murine sCTLA-4 together with a capture anti-murine CTLA-4 mAb (clone: 4F10, BD Biosciences).



Cancer Cell Lines

Adherent malignant melanoma epithelial cell lines G-361 (CRL-1424) and A-375 (CRL-1619) were obtained from the American Tissue culture collection (LGC standards, London, UK) and cultured in McCoy’s 5a Medium Modified Medium supplemented with 10% Foetal bovine serum (FBS; G-361) or Dulbecco’s Modified Eagle’s Medium +10% FBS (A-375) according to protocols provided by ATCC.



Confocal Microscopy

For intracellular analysis of CTLA-4 and sCTLA-4 by confocal microscopy, G-361 and A-375 cell lines were prepared according to ATCC protocols and seeded into 24 well plates containing sterile coverslips coated with poly-l-lysine to aid adherence. Cells were allowed to grow to 80-90% confluence before fixing with 4% paraformaldehyde (BD Cytofix) for 10 min at RT, treatment with 0.3M glycine in PBS to prevent background fluorescence (10 min at RT), permeabilization with 0.2% Triton X-100 in PBS (5 min at RT) and blocking with 1% BSA in PBS. Cells were washed three times (2 minutes per wash) between each step. The cell lines were then incubated with biotinylated anti-sCTLA-4 mAb, JMW-3B3 or a non-specific biotinylated IgG1 antibody (Thermofisher; both 20 μg/mL) and incubated O/N at 4°C. The cell lines were subsequently washed and incubated with rabbit polyclonal anti-CTLA-4 antibody before staining with Streptavidin-AF555 to selectively reveal sCTLA-4 and Goat anti-Rabbit IgG AF488 to reveal total CTLA-4 (CTLA-4 receptor and sCTLA-4), each according to manufacturer’s instructions. Finally, coverslips were placed on glass slides and mounted with Prolong Gold anti-fade mountant containing DAPI (Fisher Scientific) before analysis with a Leica LSM710 confocal microscope at the Institute of Medical Sciences, Microscopy and Histology Core Facility. Images were analysed using ‘ZEN BLUE’ software.



Flow Cytometry Analysis

For surface staining of markers using flow cytometry, following the appropriate stimulation protocol, cells were first washed twice with staining media (PBS + 0.5% BSA) and stained with fixable viability dye eFluor 780 as per the manufacturer’s guidance. The cells were washed with staining media and suspended in blocking buffer (PBS + 5% BSA) at 4°C for 30 minutes. The cells were stained with the appropriate fluorochrome conjugated antibodies at 4°C for 30 minutes and fixed with BD Cytofix fixation solution (BD Biosciences) for 10 minutes at RT.

To measure phosphorylation of intracellular molecules, following T cell stimulation with plate bound anti-CD3 mAb (1 μg/mL), the cells were washed and treated with BD Cytofix/Cytoperm fixation/permeabilization solution (BD Biosciences) to arrest intracellular phosphorylation and subsequent activation of cells. The optimum time point for measurement was identified as 10 minutes following stimulation following a “sighting” experiment to determine the optimum time for assessment (Figure 2A). The cells were washed, blocked and stained for surface and intracellular molecules according to the protocol outlined above together with appropriate isotype controls. All fluorochrome conjugated antibodies specific to surface and intracellular molecules were acquired from BD biosciences. For all flow cytometry readouts, a minimum of 100,000 events were acquired using a BD LSR II flow cytometer (BD Biosciences) and analysed using FlowJo analysis software.



Statistics

Power calculations: For the main patient study and based on healthy donor PBMC sample responses to stimulation in the presence or absence of sCTLA-4 antibody blockade in which analysis of 20 samples provided statistically significant deviation from the null hypothesis, a comparative analysis of responses from 20 melanoma patient blood samples provided approximately 80% power to detect a 65% difference in responses at the 5% significance level. Differences between treatments were analyzed with an Anova one-way test with Tukey post-hoc analysis, Mann-Whitney U, two-tailed, unpaired t test or Pearson’s r tests as outlined in figure legends. Where used, Bar and whisker plot error bars show the minimum and maximum value for each cohort.



Study Approval

Written informed consent was obtained from all donors. Ethical approvals were obtained from East of Scotland Research Ethics Committee (ref:13/NS/0126 & 10/S1401/20) and the study was performed and archived according to the protocols provided by the East of Scotland Research Ethics Committee. Exclusion criteria: Potential volunteer donors were included in the study if over the age of 18, independent of melanoma disease status from the dermatology, plastic surgery and oncology clinics at the University of Aberdeen. All potential volunteer candidates were provided with a patient information sheet prior to providing a blood donation. Patient weight was not recorded.




Results


Immunosuppressive Properties of sCTLA-4

Most studies involving sCTLA-4 have used pan-specific anti-CTLA-4 antibodies, but here, we have used two selective anti-sCTLA-4 monoclonal antibodies, JMW-3B3 (IgG1λ) (36) and 73-B1 (IgG1κ), together with recombinant (rec.) sCTLA-4 to examine the immunoregulatory properties of sCTLA-4 primarily in melanoma patient donor samples. Both antibodies were raised against the unique C terminal sequence of sCTLA-4 and neither cross-react with the CTLA-4 receptor.

Previous reports have indicated sCTLA-4 to be immunosuppressive because selective removal from cell cultures can boost antigen-specific effector T cell responses (36). To determine whether or not sCTLA-4 is directly immunosuppressive, we added rec. human sCTLA-4 (sCTLA-4) or CTLA4-Ig to Jurkat T cells stimulated with PHA-L and either B7.1Ig or B7.2Ig costimulatory ligands before measuring IL-2 cell culture supernatant levels by ELISA after 48 hours (Figure 1A). Both reagents were comparatively immunosuppressive and demonstrated the suppressive capacity of natural sCTLA-4. We also assessed the immunosuppressive effects of sCTLA-4 in normal healthy donor PBMC cell cultures stimulated with plate-bound anti-CD3 mAb for 5 days and examined its effects on cell division by flow cytometry and T cell cytokine production by ELISA (Figures 1B, C). Addition of rec. human sCTLA-4 at 10 μg/ml was immunosuppressive, significantly decreasing both CD8+ and CD4+ T cell proliferation and PBMC culture supernatant levels of IFN-γ, and IL-17A and IL-10. The immunosuppressive effects of sCTLA-4 were significantly reversed by the addition of anti-sCTLA-4 mAb, 73-B1, demonstrating a sCTLA-4 specific effect. CTLA4-Ig also suppressed these PBMC responses, but its immunosuppressive effects were not reversible by anti-sCTLA-4 mAb, 73-B1, as CTLA4-Ig lacks the C terminal epitope recognised by the antibody, which is present on natural sCTLA-4.




Figure 1 | Immunoregulatory properties of recombinant human sCTLA-4. (A) Comparison of immunosuppressive activity of rec. sCTLA-4 with CTLA4-Ig in Jurkat T cell cultures stimulated with PHA-L and either B7.1Ig or B7.2Ig costimulatory ligands for 48 hours at 37°C, 5% CO2 (Mean (SD); representative of n = 4). (B, C) Donor PBMC were stimulated with anti-CD3 mAb for 5 days at 37°C, 5% CO2 in the presence of human rec. sCTLA-4, CTLA4-Ig ± anti-sCTLA-4 antibody, 73-B1, before analysis of cell division by flow cytometry (B) and of cell culture supernatant cytokine levels by ELISA (C, n=5). (D) Effect of anti-CTLA-4 or sCTLA-4 antibody blockade on PBMC derived CD11c+ APC CD80/CD86 T cell levels by flow cytometry. Cells were stimulated with 1 mg/mL LPS for 18 hrs in the presence or anti-sCTLA-4 (73-B1) or pan anti-CTLA-4 mAb (BNI3; both 10 μg/mL; n=4). (One-way Anova with Tukey post-hoc multiple comparison analysis, *P < 0.05 **P < 0.01, ***P < 0.001, ns, not significant).



Analysis of human healthy donor CD11c+ antigen presenting cells stimulated with LPS, within the PBMC population, revealed that selective anti-sCTLA-4 antibody blockade also significantly increased detectable cell surface levels of CD80/CD86 (Figure 1D), while anti-panCTLA-4 antibody was slightly less effective. Thus, sCTLA-4 has direct immunosuppressive effects on activated PBMC by blocking or inhibiting costimulatory interactions and its removal enhances effector T cell activity.



Selective Antibody Blockade of sCTLA-4 Does Not Suppress Phosphorylation of T Cell Signalling Proteins Slp76 and ZAP-70

Previously, we demonstrated that selective blockade of sCTLA-4 significantly enhanced antigen-specific CD4 T helper T cell responses compared with pan anti-CTLA-4 antibody blockade (36). To further examine the effects of anti-CTLA-4 mAbs on T cell activation, we stimulated PBMC with anti-CD3 mAb and assessed the effects by phosphoflow cytometry of anti-sCTLA-4 vs. pan anti-CTLA-4 antibody blockade on phosphorylation levels of both T cell receptor signalling cascade molecules Slp76 and ZAP-70 and compared to an isotype control antibody (Figure 2, white bars isotype, green/blue bars specific antibody). Stimulation of donor-derived T cells isolated from PBMC with anti-CD3 mAb, as expected, induced an increase in phosphorylated Slp76 and ZAP-70 in both CD4+ and CD8+ T cells compared with resting cells, and addition of anti-sCTLA-4 mAb clone 73-B1 did not affect phosphorylation levels. This is not surprising because anti-sCTLA-4 mAbs do not interact directly with cells. Addition of anti-CTLA-4 mAbs BNI3 or ipilimumab, however, completely abolished any increase in phosphorylation in both anti-CD3 mAb stimulated CD4+ and CD8+ T cells compared with resting cells.




Figure 2 | Analysis of sCTLA-4 blockade on T cell receptor phosphorylation levels (A) Sighting experiment to evaluate the optimum period for measuring phosphorylation levels of Slp76 and ZAP-70 following stimulation of T cells with anti-CD3 Mab (n = 2). Effect of anti-CTLA-4 or anti-sCTLA-4 mAb blockade on phosphorylation levels of T cell signalling components (B) ZAP-70 and (C) Slp76 following activation. Healthy donor PBMC were stimulated with anti-CD3 mAb for 15 minutes, fixed and CD4+ and CD8+ T cells were analysed for ZAP-70 and Slp76 levels of phosphorylation by flow cytometry. White bars represent an IgG1 (Zap-70) or an IgG2a (Slp76) isotype control, while green/blue bars represent specific antibody. n=5; *P < 0.05 **P < 0.01, ***P < 0.001, ns, not significant, P values determined by Student t test; Mean (SD) values are shown).



In summary, we find that selective targeting of sCTLA-4 has no inhibitory effect on phosphorylation levels of ZAP-70 and Slp76 after activation of CD4+ and CD8+ T cells.



A Mechanistic Relationship Between sCTLA-4 and TGF β2

Previous reports indicated that serum levels of sCTLA-4 are raised in some cancers including malignant melanoma, but those studies did not use sCTLA-4 selective antibodies and were, therefore, unable to distinguish fragments of CTLA-4 receptor cleaved from cell surfaces from native alternatively spliced sCTLA-4. We analysed and compared melanoma patient serum sCTLA-4 levels with those from healthy or lupus donor volunteers (Figure 3). Serum levels of sCTLA-4 were significantly higher in the melanoma patient cohort compared with both healthy and lupus patient volunteer donor serum cohorts.




Figure 3 | Correlation analysis of TGFβ and sCTLA-4 serum levels in melanoma, lupus, and healthy volunteer donor cohorts. (A) Serum levels of TGFβ1, TGFβ2 and sCTLA-4 in healthy (n=27), melanoma patient (n = 32) and lupus patient donor cohorts (n = 40). (Mean (SD) *P < 0.05, ****P < 0.0001, ns, not significant, P values determined by one-way ANOVA test). (B) Regression analysis of TGFβ1 or TGFβ2 with sCTLA-4 levels in sera from healthy, melanoma patient and lupus patient donor cohorts (Pearson’s r test, p values shown in figure).



The immunosuppressive TGFβ cytokine isoforms contribute to immune evasion strategies promoted by tumors and in a number of cancers, TGFβ2 has been closely implicated in epithelial to mesenchymal transition (EMT), a precursor to the metastatic process (39). We examined and compared serum levels of both TGFβ1 and 2 in the same healthy, melanoma and lupus cohorts (Figure 3). The lupus patient serum cohort was examined to determine whether any correlation between sCTLA-4 and TGFβ serum levels would be replicated in the context of an autoimmune disease. Serum levels of TGFβ1 were significantly raised in both the melanoma and lupus patient serum cohorts compared with healthy donors (Figure 3A), but TGFβ2 serum levels were significantly higher solely in the melanoma patient cohort. Correlative analysis of TGFβ1, TGFβ2 and sCTLA-4 levels in the three donor serum cohorts (Figure 3B) revealed a significant positive correlation between TGFβ2 and sCTLA-4 serum levels restricted solely to the melanoma serum cohort, and a weaker but significant correlation between TGFβ1 and sCTLA-4 in the healthy donor serum cohort. No other correlation was observed.

The analysis of the melanoma patient serum cohort revealed for the first time a potential relationship between TGFβ2 and sCTLA-4 in melanoma patients and also raised the prospect that TGFβ2 has a role in stimulating the production of sCTLA-4. TGFβ is important for the induction of peripheral Treg (pTreg) and has also been used in protocols to generate inducible Treg (iTreg) in vitro for clinical use (40). We fractionated CD3+ T cells from healthy donor PBMC and stimulated them with anti-CD3 mAb in the presence of IL-2, while comparing the ability of all three TGFβ isoforms, TGFβ1, TGFβ2 and TGFβ3 to induce sCTLA-4 production (Figure 4A). Following an extended incubation of 8 days, sCTLA-4 supernatant levels were significantly increased after incubation with TGFβ2, with levels significantly higher than any other treatment. In some individual donors TGFβ1 was also able to increase sCTLA-4 levels, but collectively this population did not achieve significance. Finally, we repeated this sCTLA-4 induction experiment using BALB/c mouse splenocytes with very similar results (Figure 4B). Together, the data demonstrate that sCTLA-4 production can be consistently induced in activated T cells by the immunoregulatory cytokine TGFβ2, supporting the notion that TGFβ2, which is primarily produced by tumor cells in malignant melanoma, has the potential to induce immunosuppressive sCTLA-4 within the tumor environment.




Figure 4 | Induction of sCTLA-4 by TGFβ2. (A) PBMC were isolated from healthy donors (n = 5, top panel) or (B) Balb/c mice (n = 4, lower panels) were incubated for 8 days after stimulation with anti-CD3 mAb (0.1 μg/mL), IL-2 (20 ng/mL) in the presence of TGFβ isoforms 1,2 and 3 each at 20 ng/mL before analysis of cell culture supernatant sCTLA-4. n=5; *P < 0.05 **P < 0.01, P values determined from a one-way test with Tukey post-hoc analysis; median values are shown).





Melanoma Derived Cell Lines Produce sCTLA-4

Contrary to current perceptions, studies of CTLA-4 in tumor cell biopsies and cell lines have revealed that CTLA-4 and sCTLA-4 may also be actively produced by cancer cells (28–30) perhaps as a means of tumor cell mediated immune evasion. The availability of anti-sCTLA-4 antibodies allowed us to selectively stain and differentiate both full-length CTLA-4 receptor and sCTLA-4 in human melanoma cancer cell lines, as well as those associated with other tumour types. Co-staining with pan anti-CTLA-4 (AF488, Figure 5) and anti-sCTLA-4 (AF555) revealed and differentiated the presence of both CTLA-4 receptor and sCTLA-4 in melanoma cell lines. Staining of the G-361 epithelial malignant melanoma cell line revealed sCTLA-4 detectable throughout individual cells, punctuated by CTLA-4 receptor within individual vesicles, by confocal microscopy (Figure 5A). Further, while all cancer cell lines tested to date stained positive for the CTLA-4 receptor, not all expressed sCTLA-4, including the A-375 epithelial malignant melanoma cell line (Figure 5B; see also Supplementary Figure 1).




Figure 5 | Analysis of CTLA-4 receptor and sCTLA-4 in melanoma cell lines by confocal microscopy. G-361 (A) and A-375 (B) human melanoma cell lines were incubated on sterile poly-L-lysine coated coverslips until confluence was reached and stained with specific anti-sCTLA-4 mAb (JMW-3B3, AF555 - red) and rabbit polyclonal anti-panCTLA-4 (AF488 – green) together with DAPI (blue). Both antibodies bind sCTLA-4 yielding a yellow/orange color. Representative of n>3 experiments.





Selective Blockade of sCTLA-4 Enhances Effector Cytokine Production by Melanoma Patient PBMC

In a previous study, we demonstrated that selective blockade of sCTLA-4 was as effective as pan-CTLA-4 blockade at reducing lung tumor frequency in the B16F10 model of melanoma lung metastasis (36). Thus, we examined the selective effects of anti-sCTLA-4 antibody blockade compared directly with anti-CTLA-4 mAb ipilimumab on supernatant effector cytokine levels from PBMC cell cultures provided by melanoma patient donors and stimulated with doses of plate-bound anti-CD3 mAb ranging from 0.02 to 1 μg/mL (Table 1 and Figure 6). We also compared selective sCTLA-4 vs. pan-CTLA-4 blockade in cell cultures from healthy volunteer donors (Figure 7).




Figure 6 | Comparative effect of anti-sCTLA-4 or ipilimumab anti-CTLA-4 mAb blockade on melanoma patient donor PBMC responses to stimulation with 0, 0.1 or 1 μg/mL anti-CD3 mAb. PBMC were stimulated for five days at 37°C 5%CO2 in the presence of plate-bound anti-CD3 and 10 μg/mL IgG1 isotype control, anti-sCTLA-4 mAbs JMW-3B3 and 73-B1, and anti-CTLA-4 mAb, ipilimumab. Cell culture supernatants were measured by ELISA for levels of IFN-γ and IL-17A. n=12; *P < 0.05 **P < 0.01, ***P < 0.001, P values determined from a one-way test with Tukey post-hoc analysis).






Figure 7 | Comparative effect of anti-sCTLA-4 or ipilimumab anti-CTLA-4 mAb blockade on healthy donor PBMC responses to stimulation with 0, 0.1 or 1 μg/mL anti-CD3 mAb. PBMC were stimulated for five days at 37°C 5%CO2 in the presence of plate-bound anti-CD3 and 10 μg/mL IgG1 isotype control, anti-sCTLA-4 mAbs JMW-3B3 and 73-B1, and anti-CTLA-4 mAb, ipilimumab. Cell culture supernatants were measured by ELISA for levels of IFN-γ and IL-17A. n=8; *P < 0.05 **P < 0.01, P values determined a one-way test with Tukey post-hoc analysis).



Analysis of IFN-γ, IL-17 and IL-10 supernatant levels from 5-day melanoma patient derived PBMC cell cultures (Figure 6 and Supplementary Figure 2), revealed relatively modest differences in IFN-γ supernatant increases between treatments, with significant increases in levels observed only with both anti-sCTLA-4 mAbs JMW-3B3 and 73-B1 anti-sCTLA-4 clones stimulated significant increases in IFN-γ compared with ipilimumab at low levels of anti-CD3 mAb (0.02 μg/mL) stimulation. No other significant differences were detected.

Differences in supernatant levels of IL-17 were more apparent, with selective blockade of sCTLA-4 by antibody clone 73-B1 significantly increasing levels of IL-17 at every anti-CD3 mAb dose. An interesting observation here, was that significant differences between 73-B1 and ipilimumab arose because of increases in IL-17 in 73-B1 treated cultures but also decreases in ipilimumab treated cultures. No differences in IL-10 levels were detected in any of these treatments (Supplementary Figure 2).

Analysis of healthy donor PBMC responses also identified anti-sCTLA-4 clone 73-B1 to generate significant increases in IFN-γ and IL-17 supernatant levels in anti-CD3 mAb stimulated cultures compared with ipilimumab or isotype antibody (Figure 7). At higher anti-CD3 mAb doses, anti-sCTLA-4 clone JMW-3B3 also enhanced IL-17 but not IFN-γ levels compared with ipilimumab (Figure 7). Once again there were no effects on IL-10 levels by either pan-CTLA-4 or sCTLA-4 selective antibody blockade (Supplementary Figure 2). The increases in cytokine production from the healthy donor volunteer cohort were very similar to those identified previously (37).




Discussion

Having previously identified the soluble isoform of CTLA-4 as a candidate regulatory molecule capable of suppressing antigen specific effector T cell responses (36), we demonstrate here for the first time a novel mechanism based specifically on the TGFβ2 isoform that drives sCTLA-4 to be produced at high levels in human patients with melanoma and which we propose is used as a tumor immune evasion strategy. We provide further evidence that sCTLA-4 contributes to immune regulation through T cell suppression with efficacy similar to that of the artificial soluble form of CTLA-4, CTLA4-Ig and selective blockade of sCTLA-4 also enhanced culture supernatant levels of both IFN-γ and IL-17A effector cytokines in anti-CD3 activated PBMC from volunteer melanoma patients.

Although it is clear that CTLA-4 blockade can induce anti-tumor immunity with increased tumor infiltration of cytotoxic effector T cells, most studies do not account for any potential immunoregulatory contribution from the soluble isoform of CTLA-4. Is this second secretory isoform really of no consequence at all to immune regulation or indeed immunotherapy? Generally, sCTLA-4 is produced by resting immune cells including CD8+ T cells, regulatory T cells, monocytes and B cells, but is also secreted by some non-immune cells, notably pituitary gland cells (41) and cancer cells (42). Recent work identified sCTLA-4 to be differentially expressed by thirty different cancer types building upon seminal observations of sCTLA-4 expression in melanoma and mesothelioma (28–30). Previous studies have indicated that sCTLA-4 is immunosuppressive, so to examine this more carefully, we produced recombinant human sCTLA-4 and incubated it with healthy donor PBMC stimulated with anti-CD3 mAb or Jurkat T cells stimulated with PHA-L and B7.1-Ig or B7.2-Ig. We demonstrated that sCTLA-4 was immunosuppressive and capable of inhibiting CD4+ and CD8+ T cell proliferation and cytokine secretion in vitro, partially reversible by selective antibody blockade. Further, sCTLA-4 blockade also increased cell surface levels of CD80/86 on CD11c+ APC stimulated with LPS although it remains uncertain whether that arises from an increase in expression levels or is simply an effect of removing sCTLA-4 to allow free display of more CD80/CD86 receptors. In these studies, the immunosuppressive potential of sCTLA-4 approached that of CTLA4-Ig, the dimeric fusion protein, which has proven clinically useful for the treatment of rheumatoid arthritis. The CTLA-4 receptor has relatively high affinity for its B7 ligands largely because it forms a functional homo-dimeric complex resulting from a disulphide bridge between cysteine residues at position 127. This residue is lost in sCTLA-4, which has led to the notion that sCTLA-4 is monomeric and therefore deprived of the potent immunosuppressive qualities of its dimeric receptor counterpart and indeed recombinant CTLA4-Ig, which is also dimeric. However, recent data suggest a novel mechanism, in which sCTLA-4 binds to the RGMB receptor enhancing both sCTLA-4 engagement with B7 ligands and its immunosuppressive action thus potentially explaining its capacity for immunosuppression (30).

An interesting corollary to this work was the observation that antibody blockade of the CTLA-4 receptor in both CD4+ and CD8+ T cells stimulated with anti-CD3 mAb, suppressed phosphorylation levels of the key T cell signalling intermediates ZAP-70 and Slp76 implying that crosslinking of CTLA-4 by antibody can to some extent at least reduce the activational capacity of individual effector T cells. This probably explains explain some of the inhibitory effects of anti-CTLA-4 antibody blockade originally observed during characterisation of CTLA-4 function (43). Antibodies that selectively target sCTLA-4 are in effect, functionally exempted from having this inhibitory capacity, because they do not bind to CTLA-4 on cells.

Previously, we identified regulatory T cells to express relatively high amounts of sCTLA-4 and set about investigating whether or not TGFβ plays a role in increasing levels of sCTLA-4. Initially our data were mixed with no clear evidence that TGFβ1 consistently contributed to induction in human T cells. Serum levels, however, of a second isoform, TGFβ2, have previously been demonstrated to correlate with disease progression from primary lesions to malignant distal metastasis (44). TGFβ2 was originally isolated from a glioblastoma cell line as Glioblastoma-derived T-cell suppressor factor (G-TSF) and since then several cancers including melanoma, have been found to secrete increased amounts of this immunosuppressive cytokine (32). Our study confirmed significantly higher serum levels of both TGFβ1 and TGFβ2 within the melanoma patient cohort, while analysis of lupus patient sera from a previous study identified high levels of TGFβ1 but little TGFβ2 compared with healthy donor sera. The correlation of sCTLA-4 with TGFβ2 serum levels exclusively in melanoma patient sera was surprising and immediately raised the notion of a potential new mechanism of immune cell evasion. This idea was supported by our data showing that a TGFβ2 based induction protocol did indeed drive both CD4+ and CD8+ T cells to produce significantly high culture supernatant levels of sCTLA-4 in both humans and mice. Collectively, these observations raise the notion that in melanoma, tumor cells can modulate sCTLA-4 production by T cells, perhaps as a mechanism of immune evasion. Our analysis of sCTLA-4 in the lupus patient cohort indicates that increased sCTLA-4 production is not, however, exclusively dependent on TGFβ2 but may be associated particularly with cancers known to secrete high levels of the TGFβ2 isoform. It is now essential that levels of both TGFβ2 and sCTLA-4 are assessed in other cancers associated with increased TGFβ2 levels, especially those that have previously been identified as “cold” tumor types (45).

We also examined whether or not selective anti-sCTLA-4 antibody blockade of sCTLA-4 influenced immune response intensity following stimulation of PBMC with increasing levels of stimulatory anti-CD3 mAb in patients suffering melanoma. Previously, we identified selective blockade of sCTLA-4 to enhance IL-17 and IFN-γ effector cytokine supernatant levels of healthy donor PBMC stimulated with recall antigens or anti-CD3 mAb (36). In a large cohort of lupus patients, however, we could not detect this cytokine enhancement (37). In this study, once again PBMC from the healthy donor cohort responded to sCTLA-4 antibody blockade as before by producing significantly increased levels of both IFN-γ and IL-17, whereas PBMC from the melanoma patient cohort was slightly less responsive to sCTLA-4 blockade with regard to IFN-γ but not IL-17. The increased effects of sCTLA-4 blockade by anti-sCTLA-4 clone 73-B1, particularly of IL-17, and to a lesser extent, IFN-γ, compared with ipilimumab arises partially because blockade with ipilimumab decreases cytokine levels slightly. This may point to a cross-linking effect in which anti-CTLA-4 antibodies rather than blocking CTLA-4 mediated inhibition, deliver an agonist inhibitory signal to the cytokine secreting effector T cell (see Figure 2), but this has not been confirmed. This does, however, need to be evaluated in more detail. It is likely that there are other immunosuppressive elements, e.g., IL-10 or TGFβ or PD-1 mediated inhibitory activity, influencing immune response intensity in melanoma patients. Another aspect that is being actively pursued is whether sCTLA-4 selectively inhibits the secretion of individual cytokines, or if it has general immunosuppressive effects like recombinant soluble CTLA4-Ig. Serum from patients with high levels of sCTLA-4 was immunosuppressive to healthy donor PBMC responses and was partially but not completely reversed by anti-sCTLA-4 blockade, supporting the notion that other soluble immunosuppressive factors are at play (data not shown).

Together, the data here support a role for sCTLA-4 in cancer immunoregulation, which is almost certain to influence current therapeutic approaches based on anti-CTLA-4 antibodies. Indeed, sCTLA-4 may itself form a therapeutic target.
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Background

MAP2K1/2 genes are mutated in approximately 8% of melanoma patients; however, the impact of MAP2K1/2 gene alterations on the efficiency of immunotherapy has not been clarified. This study focused on the correlation between MAP2K1/2 gene mutations and the treatment response.



Methods

Six metastatic melanoma clinical cohorts treated with immune checkpoint inhibitors [anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) or anti-programmed cell death-1 (PD-1)] were recruited in this study. RNA expression profiling results from each of these six cohorts and the Cancer Genome Atlas (TCGA) melanoma cohort were analysed to explore the mechanism related to immune activation.



Results

Compared to patients with wild-type MAP2K1/2, those with MAP2K1/2 mutations in an independent anti-CTLA-4-treated cohort had higher objective response rates, longer progression-free survival, and longer overall survival (OS). These findings were further validated in a pooled anti-CTLA-4-treated cohort in terms of the OS. However, there was no correlation between MAP2K1/2 mutations and OS in the anti-PD-1-treated cohort. Subgroup Cox regression analysis suggested that patients with MAP2K1/2 mutations received fewer benefits from anti-PD-1 monotherapy than from anti-CTLA-4 treatment. Furthermore, transcriptome profiling analysis revealed that melanoma tumours with MAP2K mutation was enriched in CD8+ T cells, B cells, and neutrophil cells, also expressed high levels of CD33 and IL10, implying a potential mechanism underlying the benefit of melanoma patients with MAP2K1/2 mutations from anti-CTLA-4 treatment.



Conclusions

MAP2K1/2 mutations were identified as an independent predictive factor for anti-CTLA-4 therapy in melanoma patients. Anti-CTLA-4 treatment might be more effective than anti-PD-1 therapy for patients with MAP2K1/2-mutated melanoma.
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Background

Treatment with immune checkpoint inhibitors (ICIs), including antibodies targeting cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell death-1/programmed cell death ligand 1 (PD-1/PD-L1), is becoming a novel therapeutic paradigm for melanomas (1). Ipilimumab, an anti-CTLA-4 monoclonal antibody, has been found to significantly improve overall survival (OS) and progression-free survival (PFS) and increase the long-term survival rate of patients with advanced melanoma (2, 3). Compared to ipilimumab, second-generation ICIs targeting PD-1, namely nivolumab and pembrolizumab, have also been reported to induce an increased response rate, OS, and PFS, with superior toxicity profiles (4, 5). Moreover, ICIs are the standard of care in the systemic treatment of metastatic or unresectable melanomas (6).

Although ICIs significantly increase the survival of melanoma patients, only a subset of patients can benefit from the therapy, and the related mechanisms are still not fully understood. Therefore, the identification of biomarkers to select patients who will be more responsive to ICIs is of utmost importance. Several genomic features, such as high mutational load, high neoantigen load, and tumour clonality have been found to be predictive of a favourable response to anti-CTLA-4 therapy in melanoma patients (7, 8). In addition, it has been reported that aberrations of individual genes, such as SERPINB3/SERPINB4, NRAS, and TP53, are associated with the response to anti-CTLA-4 therapy (9–11). Either high PD-L1 expression or high tumour mutational burden (TMB) has also been recognized as predictors of the effectiveness of anti-PD-1 blockade in melanomas and other solid tumours (12, 13).

The status of driver mutations may also influence the response to ICIs. For example, NRAS-mutated melanoma is a distinct subtype in approximately 5%–20% of patients with melanomas and appears to have a poor prognosis (12, 13). In a retrospective analysis, compared to melanoma patients with wild-type NRAS, those with NRAS mutations were found to have higher objective response rates and prolonged stable disease in response to ICIs (11). NRAS encodes N-Ras, which is a component of the Ras/Raf/MEK/ERK signalling cascade (14). This cascade, also known as the Ras/MAPK signalling cascade, plays an important role in the pathogenesis of melanoma (15). MEK is one of the kinases involved in the Ras/MAPK signalling cascade. Moreover, the encoding genes MAP2K1 and MAP2K2 (MAP2K1/2) are frequently mutated in melanoma, with a frequency of approximately 8% of cases (16, 17). The occurrence of MAP2K1/2 mutations was identified as a mechanism related to BRAF inhibitor resistance in melanoma (18). To date, there are no reports on effective small molecule inhibitors targeting MAP2K1/2 in melanoma. It is also unclear whether mutations in these genes influence the efficacy of immunotherapy.

Preclinical studies have revealed that treatment with MEK inhibitors might improve the sensitivity of immunotherapy in melanoma. MEK inhibition in a melanoma cell line was found to increase the antigen levels, which might potentiate anti-tumour T-cell immunity (19). Moreover, MEK inhibition may reduce the number of Bregs while sparing anti-tumour B-cell function, thereby enhancing anti-tumour immunity (20). In mouse models, MEK inhibitors were found to inhibit tumour growth via increasing the number of intertumoral effector-phenotype CD8+ T cells, and combination therapy with both MEK inhibitors and anti-PD-L1 agents exhibited a synergistic effect on antitumor growth (21).

In this study, through analysis of the sequencing and survival data for several public cohorts with metastatic melanoma, we investigated the association between MAP2K1/2 mutations and the response to anti-CLTA-4 and anti-PD-1 immunotherapies. The influence of MAP2K1/2 mutations on the expression of immunity-related genes was also evaluated by analysing the RNA expression profile data collected from these cohorts and from the Cancer Genome Atlas (TCGA) melanoma cohort. Our aim is to clarify the impact of MAP2K1/2 gene alterations on the efficiency of immunotherapies and to provide guidance for treatment decision-making in MAP2K1/2-mutated melanomas.



Methods


Eligible Literature Search

We performed a systematic computerized search of the MEDLINE (PubMed) database and the Embases database up to November 1, 2020. The search terms were as follows: (Melanomas [MeSH] OR “metastatic melanomas” [Title/Abstract]) AND (“PD-1 blockade”[Title/Abstract] OR “PD-L1 blockade” [Title/Abstract] OR “CTLA‐4 blockade” [Title/Abstract] OR “immune checkpoint inhibitor” [Title/Abstract] OR “immune checkpoint inhibitors” [Title/Abstract] OR “ICI” [Title/Abstract] OR “ICIs” [Title/Abstract] OR “immune checkpoint blockade” [Title/Abstract] OR “immune checkpoint blockades” [Title/Abstract] OR “ICB” [Title/Abstract] OR “ICBs” [Title/Abstract]). Studies with eligible next-generation sequencing data were identified by hand and included if they met the criteria: (a) Clinical trials or study cohorts treated with ICIs; (b) Clinical outcomes of patients were available; (c) The number of evaluable patients was more than 30. We found six cohort studies of metastatic melanoma, specifically the Allen (8), Snyder (7), Hugo (22), and Liu (23) cohorts, and two metastatic pan-cancer cohorts comprising patients with melanoma, namely the Miao (24) and Samstein (25) cohorts.



Study Design and Data Acquisition

In this study, missense, nonsense, and frame-shift mutations in both MAP2K1 and MAP2K2 genes were defined as MAP2K1/2 mutations.

In total, data for 753 melanoma patients were included in our study. Notably, melanoma patients treated with sequential CTLA-4 and PD-1 blockades were excluded from this study. First, we determined the predictive value for CTLA-4 monotherapy of MAP2K1/2 mutations in the Allen cohort and validated this predictive value in a CTLA-4-monotherapy-pooled cohort comprising 239 melanoma samples from the Snyder, Miao, and Samstein cohorts. Thereafter, we explored the impact of MAP2K1/2 mutations on OS in a PD-1-monotherapy-pooled cohort consisting of 285 melanoma samples from the Hugo, Liu, Miao, and Samstein cohorts. The TCGA-skin cutaneous melanoma (SKCM) cohort without ICI treatment (n = 455) and with chemotherapy (n = 73) was analysed to assess the prognostic value of MAP2K1/2 (Figure S1).

Data accessibility: data for whole-exome sequencing (WES), copy number alterations (CNAs), gene expression, and clinicopathologic information were collected from the Allen, Snyder, Hugo, and TCGA-SKCM cohorts. Data for targeted-sequencing and OS were obtained from the Samstein cohort using the cBioPortal database. Data for the Liu and Miao cohorts were taken from previous publications.



Evaluation of Clinical Response

In evaluating the clinical response, responders were defined as melanoma patients with different degrees of clinical responses to immunotherapy, characterized as complete response (CR), partial response (PR), or stable disease (SD). Non-responders were defined as those patients with disease progression (PD) following immunotherapy.



Transcriptome Data Normalization and Processing

The transcriptome data were interpreted as fragments per kilobase million mapped reads (FPKM). To compensate for RNA-seq counts within and between samples, the FPKM for every gene was transformed into transcripts per kilobase million (TPM) values by dividing by the sum of FPKM in each sample. The immune filtration cells scores were estimated with the TIMER2.0 website tool using TPM data.



Statistical Analysis

In this study, all data analysis and graphic plotting were performed using the R software (v.3.6.3). Kaplan–Meier curves (log-rank test) of OS were plotted to compare survival outcomes between different subgroups. The proportion of death events of the patients in MAP2K1/2-mutated group and MAP2K1/2-wild-type groups was defined as risk ratio (RR). Pooled analysis was performed using the DerSimonian–Laird random-effects model to compare the RR with 95% of confidence intervals (CI) The degree of heterogeneity between cohorts was assessed via the I2 index. No significant heterogeneity was defined as I2 < 50% and P >0.1. Univariate and multivariate Cox proportional hazard regression analyses were performed to quantify the hazard ratio (HR) of various characteristics. Fisher’s exact tests were used to determine if there were non-random associations between categorical variables. The Wilcoxon–Mann–Whitney test was used to compare the differences in discrete ordinal data between two independent groups.




Results


MAP2K1/2 Mutations as a Biomarker to Predict Favourable Response to Anti-CTLA-4 Therapy and Survival in Metastatic Melanoma

Data analysis was performed using a cohort of 110 patients (Van Allen cohort) with metastatic melanoma treated with ipilimumab. The characteristics of the patients are summarized in Table S1. Seven patients (6.36%) in this cohort harboured MAP2K1 or MAP2K2 mutations and had longer OS (49.2 months vs 8.3 months; HR = 0.2; 95% confidence interval (CI), 0.05–0.83; p = 0.0262; Figure 1A) and PFS (19.4 months vs 2.8 months; HR = 0.37; 95% CI, 0.15–0.91; p = 0.0307; Figure 1B) than those with wild-type MAP2K1/2. Moreover, MAP2K1/2 mutations were more frequent in responders (17.6% vs 1.3%; p = 0.0185; Figure 1C). In univariate analyses, three factors, namely MAP2K1/2 mutations, tumour stage (stage 4 vs stage 3), and the presence of lactate dehydrogenase (LDH; 1 vs 0), were found to be associated with immunotherapeutic OS and PFS (Table 1). Furthermore, in the multivariable Cox proportional hazards regression model adjusted by tumour stage, LDH, and MAP2K1/2 mutations, these three factors were still significantly associated with OS (HR = 0.24; 95% CI, 0.059–0.99; p = 0.048; Table 1) and PFS (HR = 0.39; 95% CI, 0.16–0.99; p = 0.048; Table 1). The results suggested that MAP2K1/2 mutations might be an independent predictor for a favourable clinical response to anti-CTLA4 therapy in patients with melanoma.




Figure 1 | Effect of MAP2K1/2 gene mutations on treatment response in anti-CTLA-4 and non-immunotherapy-treated melanoma. Kaplan-Meier analyses of overall survival (OS) (A), progression-free survival (PFS) (B), and disease-control rate (C) in the anti-CTLA-4-treated discovery cohort. Kaplan-Meier analyses of overall survival (OS) (D) in the anti-CTLA-4-treated validation cohort. Pooled estimates of OS in four anti-CTLA-4-treated cohorts (E). Subgroup Cox analysis of OS in pooled anti-CTLA-4-treated cohorts among patients with and without MAP2K1/2 gene mutations (F). Kaplan-Meier analyses of OS in TCGA melanoma cohort (G) and TCGA chemotherapy-treated cohort (H).




Table 1 | (a) Hazard ratio (HR) for OS via univariate and multivariate analyses in discovery cohort.




Table 1 | (b) Hazard ratio (HR) for PFS via univariate and multivariate analyses in discovery cohort.



To validate the predictive value of MAP2K1/2 mutations for the efficacy of anti-CTLA4 therapy in melanoma, data analysis was also performed using a pooled cohort, which was a combination of three metastatic melanoma cohorts treated with ipilimumab (Miao, Samstein, and Snyder) (Table S1). This pooled cohort contained 239 patients, among which 24 patients (10%) harboured MAP2K1 or MAP2K2 mutations. According to the data analysis results, MAP2K1/2 mutations were significantly correlated with longer OS in this pooled cohort (49.3 months vs 22.0 months; HR = 0.44; 95% CI, 0.22–0.91; p = 0.0255; Figure 1D) compared to the group with wild-type MAP2K1/2. The meta-analysis also demonstrated that the group with MAP2K1/2 mutations exhibited a significantly reduced risk of death, as compared to the group with wild-type MAP2K1/2 (fixed effects model; relative risk (RR) = 0.43; 95% CI, 0.24–0.77; Figure 1E). No substantial heterogeneity was observed across studies (p = 0.55, Figure 1E), indicating the conclusion was consistent, from data analysis between different cohorts to the association between MAP2K1/2 mutations and the favourable clinical response to anti-CTLA-4 therapy. Further data analysis using a pooled cohort consisting of four cohorts also confirmed that MAP2K1/2 mutations are a predictive factor for superior OS in most subgroups with diverse clinical and molecular characteristics (Figure 1F).

To clarify whether MAP2K1/2 mutations are a predictive or prognostic biomarker, analysis of the data obtained from the TCGA database was performed, based on the MAP2K1/2 mutational status of melanoma patients. No significant difference in OS was observed between the groups with mutated and wild-type MAP2K1/2 in the total population (HR = 0.7; 95% CI, 0.41–1.17; p = 0.1747; Figure 1G) as well as in the chemotherapy population (HR = 1, 95% CI, 0.39–2.53; p = 0.99; Figure 1H). Taken together, these results suggested that MAP2K1/2 gene mutations are a predictor for a favourable clinical response to anti-CTLA-4 therapy in metastatic melanoma rather than a prognostic factor for melanoma.



MAP2K1/2 Mutations Were Not Associated With the Clinical Benefits of Anti-PD-1/L1 Therapy for Metastatic Melanoma

Anti-PD-1 therapy with second-generation ICIs can prolong both PFS and OS in metastatic melanoma patients, with less high-grade toxicity than ipilimumab. To investigate whether MAP2K1/2 mutations are also associated with a favourable clinical response to anti-PD-1/L1 therapy, we performed data analysis using a pooled cohort consisting of three public cohorts of 253 metastatic melanoma patients treated with anti-PD-1 agents (Table S1). Overall, 22 patients (8.7%) harboured MAP2K1/2 mutations in this pooled cohort. The results showed that there was no significant difference in OS between mutated and wild-type MAP2K1/2 groups (27.0 months vs 32.0 months; HR = 1.31; 95% CI, 0.68–2.53; p = 0.4151; Figure 2A). The meta-analysis showed that the risk of death was not reduced in the MAP2K1/2-mutated group as compared to the wild-type MAP2K1/2 group (fixed effects model; RR = 1.13; 95% CI, 0.7–1.84; Figure 2B). Moreover, subgroup analysis indicated that MAP2K1/2 mutations were not a predictor of OS in any subgroup (Figure 2C). These results revealed that MAP2K1/2 gene mutations are not associated with the clinical benefits of anti-PD-1/L1 therapy for metastatic melanoma. Therefore, the predictive value of MAP2K1/2 mutation in metastatic melanoma might be specific to anti-CTLA-4 therapy, rather than anti-PD-1/L1 therapy.




Figure 2 | Effect of MAP2K1/2 gene mutations on treatment response in anti-PD-1-treated melanoma. Kaplan-Meier analyses of overall survival (OS) in the anti-PD-1-treated cohort (A). Pooled estimates of OS in three anti-PD-1-treated cohorts (B). Subgroup Cox analysis of OS in pooled anti-PD-1 treated cohorts among patients with and without MAP2K1/2 gene mutations (C).





Mutation Status of MAP2K1/2 Gene May Influence Systemic Treatment Options in Metastatic Melanoma

In this study, the clinical benefits (OS) of anti-CTLA-4 and anti-PD-1 therapies in patients with MAP2K1/2-mutated melanoma were compared in a pooled cohort comprising a combination of six cohorts. Analysis results showed that in the total population, the association of OS with anti-PD-1 therapy was superior to the association with anti-CLTA-4 therapy (median OS, 32.0 months vs 19.2 months; HR = 0.67; 95% CI, 0.53–0.85; p = 0.0009; Figure 3A), consistent with the results of a previous study (5). However, patients harbouring MAP2K1/2 mutations treated with anti-PD-1 monotherapy had significantly poorer OS than those treated with anti-CTLA-4 monotherapy (median OS, 27.0 months vs 49.3 months; HR = 3.26; 95% CI, 1.18–9.02; p = 0.0225; Figure 3B). The difference in OS between the two immunotherapies could be attributed to the remarkably improved survival rate in the MAP2K1/2-mutated group treated with anti-CTLA-4 therapy. Subgroup analysis also revealed that the MAP2K1/2-mutated group was more likely to obtain clinical benefits from anti-CTLA-4 monotherapy, as compared to anti-PD-1 monotherapy (HR = 0.31; 95% CI, 0.11−0.85; Figure 3C), suggesting that for MAP2K1/2-mutated melanomas, the efficacy of anti-CTLA-4 therapy might be superior to that of anti-PD-1 therapy.




Figure 3 | Difference in overall survival between melanoma patients receiving anti-CTLA-4 or anti-PD-1 monotherapy. Kaplan-Meier analyses of overall survival (OS) in overall population (A) and MAP2K1/2-mutated subgroup (B) in the combined cohort of anti-CTLA-4 and anti-PD-1-treated patients. Subgroup Cox analysis of OS among patients receiving anti-CTLA-4 or anti-PD-1 monotherapy (C).





Immunological Microenvironment of MAP2K1/2-Mutated Melanoma

To evaluate the impact of MAP2K1/2 mutations on the transcription of immunity-related genes in melanoma, we integrated and analysed the gene expression data for patients from four clinical cohorts and the TCGA-SKCM cohort. To investigate the status of immune cell infiltration in melanoma patients treated with immunotherapies, TIMER2.0, a comprehensive resource for systematic analysis of immune infiltrates across diverse cancer types, was used to analyse the gene expression data of MAP2K1/2-mutated melanoma. Analysis results revealed that MAP2K1/2-mutated melanoma exhibited significantly increased densities of B cells (p = 0.015), CD8+ T cells (p = 0.024), and neutrophils (p = 0.03) and a numerically higher level of myeloid dendritic cells (p = 0.089) compared to those in their wild-type counterparts, implying that melanoma patients with MAP2K1/2 mutations have a favourable microenvironment for tumoral development (Figure 4A). However, there is no difference in macrophages or CD4+ T cells between MAP2K1/2-mutated and wild-type melanomas (Figure 4A). Interestingly, the gene expression levels of CD33, a marker of myeloid-derived suppressor cells (MDSCs), and IL-10, which is mainly secreted by regulatory T cells (Tregs), were higher in MAP2K1/2-mutated melanoma, compared to those in wild-type melanoma (Figure 4B). Moreover, MDSCs and Tregs were reported to be associated with resistance to the PD-1 blockade (26, 27), consistent with the poor prognosis of patients with MAP2K1/2-mutated melanoma who received anti-PD-1 therapy. TMB analysis also revealed that melanoma patients harbouring MAP2K1/2 mutations have a higher level of TMB (Figure 4C). Moreover, except for immunity-related genes, a total of 55 significantly differentially expressed genes were found between MAP2K1/2-mutated and wild-type melanoma in clinical cohort (Table S2), which might be associated with reshape of immunological microenvironment caused by MAPK mutation.




Figure 4 | Immunological microenvironment of MAP2K1/2-mutated melanoma. Boxplot comparing immune cell filtration between mutated and wild-type MAP2K1/2 subgroup in metastatic melanoma cohort (A), the expression of immune-related genes between the mutated and wild-type MAP2K1/2 subgroups in TCGA-SKCM cohort (B), and tumour mutational level between mutated and wild-type MAP2K1/2 subgroup in metastatic melanoma cohort (C).






Discussion

In recent years, immunotherapy has greatly improved the survival and quality of life for patients with melanoma, becoming one of the standard treatment regimens for metastatic or advanced melanoma. Although various molecules/antigens have been proposed as possible immunotherapy targets, only anti-CTLA4 antibody and anti-PD-1/L1 antibody are available for immunotherapy against melanoma in clinical practice. A large-scale phase III clinical trial (CheckMate 066) confirmed the efficacy of the anti-PD-1 antibody nivolumab in melanoma treatment. The results showed that nivolumab treatment was superior to standard chemotherapy as the first-line treatment with respect to the OS, PFS, and overall response rate. Later, another trial (Keynote-006) reported the superiority of pembrolizumab to ipilimumab. These studies laid the foundation for the approval of immunotherapy as the first-line treatment for melanoma by the Food and Drug Administration (FDA). Nevertheless, immunotherapy for melanoma treatment is still limited by the fact that only a portion of patients receive the clinical benefits of immunotherapy. For patients who do not respond to immunotherapy, this issue may lead to unnecessary costs (a heavy financial burden for the family) and loss of a valuable period for tumour treatment. Therefore, the identification of biomarkers for predicting the efficacy of immunotherapy would be of great importance.

Among potential biomarkers, CTLA-4 and PD-1 are the leading targets of ICIs in cancer immunotherapy. Previous studies have shown that CTLA-4 and PD-1 have distinct signalling pathways related to the different action mechanisms of immunotherapy (28). Anti-CTLA-4 therapy primarily interferes with the feedback mechanism to improve the proliferation and activation of more T cells, while anti-PD-1 treatment is assumed to attenuate the tumour-induced immunosuppression (29). Retrospective studies have identified different biomarkers that can predict the efficacy of anti-CTLA-4 or anti-PD-1 therapy. For example, loss of major histocompatibility complex (MHC) class I expression is a predictor of resistance to anti-CTLA-4 but not to anti-PD-1 therapy. In contrast, the expression of MHC class II, which is associated with interferon-γ-related signatures, can predict the treatment response to anti-PD-1 therapy, rather than anti-CTLA-4 therapy (23, 28, 30). To further identify more novel predictive biomarkers, we performed data analysis using several public cohorts and found that MAP2K1/2 mutations might be a potential predictor for the clinical benefits of anti-CTLA-4 therapy in advanced melanomas. Our study revealed that patients with MAP2K1/2 mutations had longer PFS and OS than their counterparts without mutations when both groups of patients received ipilimumab treatment. However, the predictive value of MAP2K1/2 mutations is specific to anti-CTLA-4 therapy, rather than anti-PD-1 treatment, because no difference in the survival rate was observed between patients with MAP2K1/2 mutations and their wild-type counterparts after anti-PD-1 treatment. Based on these observations, we investigated the possibility that the difference in clinical benefits between anti-PD-1/L1 and anti-CTLA-4 therapies in patients with MAP2K1/2-mutated melanoma can be used as a biomarker for the selection of the appropriate immunotherapy drug. According to this proposed hypothesis, further data analysis was conducted to compare the efficacy of anti-PD-1/L1 and anti-CTLA-4 therapies in patients with MAP2K1/2-mutated melanoma. Our results indicated that patients with MAP2K1/2-mutated melanoma who received anti-CTLA-4 therapy had better OS. In other words, anti-CTLA-4 therapy was superior to anti-PD-1/L1 therapy for patients with MAP2K1/2-mutated melanoma.

Compared with other proposed efficacy indicators of immunotherapy, such as TMB, microsatellite instability (MSI), and PD-L1 expression, the use of MAP2K1/2 gene mutations as a qualitative biomarker could avoid the dilemma of setting cut-off values. In addition, MAP2K1/2 mutations can be detected in peripheral blood ctDNA, providing a non-invasive approach to identify patients who may receive the benefits of ICI treatment.

In addition, we explored the mechanism underlying the predictive role of MAP2K1/2 in the clinical response to ICIs. TMB, defined as the number of somatic mutations per megabase of interrogated genomic sequences, is considered to be related to the outcome of ICI treatment across multiple tumour types (31–33), though the exact mechanism remaining controversial (34). We found that MAP2K1/2-mutated melanomas exhibited higher TMB levels than MAP2K1/2-wild-type melanomas. This phenomenon could be associated with the predictive effect of TMB on anti-CTLA-4 monotherapy, which was previously reported (7). In addition, we observed an increase in B cells, CD8+ T cells, and neutrophils in MAP2K1/2-mutated melanomas, as compared to MAP2K1/2-wild-type melanomas. Like dendritic cells, B cells can internalize antigens and deliver antigenic peptides to T-cell receptors (35). A previous study showed that high expression of immune cell-derived gene expression signatures in B cells is associated with better response to the anti-CTLA-4 antibody (36). Additionally, the number of MDSCs and Tregs is increased in MAP2K1/2-mutated melanomas. MDSCs are involved in immunosuppression via suppressing the functions of T-cells and natural killer-cells (27). It has been reported that MDSCs can induce the expansion of Tregs and reduce the anti-tumour activity of effector T cells (37), while Tregs can regulate immunosuppression by secreting cytokines, such as IL10, IL35, and TGF-β, thereby suppressing the effector T-cell response. These processes might account for the superiority of anti-CTLA-4 therapy over anti-PD-1 therapy in MAP2K1/2-mutated melanomas. Contrary to our expectations, there was no difference in the expression of MHC class I and II molecules between the MAP2K1/2-mutated and MAP2K1/2-wild-type groups (Figures S2, S3). For 55 significantly differentially expressed genes between MAP2K1/2-mutated and wild-type melanoma in clinical cohort, 14 genes (SMAD9, LRP6, PCDH18, TP53BP2, KDM1A, PKLR, GALNT5, RASGRF2, CTSK, ZNF845, ZNF384, TEK, MTHFD1, TAX1BP1) were associated with the immunological microenvironment as previous reports. Interestingly, TP53BP2, one of the 14 genes, has been proved to activate CD4+ and CD8+ immune and negatively regulate the MAPK signaling pathway in triple-negative breast cancers (38). The impact of MAP2K1/2 gene mutations on the immunological microenvironment should be further assessed through in vitro or in vivo models. MAP2K1/2-mutated cases constitute approximately 8% of all melanoma patients, and the clinical studies of this population has been rarely reported. In fact, the inhibitory drugs of MAP2K1/2, more commonly called MEK inhibitors were identified to be effective in the treatment of melanomas. The combination of MEK inhibitor with BRAF inhibitor has become the standard of care for patients with BRAF-mutated melanoma (39–41). Moreover, in NRAS-mutated melanoma patients, binimetinib has shown its treatment efficacy and represents a treatment option after failure of immunotherapy (42). It has been reported that previous treatment with BRAFi with or without MEKi result in shorter survival in BRAF-mutated melanoma patients when treated with anti-PD-1 antibody (43). Nevertheless, the influence of previous targeted therapies on the therapeutic effect of immunotherapy in MAP2K1/2-mutated melanoma is unknown. Since no effective targeted therapeutic drugs have been reported against MAP2K1/2-mutated melanomas, ICIs are still considered as the preferred systemic treatment for these patients. To the best of our knowledge, the present manuscript is the first report on the investigation of the association between MAP2K1/2 mutations and the clinical response to ICIs. This study can also provide a guideline for making treatment decisions for patients with MAP2K1/2-mutated melanoma. With an innovation-based view, we suggest that for patients with MAP2K1/2-mutated melanoma, anti-CTLA-4 therapy might be more effective than anti-PD-1 monotherapy. Due to the lack of available data, we could not compare the differences in the efficacy of anti-CTLA-4 monotherapy and combination therapy involving both anti-CTLA-4 anti-PD-1 in patients with MAP2K1/2-mutated melanoma in this study. Because of the possibility that combination therapy may increase the incidence of grade 3–4 immune-related adverse events, it would be especially meaningful for patients with poor physical conditions if a comparison study is performed for benefit-risk assessment in ICIs to determine the optimal benefit/risk potential for patients.

There are still some limitations in this study. Because the ICI-treated cohorts included in this study came from several research centres, analysis of the data from the pooled-cohort might introduce biases due to differences in the ICI regimen, dose usage, and treatment cycle between institutions. Additionally, there was no specific limitation on the number of previous therapies used in the observed cohorts, which may cause heterogeneity in the survival time and might account for the OS benefit in the whole population not being as obvious as that reported in the phase III clinical trials, although the trend was consistent (44, 45). Because of the limited sample size and lack of molecular information, we could not match the baseline characteristics such as PD-L1 expression and microsatellite stability. Therefore, prospective studies are additionally required to confirm the findings of this study. Further studies are also needed to elucidate the mechanisms underlying the clinical benefits of anti-CTLA-4 therapy in MAP2K1/2-mutated melanoma.
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Background

Immune checkpoint inhibitor (ICI) therapy dramatically prolongs melanoma survival. Currently, the identified ICI markers are sometimes ineffective. The objective of this study was to identify novel determinants of ICI efficacy.



Methods

We comprehensively curated pretreatment somatic mutational profiles and clinical information from 631 melanoma patients who received blockade therapy of immune checkpoints (i.e., CTLA-4, PD-1/PD-L1, or a combination). Significantly mutated genes (SMGs), mutational signatures, and potential molecular subtypes were determined. Their association with ICI responses was assessed simultaneously.



Results

We identified 27 SMGs, including four novel SMGs (COL3A1, NRAS, NARS2, and DCC) that are associated with ICI efficacy and well-known driver genes. COL3A1 mutations were associated with improved ICI overall survival (hazard ratio (HR): 0.64, 95% CI: 0.45–0.91, p = 0.012), whereas immune resistance was observed in patients with NRAS mutations (HR: 1.42, 95% CI: 1.10–1.82, p = 0.006). The presence of the tobacco smoking-related signature was significantly correlated with inferior prognoses (HR: 1.42, 95% CI: 1.11–1.82, p = 0.005). In addition, the signature resembling that of alkylating agents and a newly discovered signature both exhibited extended prognoses (both HR < 1, p < 0.05). Based on the activities of the extracted 6 mutational signatures, we identified one immune subtype that was significantly associated with better ICI outcomes (HR: 0.44, 95% CI: 0.23–0.87, p = 0.017).



Conclusion

We uncovered several novel SMGs and re-annotated mutational signatures that are linked to immunotherapy response or resistance. In addition, an immune subtype was found to exhibit favorable prognoses. Further studies are required to validate these findings.
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Introduction

The blockade of cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed cell death-1 (PD-1), or its ligand PD-L1 with monoclonal antibodies (e.g., ipilimumab, pembrolizumab, or nivolumab) considerably prolongs the survival of patients with advanced or metastatic melanoma (1). The insight that inhibition of immune checkpoints can result in the reversion of inactivated T cells has dramatically changed cancer therapy patterns (2). Despite impressive durable clinical benefits, immune checkpoint inhibitors (ICIs) offer a long-term response only to a subset of patients with melanoma (3). Therefore, selecting among patients the subpopulation that will respond to ICI therapy remains a problem that needs to be urgently solved.

Initial clinical trials of anti-PD-1 showed that tumors expressing high PD-L1 levels were associated with benefits to treatment (4–6). However, further studies have reported that a greater proportion of responders were patients with negative PD-L1 expression (7–9). Neoantigens are computationally obtained based on somatic mutational profiles, and an elevated neoantigen burden (NB) has been shown to underlie the responses to ICI treatment. Tumor mutational burden (TMB) is consistently correlated with elevated benefits to ICI agents, initially in trials of melanoma and non-small cell lung cancer (NSCLC) (10–12). The association of high TMB with improved ICI response has also been observed in several other cancers (13–15). Nevertheless, TMB is an unstable indicator because it does not exhibit an association with the response in other cancers, such as renal cell cancer (16), Hodgkin’s lymphoma (17), and virally mediated Merkel-cell carcinoma (18). The above observations drive us to explore novel determinants of the benefits of checkpoint inhibition treatment.

Several recent studies have reported that mutations in single genes, such as POLE (19), POLD1 (19), PBRM1 (20), TTN (21), and MUC16 (22), were correlated with favorable ICI response or survival. Nevertheless, mutations in B2M, which stabilize intracellular peptides on the cell surface and play a vital role in antigen presentation, were demonstrated to be associated with acquired resistance to CTLA-4 and PD-1 inhibitors in melanoma (23). Similarly, JAK1 or JAK2 mutations have also been linked with primary or acquired resistance to anti-PD-1 therapy in advanced melanoma and colon carcinoma (24, 25).

Specific mutational signatures, which are characteristic patterns of mutation types produced by distinct mutation processes, have been shown to be associated with ICI response (2). Lung cancer patients harboring tobacco smoking-related mutational signatures exhibited a better clinical benefit than those without such signatures (12). Tumors with a durable anti-PD-1 response displayed an accumulation of a mutational signature correlated with apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) (26, 27). Moreover, melanoma patients who harbored ultraviolet light exposure-related mutational signatures were more likely to experience favorable responses when receiving immune checkpoint-based therapies (27). It will be of interest to explore whether other DNA-damaging mutational signatures are linked with immunotherapy responses and to uncover novel signatures that were not previously annotated in melanoma.

Immune molecular subtypes based on multi-omics data have recently been identified in melanoma (28–30). However, most of these identified subtypes are employed to predict tumor intrinsic prognoses and cannot be used to evaluate the therapeutic effect. Current immunotherapy studies of malignant melanoma are mostly focused on somatic mutation levels, and fewer studies included continuous data (e.g., gene expression profiles). Feasibly, potential molecular subtypes could be obtained by clustering the mutational signature activities extracted from mutational profiles (31), and a further selection of immune subtypes could be achieved by evaluating the association between distinct subgroups and immunotherapy efficacy.

We hypothesized that an expanded clinically annotated melanoma cohort could more effectively be used to detect significant correlations between pretreatment genomic features and ICI efficacy. Therefore, we curated pretreatment somatic data from melanoma samples treated with ICI agents. By integrating mutational profiles and clinicopathologic characteristics across 631 samples, we aimed to identify novel significantly mutated genes (SMGs) and potential immune subtypes that are associated with response or resistance to ICI treatment and to re-annotate the mutational signatures in the setting of immunotherapy.



Methods


Genomic Data and Clinical Information

A total of 333,968 pretreatment whole-exome sequencing non-synonymous somatic alterations in 631 melanoma patients treated with ICIs (i.e., anti-CTLA-4, anti-PD-1/PD-L1, or combined therapy) from eight previously published studies were collected (11, 25, 27, 32–36). Mutation types in this study included missense mutations, nonsense mutations, frameshift del/ins, in frame del/ins, and splice site mutations. All somatic mutations were uniformly re-annotated using the Oncotator (37). Gene expression profiles were curated in three of eight studies (33, 34, 36). Clinicopathologic characteristics including age, sex, ICI response status, follow-up information on overall survival (OS) and progression-free survival (PFS), and ICI types of the above eight studies are shown in Table S1. Of the aggregated 631 melanoma patients, 627 had data regarding OS times and status, and 390 had information on PFS times and status. Other available data for all patients are shown in Table S2. Objective response rates (ORRs) indicate the proportion of patients with complete response (CR) or partial response (PR) status. Disease control rates (DCRs) reflect the proportion of patients who achieve a non-progressive disease status (i.e., CR, PR, and stable disease [SD]).

A total of 313 ICI-treated melanoma samples, which are subjected to the Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) assay of a targeted 468-gene panel at Memorial Sloan Kettering Cancer Center (MSKCC), were also collected for specific validation (38). Detailed clinical characteristics are illustrated in Table S3. Clinical information and somatic mutational profiles of 457 melanoma samples from The Cancer Genome Atlas (TCGA) were downloaded from the Genome Data Commons (https://gdc.cancer.gov).



Identification of Significantly Mutated Genes

SMGs were identified using the MutSigCV algorithm against the hg19 genome (39). MutSigCV detects significantly enriched non-silent somatic alterations in one gene by considering the background mutation rate estimated through silent mutations. In addition to being statistically significant by this algorithm (q < 0.1), a putative SMG must meet the criterion of expressing in TCGA melanoma dataset (40). The mutational patterns of SMGs were visualized using the R package GenVisR (41).



Deciphering Mutational Signatures Operative in the Genome

The algorithm published by Kim et al. (42) was applied to detect mutational signatures in the integrated melanoma cohort. The core of this method is Bayesian variant non-negative matrix factorization (NMF), which can automatically calculate the optimal number of mutational signatures and eliminate manual inspection. Specifically, NMF was applied to decompose mutation portrait matrix A, which contained 96 base substitution classes with trinucleotide sequence patterns. Matrix A was factorized into two non-negative matrices W and H (i.e., A ≈ WH), where W indicates the extracted mutational signatures and H represents the mutation activities of each corresponding signature. The column of matrix A is the count of detected signatures, and rows represent the 96 base substitution types, which are the permutation and combination of six main mutational categories (i.e., C > A, C > G, C > T, T > A, T > C, and T > G) and their surrounding adjacent bases. The rows and columns of matrix H indicate the individual signatures and their corresponding mutational activities, respectively. All extracted mutational signatures were then compared with the 30 annotated signatures stored in the Catalogue of Somatic Mutations in Cancer (COSMIC; version 2) based on cosine similarity. The detected mutational signatures were defined as binary variables (i.e., yes and no) in survival analyses and multivariate Cox regression models according to the principle proposed by a recent study: a signature was supposed to exist in a sample if it contributed to greater than 100 substitutions or 25% of the total mutations (43).



Detection of Potential Molecular Subtypes

We employed consensus clustering to determine the potential molecular subtypes of the integrated melanoma patients. After obtaining the activities of extracted mutational signatures of all patients, we then used the partition around medoids (PAM) algorithm with the Euclidean distance metric and performed 500 bootstraps, each comprising 80% of patients in the aggregated cohort. The clustering number was explored from 2 to 10, and the optimal number was determined by evaluating the cluster consensus coefficient and consensus matrix. Consensus clustering analysis was conducted using the R package ConsensusClusterPlus (44).



Estimation of Tumor Infiltration Lymphocytes

The CIBERSORT algorithm was used to calculate the proportion of infiltrating immune cell subsets in tumors, which is an analytical tool that imputes gene expression profiles and provides an estimation of the abundance of 22 human hematopoietic cell phenotypes with 547 genes from the leukocyte gene signature matrix, termed LM22 (45). The 22 cell subsets include 7 T-cell types, naive and memory B cells, plasma cells, NK cells, and myeloid subsets, which exert distinct functionalities in antitumor immune responses.



Differential Analysis and Gene Set Enrichment Analysis

Differential expression of each gene in distinct subgroups was calculated using the R package limma (46) and edgeR (47). Especially, read counts of gene expression profiles were normalized using the calcNormFactors function in the package edgeR, and then as input to lmFit and eBayes functions in the limma package. The differential expression t statistics obtained from eBayes function were subsequently used to conduct gene set enrichment analysis (GSEA) implemented by R fgsea package (http://bioconductor.org/packages/release/bioc/html/fgsea.html). Cell signaling pathways and biological processes in the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) were utilized as background datasets. The false discovery rate (FDR) and normalized enrichment score (NES) were calculated based on 1 million permutations.



Association of Gene Mutations With Tumor Mutational Burden and Neoantigen Burden

Genome instability is markedly influenced by mutations in the genomic maintenance genes (48). Therefore, in addition to univariate analysis of the association of specific gene mutations with TMB and NB, multivariate logistic regression models with mutations in DNA damage repair genes (i.e., BRCA1/2, TP53, and POLE) and mismatch repair (MMR) genes (i.e., MLH1, MSH2, MSH6, and PMS2) taken into account were also conducted to control false positives. In this study, TMB was defined as the log2 transformation of total non-synonymous mutations per megabase. The neoantigen data of 340 melanoma patients were downloaded from The Cancer Immunome Atlas (TCIA; https://www.tcia.at/home).



Statistical Analyses

Statistical analyses were performed employing R software (version 4.0.1). A genomic overview of the aggregated melanoma cohort was achieved using the maftools package (49). The Kaplan–Meier survival analyses and multivariate Cox regression models implemented by survival and forest model packages, respectively, were used to evaluate the associations of SMG mutations, the presence of mutational signatures, and potential subtypes with survival outcomes. Furthermore, the log-rank test was applied to compare the significant differences between the survival curves. The correlation of continuous and categorical variables with specific binary factors was evaluated using Wilcoxon’s rank-sum test and Fisher’s exact test, respectively. A two-sided p-value of less than 0.05 was considered to be statistically significant.




Results


Pretreatment Genomic Features and Significantly Mutated Genes Linked With Immune Checkpoint Inhibitor Response

The integrated somatic mutational profiles and clinically annotated information of 631 melanoma patients derived from eight previously published ICI studies were obtained (Table S1). A genomic mutation overview of the aggregated cohort is shown in Figure S1. Among 631 ICI-treated tumors, 193 (30.6%) showed CR/PR, 89 (14.1%) SD, 341 (54.1%) PD, and four (0.6%) mixed response, and four (0.6%) were not evaluated. Overall, 324 (51.4%) patients were treated with anti-CTLA-4, 163 (25.8%) were treated with anti-PD-1/PD-L1, and 144 (22.8%) received combined therapy (i.e., anti-CTLA-4 plus anti-PD-1/PD-L1). The median ICI OS and PFS were 19.2 and 3.5 months, respectively.

We calculated the TMB of this integrated cohort and compared it with that of 33 cancer types in TCGA. Consistent with previous observations (2), melanoma and NSCLC were two cancers with the highest TMB (Figure S2). We treated TMB as a continuous variable to evaluate its association with ICI efficacy. The results demonstrated that elevated TMB was significantly correlated with improved ICI OS and PFS in multivariate Cox regression models (p < 0.001 and p = 0.065, respectively; Figures S3A, B). In addition, we observed that high TMB was more enriched in patients with better ICI efficacy (i.e., objective response and disease control) in univariate analysis (Wilcoxon’s rank-sum test, p < 0.001 and p = 0.003, respectively; Figures S3C, D) and multivariate logistic models (both p < 0.001; Figures S3E, F).

We employed the MutSigCV algorithm to detect SMGs. In total, 27 SMGs were identified, including well-known driver genes (e.g., BRAF, NF1, TP53, ARID2, PTEN, PPP6C, and DDX3X) and several novel genes (Figure 1 and Table S4). We then explored the associations of all identified SMGs with ICI OS, PFS, ORR, and DCR. We observed that numerous gene mutations exhibited a significant association with ICI efficacy (e.g., CFH, MKRN3, NF1, and THSD7B); nevertheless, the associations were not found to be significant by multivariate-adjusted analysis (Table S4). Finally, we identified four novel SMGs (COL3A1, NRAS, NARS2, and DCC), whose alterations were linked with ICI response or resistance (Table S4). The detailed mutational patterns of these four genes are shown in Figure S4. COL3A1 is a member of the fibrillar collagen family that functions in extensible connective tissues such as the skin, and alterations in COL3A1 have been demonstrated to be associated with melanoma metastasis. NRAS is an oncogene typically found in melanoma, and multiple targeted therapy agents have been developed for the treatment of NRAS-mutated melanoma. NARS2, mutated in 1.9% of the total patients, was found to be involved in the prognosis of neurodegenerative disorders (e.g., Alzheimer’s disease). The transmembrane protein DCC is a member of the immunoglobulin superfamily of cell adhesion molecules and functions as a tumor suppressor in several cancers, including melanoma.




Figure 1 | Mutational patterns of significantly mutated genes (SMGs) in melanoma. The left panel depicts the mutation rate of each SMG, the top panel represents non-synonymous mutation burden across integrated patients, the middle panel indicates mutational patterns of identified SMGs with distinct mutation types colored distinctly, and the bottom panel shows clinical characteristics such as age, gender, stage, therapy target, objective response status, and disease control status. SMGs associated with immune checkpoint inhibitor (ICI) efficacy are highlighted in bold.





COL3A1 Mutations Predictive of Improved Immune Checkpoint Inhibitor Survival

The Kaplan–Meier analysis indicated that patients with COL3A1 mutations showed a significantly improved ICI OS compared with patients without such mutations (median OS: 45.0 [95% CI, 34.5–NA] vs. 24.9 [95% CI, 21.5–28.2] months; log-rank test p < 0.001; Figure 2A). This association remained significant in the multivariate Cox regression model when age, sex, stage, therapy type, and TMB were taken into consideration (hazard ratio (HR): 0.64, 95% CI: 0.45–0.91, p = 0.012; Figure 2B). Consistently, an improved PFS was also observed in patients with COL3A1 mutations in survival analysis (median PFS: 11.43 [95% CI, 5.43–NA] vs. 4.47 [95% CI, 3.57–6.03] months; log-rank test p = 0.017; Figure 2C) and multivariate analysis (HR: 0.66, 95% CI: 0.44–0.99, p = 0.042; Figure 2D). We further explored the association of COL3A1 mutations with ICI ORR and DCR. The results suggested that COL3A1-mutated tumors exhibited an elevated ORR (42.9% vs. 28.4%; Fisher’s exact test p = 0.003; Figure 2E) and DCR (58.1% vs. 42.7%; Fisher’s exact test p = 0.004; Figure 2F), and marginal statistical significance was observed in the multivariate logistic regression model (p = 0.091 and 0.076, respectively; Figures S5A, B). The association of COL3A1 mutations with ICI survival in distinct ICI types was assessed. We found that COL3A1 mutations were associated with improved OS in anti-CTLA-4 and combined therapies (log-rank test p = 0.045 and 0.007, respectively; Figures S6A, C). In the anti-PD-1/PD-L1 therapy, a trend of better prognosis was observed in COL3A1-mutated patients, although it did not reach statistical significance (log-rank test p = 0.094; Figure S6B). COL3A1 mutation associations with ORR (Figures S6D–F) and DCR (Figures S6G–I) in the three ICI types were also evaluated and illustrated. Six of seven individual cohorts showed trends of improved OS of patients with COL3A1 mutations (Figure S7); the Zaretsky et al. cohort was not evaluated because it harbors only four melanoma patients. We evaluated the prognostic power of COL3A1 mutations in TCGA melanoma cohort. No significant associations were observed between COL3A1 mutations and OS (log-rank test p = 0.946, multivariate Cox p = 0.602; Figures S8A, B) and PFS (log-rank test p = 0.813, multivariate Cox p = 0.618; Figures S8C, D).




Figure 2 | Association of COL3A1 mutations with immune checkpoint inhibitor (ICI) survival outcome and response. Kaplan–Meier survival analyses and multivariate Cox regression models with confounding factors taken into account were conducted to evaluate the links of COL3A1 mutations with (A, B) overall survival (OS) and (C, D) progression-free survival (PFS). COL3A1 mutations are associated with (E) objective response rate (ORR) and (F) disease control rate (DCR).



We further investigated the possible mechanisms underlying the COL3A1 mutations. First, an enhanced TMB was observed in the COL3A1-mutated patients (Wilcoxon’s rank-sum test p < 0.001; Figure S9A). This link remained significant even after adjusting for mutations in BRCA1/2, TP53, POLE, and MMR genes (OR: 16.11, 95% CI: 8.23–35.46, p < 0.001; Figure S9B). Consistent results were also observed for NB in univariate analysis (Wilcoxon’s rank-sum test p < 0.001; Figure S9C) and multivariate logistic regression (OR: 4.94, 95% CI: 2.32–11.34, p < 0.001; Figure S9D). Second, immune cell infiltration analysis revealed that CD8 T cells, activated CD4 memory T cells, and resting NK cells infiltrated tumors of patients with COL3A1 mutations (Wilcoxon’s rank-sum test all p < 0.05; Figure S9E). Noticeably, COL3A1 mutant tumors exhibited increased infiltration of pro-inflammatory M1 macrophages (Wilcoxon’s rank-sum test p < 0.001; Figure S9E) and decreased infiltration of immune-suppressive M2 macrophages (Wilcoxon’s rank-sum test p = 0.011; Figure S9E). Third, GSEA results suggested that antigen processing and presentation-related pathways in KEGG and GO databases were enriched in patients with COL3A1 mutations (all FDR < 0.05; Figures S9F–J). Collectively, favorable genomic traits and the immune microenvironment may underlie the better ICI response of COL3A1 mutations.



NRAS, NARS2, and DCC Mutations Associated With Immune Checkpoint Inhibitor Efficacy

Patients with NRAS mutations exhibited a trend of worse ICI OS than patients without NRAS mutations (median OS: 24.4 [95% CI, 19.1–32.9] vs. 28.1 [95% CI, 24.9–33.5] months; log-rank test p = 0.089; Figure 3A). This result was more significant in the multivariate Cox model (HR: 1.42, 95% CI: 1.10–1.82, p = 0.006; Figure 3B). No significant difference was observed between patients with and without NRAS mutations in relation to ICI PFS (HR: 1.00, 95% CI: 0.74–1.33, p = 0.998; Figures S10A, B). The tendencies of decreased ORR (OR: 1.34, 95% CI: 0.89–2.04, p = 0.161; Figure S10C) and DCR (OR: 1.27, 95% CI: 0.86–1.88, p = 0.231; Figure S10D) were observed in NRAS-mutated tumors. The associations between NRAS mutations and ICI OS in the three distinct treatments were also assessed. The results demonstrated that NRAS mutations were consistently correlated with immune resistance in combined therapy using the Kaplan–Meier analysis (log-rank test p = 0.004; Figure 3C) and multivariate Cox model (HR: 2.02, 95% CI: 1.24–3.30, p = 0.005; Figure 3D), as well as anti-CTLA-4 therapy (log-rank test p = 0.132; multivariate Cox HR: 1.65, 95% CI: 1.16–2.36, p = 0.005; Figures S11A, B). No significant correlation of NRAS mutations with anti-PD-1/PD-L1 outcomes was observed (Figures S11C, D). Verifiably, NRAS mutations were marginally associated with ICI resistance in the combined therapy in the MSKCC cohort (log-rank test p = 0.189; multivariate Cox HR: 1.93, 95% CI: 0.90–4.12, p = 0.085; Figures S12A, B).




Figure 3 | Association between NRAS mutations and immune checkpoint inhibitor (ICI) survival. (A) Overall survival (OS) curves stratified by NRAS mutational status and (B) forest plot representation of the connection of NRAS mutations with OS outcome in the aggregated melanoma cohort. (C) OS curves stratified by NRAS mutational status and (D) forest plot representation of the association of NRAS mutations with ICI outcome in patients who received combined therapy.



NARS2 mutations were associated with an elevated ORR (OR: 0.15, 95% CI: 0.03–0.57, p = 0.008; Figure S13A), and a similar tendency was also observed in DCR (OR: 0.31, 95% CI: 0.07–1.13, p = 0.096; Figure S13B). No differences were detected between the OS curves stratified by NARS2 status (HR: 1.57, 95% CI: 0.69–3.61, p = 0.286; Figure S13C). However, a shortened PFS was observed in patients with NARS2 mutations (HR: 2.52, 95% CI: 1.12–5.68, p = 0.033; Figure S13D).

DCC mutations were correlated with enhanced ORR (OR: 0.62, 95% CI: 0.39–0.98, p = 0.041; Figure S14A), and a similar tendency was also observed in DCR (OR: 0.69, 95% CI: 0.44–1.08, p = 0.102; Figure S14B). Survival and Cox regression analyses indicated that patients with DCC mutations exhibited the trends of improved OS (HR: 0.80, 95% CI: 0.59–1.10, p = 0.167; Figure S14C) and PFS (HR: 0.71, 95% CI: 0.49–1.05, p = 0.082; Figure S14D), although not statistically significant.



Mutational Signatures Associated With Immune Checkpoint Inhibitor Response or Resistance

The overall mutational pattern of pooled melanoma patients was dominated by C > T (or G > A) mutations with a mutational proportion of 86.7% (Figure 4A). We extracted six mutational signatures from melanoma and subsequently compared them with 30 validated signatures from COSMIC. Finally, signatures 1, 4, 7, 11, and 21 were determined according to the COSMIC nomenclature, and a novel signature (named as the unmatched signature) that did not match the previously annotated mutational signatures was also uncovered (Figure 4B and Figure S15). The distribution of six mutational signatures in each patient varied, as illustrated in Table S5 and Figure S16. Clock-like signature 1, characterized by C > T mutations at CpG dinucleotides, was associated with age-related accumulation of spontaneous deamination of 5-methylcytosine. Signature 4 is featured by C > A mutations and has been reported to be connected with exposure to tobacco carcinogens (e.g., benzo[a]pyrene). Mutational profiles of signatures 7 and 11, which both exhibited mainly C > T substitutions and predominantly existed in melanoma, are likely due to exposure to ultraviolet light and treatment with alkylating agents, respectively. Signature 21, dominated by T > C mutations, is probably linked to microsatellite unstable tumors. The unmatched signature was characterized by C > T mutations.




Figure 4 | Mutational signatures extracted from the integrated melanoma cohort and their association with immunotherapy prognosis. (A) Lego plot representation of mutation patterns in 631 melanoma cases. Single-nucleotide substitutions are divided into 6 categories with 16 surrounding flanking bases. The inset pie chart displays the proportion of 6 mutational patterns. (B) The activities of corresponding extracted mutational signatures (i.e., signatures 1, 4, 7, 11, and 21, and unmatched signature). The trinucleotide base substitution types are shown on the x-axes, whereas the y-axes illustrate the contribution percentage of distinct mutation types in each mutational signature. The Kaplan–Meier overall survival (OS) analysis of (C) signature 4 and (E) signature 11. Multivariate Cox regression models of (D) signature 4 and (F) signature 11 with age, sex, stage, and therapy type taken into account.



We observed that the presence of signature 4 was significantly correlated with ICI resistance in OS analysis (median OS: 20.4 [95% CI, 15.5–28.1] vs. 31.3 [95% CI, 25.7–33.9] months; log-rank test p = 0.009; Figure 4C) and multivariate-adjusted model (HR: 1.42, 95% CI: 1.11–1.82, p = 0.005; Figure 4D). A tendency of worse PFS outcome was also observed in patients with signature 4 (log-rank test p = 0.196; multivariate Cox p = 0.152; Figure S17A). Consistently, decreased ORR (20.6% vs. 34.9%; Fisher’s exact test p < 0.001; multivariate logistic p = 0.001; Figure S17B) and DCR (33.9% vs. 49.8%; Fisher’s exact test p < 0.001; multivariate logistic p < 0.001; Figure S17C) were associated with the tumors with signature 4. We also compared the genomic and microenvironmental features of patients with and without signature 4. A decreased TMB was observed in patients with signature 4 (Wilcoxon’s rank-sum text p < 0.001; multivariate logistic OR: 0.10, 95% CI: 0.06–0.16, p < 0.001; Figures S18A, B). In addition, the lower infiltration of M1 macrophages (Wilcoxon’s rank-sum text p = 0.007; Figure S18C) and higher infiltration of M2 macrophages (Wilcoxon’s rank-sum text p = 0.045; Figure S18C) may be another reason for the ICI resistance of patients with signature 4.

Conversely, the presence of signature 11 was linked to improved ICI OS in survival analysis (median OS: 39.5 [95% CI, 24.1–NA] vs. 27.0 [95% CI, 23.6–32.3]; log-rank test p = 0.033; Figure 4E) and multivariate Cox regression model (HR: 0.59, 95% CI: 0.38–0.91, p = 0.018; Figure 4F). Improved ICI OS was also observed in patients with the unmatched signature (HR: 0.59, 95% CI: 0.39–0.90, p = 0.014; Figures S19A, B). We also treated the above three signatures as continuous variables to conduct a multivariate Cox analysis. The associations of signature 4 (HR: 2.04, 95% CI: 1.26–3.29, p = 0.003; Figure S20A), signature 11 (HR: 0.47, 95% CI: 0.23–0.97, p = 0.041; Figure S20B), and unmatched signature (HR: 0.35, 95% CI: 0.12–1.01, p = 0.052; Figure S20C) with ICI OS were still present.



Potential Molecular Subtypes Contributed to Immune Checkpoint Inhibitor Overall Survival

We could detect latent molecular subtypes based on the activities of extracted mutational signatures. Consensus clustering analysis was performed with cluster numbers ranging from 2 to 10. We observed that the preferable clustering consensus was exhibited when clustering numbers were selected as three or five (Figure S21A). More subtle subtypes could be virtually microdissected with an increase in clustering numbers as shown in the cluster tracking plot (Figure S21B). Therefore, we selected the clusters as five (i.e., C1, C2, C3, C4, and C5) to explore their association with ICI OS. The plots of the cluster consensus and consensus matrix are separately illustrated in Figures S21C, D.

The Kaplan–Meier analysis suggested that patients from the C4 cluster (23 of 626 patients [3.7%]) could achieve the best ICI OS as compared with the other four clusters (log-rank test p = 0.062; Figure 5A). In the multivariate Cox model, we treated the C4 cluster as the reference subgroup and observed that the other four clusters exhibited worse ICI OS (p = 0.004, 0.033, 0.012, and 0.086; Figure 5B). In this study, we termed the C4 cluster as “Immune subtype” and the rest as “Non-immune subtype”. The improved ICI OS of the immune subtype was still observed when compared with the non-immune subtype in univariate analysis (median OS: 49.3 [95% CI, 22.9–NA] vs. 27.0 [95% CI, 24.3–31.8] months; log-rank test p = 0.039; Figure 5C) and multivariate Cox model (HR: 0.44, 95% CI: 0.23–0.87, p = 0.017; Figure 5D).




Figure 5 | The prediction roles of the identified melanoma immune subtype for immune checkpoint inhibitor (ICI) survival. (A) Kaplan–Meier survival analysis and (B) forest plot illustration of 5 clusters derived from the consensus clustering. Prognostic significances of the immune subtype vs. non-immune subtype under (C) Kaplan–Meier overall survival (OS) analysis and (D) multivariate Cox model with confounding variables taken into consideration.





The Combined Biomarker Predictive of Immune Checkpoint Inhibitor Overall Survival

Considering the predictive implications of COL3A1 mutations and signature 4, we integrated COL3A1 mutations and lack of mutational signature 4 as a combined biomarker to evaluate the improved ICI OS (Table S6). Patients with the combined marker harbored a significantly better ICI OS than patients without the combined marker (median OS: 45.0 [95% CI, 34.5–NA] vs. 24.9 [95% CI, 21.5–28.2] months; log-rank test p < 0.001; Figure S22A). The association remained still significant even after adjusting for the confounding factors in the multivariate Cox regression model (HR: 0.60, 95% CI: 0.42–0.87, p = 0.007; Figure S22B). The presence of the combined marker was also associated with improved ICI PFS according to the Kaplan–Meier analysis (median PFS: 11.43 [95% CI, 6.23–NA] vs. 4.47 [95% CI, 3.50–6.03] months; log-rank test p = 0.013; Figure S22C) and multivariate Cox model (HR: 0.62, 95% CI: 0.41–0.94, p = 0.026; Figure S22D). Consistently, an elevated ORR was observed in patients with the combined marker in the univariate analysis (45.2% vs. 28.1%; Fisher’s exact test p = 0.001; Figure S23A) and multivariate logistic regression (OR: 0.67, 95% CI: 0.41–1.11, p = 0.043; Figure S23B). A similar association between the combined marker and DCR was also found by employing univariate (60.6% vs. 42.5%; Fisher’s exact test p < 0.001; Figure S23C) and multivariate analysis (OR: 0.59, 95% CI: 0.36–0.97, p = 0.035; Figure S23D).




Discussion

Immune checkpoint-based treatments have revolutionized therapeutic strategies for melanoma. In this study, we comprehensively explored the mutational profiles of 631 melanoma patients treated with ICI agents. We identified four novel SMGs that were previously not recognized to be associated with ICI response/resistance. We further annotated three mutational signatures with respect to ICI efficacy. In addition, a latent immune subtype was demonstrated to be linked to improved ICI outcomes.

Mutations in single genes, such as MUC16 (22), POLE (19), and PBRM1 (20), exhibited vital effects on the prediction of tumor prognoses or immunotherapeutic outcomes. Our results showed that mutations in the newly identified COL3A1 SMG were linked with improved ICI response and survival. Subsequently, genomic and immunologic analyses explained that enhanced TMB and NB, and a hot immune microenvironment characterized patients with COL3A1 mutations. Indeed, COL3A1 also participates in immune response regulation at the gene expression level (50, 51), and further studies are needed to explore the link between COL3A1 mutations and protein expression in immunotherapy. In this study, we also observed that melanoma patients with and without COL3A1 mutations exhibited a survival difference in the setting of anti-CTLA-4 therapy, but not in the anti-PD-1/PD-L1 therapy. This may be attributed to the following three reasons: 1) the distinct interactions of COL3A1 mutations with CTLA-4 and PD-1/PD-L1, for example, synergistic and antagonistic roles; 2) the tumor microenvironment may be distinctly influenced by the two ICI treatments, which would generate differential immunogenicity in patients with COL3A1 mutations; and 3) the sample size used for the two ICI types (324 vs. 158) may also be a potential reason for the distinct survival differences.

The association of NRAS mutations with ICI efficacy was only reported by Johnson et al. (52), and their observations indicated trends of improved ICI OS (19.5 vs. 15.2 months) and PFS (4.1 vs. 2.9 months) for patients with NRAS mutations, although the results were not statistically significant (log-rank test p = 0.51 and 0.08, respectively). Conversely, our study revealed that NRAS mutations were linked with inferior ICI OS in the aggregated cohort (multivariate Cox HR: 1.42, p = 0.006), and this result was also obtained in both combined therapy (multivariate Cox HR: 2.02, p = 0.005) and anti-CTLA-4 cohort (multivariate Cox HR: 1.65, p = 0.005). Furthermore, a similar tendency of poorer OS was also observed in patients with NRAS mutations who received combined therapy in the MSKCC cohort (multivariate Cox HR: 1.93, p = 0.085). The inconsistent results may be attributed to the following two reasons: 1) the sample sizes used, 631 samples of our study vs. 229 of Johnson et al. study; 2) in the multivariate-adjusted analysis, we performed multivariate Cox regression models adjusting for confounding factors (e.g., age, sex, stage, therapy types, and TMB); however, no adjusted analyses were applied in the Johnson et al. study. On the other hand, NRAS-mutated patients had a higher TMB, although ICI resistance developed in these patients. This indicates that a high TMB may be a spurious participant in ICI response. Similar results were also reported by Marinelli et al. (53); that is, KEAP1-driven co-mutations were associated with unresponsiveness to immunotherapy, although an elevated TMB was observed in this subset. The cold microenvironment and other immunological factors present in these patients may significantly contribute to immunotherapy efficacy.

NARS2 mutations were linked to elevated ORR. However, worse PFS was observed in NARS2-mutated patients. These results indicate that NARS2 mutations may be a favorable indicator for shorter treatment responses; however, they may play a negative role in disease prognosis.

Smoking-related mutational signature 4, which commonly occurs in lung, head, and neck, and esophageal cancers, was also detected in the pooled melanoma cohort. Lung cancer patients harboring this mutational signature have been demonstrated to show a higher response to ICI treatment (12). However, our study indicated that the smoking signature was associated with ICI resistance in melanoma patients, and distinct tumor types may generate inconsistent results. Findings from a recent study (54) revealed that melanoma patients with cigarette smoking behavior exhibited inferior melanoma-specific survival, which was due to smoking-associated decreased immune infiltration. In our study, the smoking signature was also correlated with a weaker immune microenvironment via the regulation of M1 and M2 macrophages. Overall, smoking and its relevant traits may influence immune responses and thus determine the prognosis and immunotherapeutic efficacy in melanoma.

In our study, melanoma patients with alkylating agent exposure-related mutational signature 11 showed prolonged survival as compared with those without such signature. Consistently, patients who received ICI agents were more likely to experience an enhanced ORR if their tumors had this alkylating agent signature in melanoma (27). We also identified a mutational signature that featured C > T substitutions, which was associated with improved survival following ICI treatment. The discovery of this novel mutational signature would further enrich COSMIC data and provide implications for immunotherapy.

The immune molecular subtypes were commonly identified based on immunologic and microenvironment characterizations derived from mixed gene expression profiles. However, currently, a majority of immunotherapy studies have mainly focused on the somatic mutation level, and fewer included gene expression data. In this integrated analysis, only three of eight cohorts had mRNA sequencing data; thus, it may be inappropriate to conduct molecular subtyping by employing mRNA expression data with the limited coverage of melanoma patients. The utilization of activities of mutational signatures extracted from tumor samples is a good choice to determine immanent subclasses in patients with only or mainly mutation data. We detected five clusters with distinct survival outcomes using the six mutational signatures. One cluster with the best ICI prognosis was termed the immune subtype in this study. Interestingly, we observed that patients of the immune subtype were a subset of patients with a lack of signature 4 and the presence of signature 11 (Table S6), further verifying the favorable prognostic outcome of this immune subtype.

Based on the findings of this study, prospective clinical trials should be performed to confirm the potential implications of COL3A1 mutations, mutational signature 4, the identified immune subtype, and other immunotherapy determinants in melanoma and other cancer types, which will provide more clues for guiding clinical practice and individualized treatment. However, there are several limitations to this research. First, the integrated melanoma cohort was derived from multiple distinct cohorts, which may produce deviations in the data processing. Second, transcriptomic data were obtained from only three of the eight included studies, which may not fully elucidate the potential mechanisms of the determinants. Finally, the associations of the identified gene mutations with immunological features remained at a theoretical level and need to be experimentally validated.

Overall, our study integrated 631 ICI-treated melanoma patients and uncovered several clinically related ICI determinants, which provide helpful biomarkers for melanoma immunotherapy prediction.
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Antibodies that target immune checkpoints such as cytotoxic T lymphocyte antigen 4 (CTLA‐4) and the programmed cell death protein 1/ligand 1 (PD-1/PD-L1) are now a treatment option for multiple cancer types. However, as a monotherapy, objective responses only occur in a minority of patients. Chemotherapy is widely used in combination with immune checkpoint blockade (ICB). Although a variety of isolated immunostimulatory effects have been reported for several classes of chemotherapeutics, it is unclear which chemotherapeutics provide the most benefit when combined with ICB. We investigated 10 chemotherapies from the main canonical classes dosed at the clinically relevant maximum tolerated dose in combination with anti‐CTLA-4/anti-PD-L1 ICB. We screened these chemo-immunotherapy combinations in two murine mesothelioma models from two different genetic backgrounds, and identified chemotherapies that produced additive, neutral or antagonistic effects when combined with ICB. Using flow cytometry and bulk RNAseq, we characterized the tumor immune milieu in additive chemo-immunotherapy combinations. 5-fluorouracil (5-FU) or cisplatin were additive when combined with ICB while vinorelbine and etoposide provided no additional benefit when combined with ICB. The combination of 5-FU with ICB augmented an inflammatory tumor microenvironment with markedly increased CD8+ T cell activation and upregulation of IFNγ, TNFα and IL-1β signaling. The effective anti‐tumor immune response of 5-FU chemo-immunotherapy was dependent on CD8+ T cells but was unaffected when TNFα or IL-1β cytokine signaling pathways were blocked. Our study identified additive and non-additive chemotherapy/ICB combinations and suggests a possible role for increased inflammation in the tumor microenvironment as a basis for effective combination therapy.




Keywords: chemo-immunotherapy combinations, immune checkpoint blockade (ICB) therapy, T cells, proinflammatory cytokine, TNFa = tumor necrosis factor–a, IL-1b, fluorouracil (5-FU), cisplatin



Introduction

Drugs that block immune checkpoint receptors such as CTLA-4, PD-1 or PD-L1 have revolutionised cancer treatment, with durable anti-tumor responses observed in a subset of cancer patients (1, 2). However, the majority of patients treated with immune checkpoint blockade (ICB) demonstrate little or no benefit. Conventional chemotherapy remains standard treatment for many cancers. In addition to cytotoxic effects on cancer cells, many chemotherapeutics are immunostimulatory, capable of; inducing immunogenic cell death (3), increasing antigen cross-presentation (4), increasing immune cell infiltration (5), depleting immunosuppressive cells (6, 7), and altering expression of immune checkpoint ligands (8, 9). As these characteristics have been linked to ICB efficacy, some chemotherapeutics could potentially enhance anti-tumor immune responses when combined with ICB and therefore combination therapy warrants further investigation. Combination ICB and chemotherapy has shown efficacy in several cancer types. In fact, of the many different drug classes that have been combined with ICB, classical cancer chemotherapy remains one of the most successful (10). Particularly in thoracic cancers, chemotherapy/ICB combinations have shown efficacy, with FDA approval in non-small cell lung cancer (11) and small cell lung cancer (12), and with promising results in malignant pleural mesothelioma (13).

Although the effects of individual chemotherapeutics on discrete components of the immune system have been extensively described, a systematic analysis of how different chemotherapies combine with ICB in vivo is lacking, and the molecular mechanisms underlying additive chemo-immunotherapy combinations remains unknown. In this study, we systematically interrogated the therapeutic interaction between ICB and different canonical classes of cancer chemotherapeutics, given at maximum tolerated dose (MTD), in two preclinical cancer models, and mapped the molecular and cellular profiles of additive combinations, with the aim of prioritizing combinations to take forward into clinical trials.



Materials and Methods


Mice

Female BALB/c and C57BL/6 mice (RRID: IMSR_ARC:BC, RRID: IMSR_ARC:B6) were bred and maintained at the Animal Resource Centre (Murdoch, WA, Australia) or Harry Perkins Institute of Medical Research (Murdoch, WA, Australia). All mice used were between 8-10 weeks of age and were maintained under standard specific pathogen free housing conditions at the Harry Perkins Bioresources North Facility (Nedlands, WA, Australia). All experiments were conducted in accordance with the code of conduct of the National Health and Medical Research Council (NHMRC) of Australia, and under the approval of the Harry Perkins Institute of Medical Research Animal Ethics Committee (protocols AE029, AE100, AE179).



Cell Lines

Murine mesothelioma cell lines AB1 (CBA, Cat# CBA-0144, RRID: CVCL_4403), AB1-HA (CBA, Cat# CBA-1374, RRID: CVCL_G361) and AE17 (CBA, Cat#CBA-0156, RRID: CVCL_4408) were derived as previously described (14, 15). Cell lines were maintained in RPMI 1640 (ThermoFisher Scientific, Scoresby VIC, Australia) supplemented with 20 mM HEPES, 0.05 mM 2-mercaptoethanol, 100 units/mL penicillin (CSL, Melbourne VIC, Australia), 50 μg/mL gentamicin (David Bull Labs, Kewdale VIC, Australia), 10% Newborn Calf Serum (NCS; ThermoFisher Scientific, Scoresby VIC, Australia) and 50 mg/mL of geneticin for AB1-HA only (G418; Life Technologies). Cells were cultured for a minimum of 4 passages after thawing before inoculation into mice. Cell lines were validated yearly by flow cytometry for MHC-I molecules H2‐Kb (consistent with C57BL/6) and H2‐Kd (consistent with BALB/c), and for fibroblast markers E-cadherin, epithelial cell adhesion molecule, and platelet-derived growth factor receptor α (negative). All cell lines were tested for Mycoplasma spp., every 3 months by PCR and found to be negative.



Tumor Cell Inoculation

Cells were harvested when they reached 80% confluence. The right-hand flanks of mice were inoculated subcutaneously with 5 x 105 tumor cells suspended in 100 µL of PBS. Mice were randomized prior to treatment, when tumors were palpable. Tumor dimensions (length and width) were measured with digital calipers by an investigator blinded for treatment allocation and tumor growth was represented as area (mm2).



Chemotherapy, ICB and Antibody Treatments

Chemotherapy and ICB were administered on the same day, initiating treatment when tumors were approximately 20-25 mm2 in size. Chemotherapies were provided by Sir Charles Gardiner Pharmacy (Nedlands, WA, Australia) and was administered at the predetermined MTD as previously reported (16), except 5-FU which was administered at 75 mg/kg because MTD 5-FU with ICB caused severe toxicity (Table S1). Anti-CTLA-4 (clone 9H10, JJP Biologics) was dosed once at 100 μg/mouse and anti‐PD‐L1 (clone MIH5, JJP Biologics) was dosed 3 times with 2-day intervals at 100 μg/mouse (17). For depletion experiments, anti-CD4 (clone GK1.5, BioXcell), anti-CD8 (clone YTS 169, BioXcell) or anti-IL1β (clone B122, BioXcell) antibodies were administered 3 times with 3-day intervals at 100 μg/mouse with the first dose commencing 3 days before chemo‐immunotherapy. Anti-TNFα (clone XT3.11, BioXcell) was administered using the above schedule but at 2 mg/mouse. All treatments were diluted in sterile 0.9 % sodium chloride and administered intraperitoneally (i.p.) or intravenously (i.v.) as described in Table S1.



Preparation of Single Cell Suspensions

Spleen and draining lymph nodes (DLNs) were digested with 1 mg/mL type IV collagenase (Worthington Biochemical) and 1 μg/mL DNase (Sigma Aldrich) in RPMI-1640 supplemented with 2% NCS and 20 mM HEPES for 25 minutes at room temperature. Red blood cells were lysed with Pharm Lyse (BD Biosciences). All cell suspensions were resuspended in EDTA‐BSS-NCS. Absolute numbers of leucocytes in DLNs were obtained using the Z2 Coulter Counter Analyzer (Beckman Coulter).

Tumors were processed using the Miltenyi Biotec mouse tumor dissociation kit, as per manufacturer’s protocol. Briefly, tumors were cut into 2-4 mm pieces and added to GentleMACs C tubes with 2.35 mL RPMI media supplemented with 10% NCS. Prioprietary enzyme mix was added, and samples mechanically digested using the GentleMACS Octo Dissociator 37C_M_TDK_2 protocol.



Flow Cytometry

Three flow cytometry panels outlined in Table S2 were used to characterize lymphoid and myeloid cell subsets. CD16/32 Fc block (eBioscience) and Zombie UV™ (Biolegend) viability dye were diluted in PBS and added to samples prior to surface antigen staining. All antibodies for surface staining were diluted in PBS + 2% NCS. Cells were permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Cells were washed with Permeabilization Buffer (eBioscience) and subjected to intracellular staining. Single stain and fluorescence minus-one (FMO) controls were also performed. To measure granzyme B (GzmB) and IFNγ, samples were incubated in Brefeldin A (Biolegend) for 4 hours at 37°C before antibody staining. Data was acquired using a BD LSRFortessa™ SORP with 50,000 live events collected per sample where possible. All flow cytometry analyses were completed using FlowJo™ Software version 10 (BD Biosciences). Summary of antibody concentrations and gating strategies are outlined (Table S2; Figure S1).



Flow Cytometry Data Analysis

FCS files were subjected to automatic quality control of signal acquisition and dynamic range by the flowAI (v1.8) package using default parameters. Bad events (defined by negative outliers) were excluded, and manual gating was performed as outlined in Figure S1. For clustering analysis on the lymphoid cells, each sample was downsampled to 5,000 CD45+ cells using the DownSample (v3.1.0) package. All samples from all groups were then concatenated. The UMAP (v2.2) and Phenograph (v1.3) packages using default parameters (k = 30) were performed in FlowJo using the concatenated FCS file. Clusters were manually grouped into the final subsets described in Figure 3. Clusters were combined based on similar location on the UMAP plot and similar expression of key markers. Clusters that were CD45+ but had no expression of other phenotypic markers in the panel were colored grey and excluded from the analysis.



Tumor Preparation for Bulk RNAseq

Whole tumors were harvested and stored in RNAlater (Life Technologies) at -80°C. RNA was extracted from frozen tumors using the RNeasy Plus Mini Kit and Tissue Ruptor (QIAGEN). RNA quality was confirmed on the Bioanalyzer (Agilent Technologies). Library preparation and sequencing (100-base pair single-end on an Illumina HiSeq platform) were performed by the Australian Genome Research Facility (Melbourne, VIC, Australia).



Bulk RNAseq Analysis

Raw FASTQ files were aligned to the GRCm38/mm10 reference genome using Kallisto (18). Transcripts with low counts were removed and two count matrices were compiled using Tximport (19). The DESeq2 package (20) was used to identify differentially expressed genes (DEGs) between the following comparisons: PBS vs ICB, 5-FU, cisplatin, 5-FU+ICB or cisplatin+ICB; ICB alone vs 5FU+ICB or cisplatin+ICB, 5-FU alone vs 5-FU+ICB and cisplatin alone vs cisplatin+ICB. P values were adjusted for multiple comparisons using the Benjamini-Hochberg (B-H) method. A p value < 0.05 and a Log2 fold change cut-off of 0.5 were used to select DEGs. A full list of DEGs between each comparison can be found in Supplementary File 1.

Pathway analysis on up-and down-regulated DEGs between each comparison were performed using Enrichr (21). Over-representation of pathways from KEGG Mouse 2019 and Reactome 2016 databases were mapped using DEGs as input. The enrichment of upregulated ligands from the LINCS L1000 connectivity map were also analyzed using DEGs in Enrichr. Upstream regulator analysis was performed with DEGs and associated log fold changes as input, using the Ingenuity Systems program (22). Default settings were used and activation Z‐scores were used to determine the activation state of each upstream regulator. Those with activation Z-scores of ≥ 2 were considered ‘activated’ while activation Z-scores of ≤ -2 were considered ‘inhibited’. Upstream regulators included cytokines, transcription regulators, complexes, enzymes and kinases. For these analyses, p values were adjusted for multiple comparisons using the Benjamini-Hochberg method and p < 0.05 was considered significant.

Count data was scaled up to library size using Tximport (19) resulting in scaled transcripts per million (TPM) normalized count matrices. Heatmaps with unsupervised hierarchical clustering of the top 200 variable DEGs, determined by standard deviation were performed using the pheatmap package in R (v3.6). Gene set enrichment analysis (GSEA) was completed on the normalized gene expression data using 50 MSigDB hallmark gene sets on the Broad Institute software (23). Gene sets enriched with a FDR > 0.25 were considered significant. A total of 1000 permutations were performed, and all other default parameters were used. CIBERSORTx was used to identify immune cell populations in normalised RNAseq data as previously described (17).



Statistical Analysis

Data are presented as mean ± SD. For flow cytometry experiments, statistical analyses were performed using Mann-Whitney U tests with multiple comparisons to compare between monotherapies and combination chemo/immunotherapy-treated samples using GraphPad Prism v8. Survival data were analyzed using Log-rank (Mantel-Cox) test in GraphPad Prism v8. To compare combination treatments to monotherapy controls, hazard ratios (HR) were calculated using logrank analysis of survival curves to determine agonistic or antagonistic effects. To further define additive interactions, as described before (24), HR was calculated for each treatment group compared to PBS or best monotherapy treated controls. Additive effects were defined as HR(combination) < [HR(combination) - HR(mono 1) - HR(mono 2) + 1]. Results of these analyses are displayed in Table S3.




Results


5-FU and Cisplatin Generate Robust Anti-Tumor Responses When Combined With ICB

The addition of ICB with chemotherapy regimens are increasingly being trialed in the clinic to improve patient outcomes (25). However, the impact of individual chemotherapies on ICB efficacy remains unclear. To assess anti-tumor responses of chemotherapy when combined with ICB in vivo, we screened 10 chemotherapeutics from different canonical classes in combination with anti‐CTLA‐4/anti‐PD-L1 antibodies in two murine mesothelioma models (Figures 1A, B). As there is a difference in the therapeutic response to the different chemotherapies (Figures S2, 3), we compared survival of the combination therapy with survival of the best monotherapy (either chemotherapy or ICB alone) and plotted each as a hazard ratio (HR). ICB alone induced complete tumor regression in 0-30% of AB1 tumor bearing animals but not in the AE17 model. When combined with ICB, all tested chemotherapies had varying effects on anti-tumor efficacy across the two models (Figures 1C, D, S2, 3, Table S3). Gemcitabine, irinotecan, doxorubicin and bleomycin provided no benefit when combined with ICB in either AB1 (HR = 1.14, 0.979, 0.845, 0.845, 0.692 respectively) or AE17 (HR = 0.929, 1.14, 1.07, 0.759 respectively). ICB provided no further benefit when added to cyclophosphamide in AB1 (HR = 0.895), but the combination significantly improved median survival in AE17 (HR = 0.244). The combination of vinorelbine or etoposide with ICB was antagonistic in AB1 (HR = 3.65, 4.08) but had no effect in AE17 (HR = 1.96, 0.391). The reverse was the case for pemetrexed (HR = 0.692 in AB1, 2.261 in AE17).




Figure 1 | Different combinations of chemotherapy and immune checkpoint blockade (ICB) demonstrate additive and antagonistic responses. (A, B) Treatment schedule for mice inoculated with AB1 (A) or AE17 (B) mesothelioma cell lines. (C, D) Hazard ratio (HR) analysis of survival plots comparing combination chemotherapy and ICB (anti-CTLA‐4/anti‐PD-L1) to the best performing monotherapy in AB1 (C) and AE17 (D). HR is defined as the risk of a negative (death) outcome occurring in one group at the next instance of time, compared to another group at the same time. A lower ratio i.e., less than 1 indicates a higher rate of survival in the chemo-immunotherapy combination compared to monotherapy. (E) Survival curves of 5-FU chemo-immunotherapy combinations in AB1 (left; n = 8-10 per group, two pooled experiments) and AE17 (right; n = 5 per group, one experiment). (F) Survival curves of cisplatin chemo-immunotherapy combinations in AB1 (left; n = 5 per group, one experiment) and AE17 (right; n = 13-15 per group, two pooled experiments). Mantel-Cox survival test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



The combination of 5-FU with ICB (5-FU+ICB) resulted in robust anti-tumor responses in the AB1 model (HR = 0.101), with significant increase in median survival compared to both 5-FU (p = 0.0001) and ICB (p = 0.005) monotherapy. Complete tumor regression occurred in >80% of 5-FU+ICB treated animals, compared to 0-20% or 20-30% complete responders in 5-FU or ICB monotherapy, respectively (Figure 1E). 5‐FU+ICB was also additive in AE17 (HR = 0.308), with an increase in median survival compared to the monotherapies (5-FU: p = 0.199, ICB: p = 0.0142). Cisplatin and ICB (cisplatin+ICB) were additive in both AB1 (HR = 0.610) and AE17 (HR = 0.286) (Figure 1F). In AE17, cisplatin+ICB significantly increased median survival compared to cisplatin (p = 0.0025) and ICB (p<0.0001) monotherapy. Taken together, these data demonstrate that different chemotherapies display additive, antagonistic or neutral interactions with ICB and that these interactions could be variable between models.



Combination ICB With 5-FU or Cisplatin Induces Profound Expansion of Tumor Draining Lymph Nodes

To understand how 5-FU and cisplatin enhance the anti-tumor immune response when combined with ICB, we first analyzed tumor draining lymph nodes (DLNs) and spleens from treated, tumor-bearing mice (Figure S4A). We focused on the AB1 model because 5-FU and cisplatin produced the most robust responses in this model. DLNs from both cisplatin+ICB and 5-FU+ICB groups were larger in size relative to monotherapy groups (Figures 2A, B). The absolute number of leucocytes in DLNs of 5‐FU+ICB treated animals was significantly greater compared to DLNs from either 5-FU (p < 0.0001) or ICB (p < 0.0001) monotherapies. Cisplatin+ICB treated DLNs contained a significantly greater number of leucocytes compared to those treated with cisplatin alone (p = 0.015). The proportions of CD8+, CD4+Foxp3- and CD4+Foxp3+ T cells in DLNs and spleens were similar between all treatment groups (Figures S4B, C). We observed increased proportions of activated, proliferating CD4+Foxp3+ICOS+Ki67+ T cells in DLNs (Figure 2C) and spleens (Figure S4D) of combination treated animals compared to 5-FU or cisplatin chemotherapy alone. We found minor depletion of neutrophils (CD11b+Ly6C+Ly6G+) and inflammatory monocytes (CD11b+Ly6ChiLy6G-) in DLNs (Figure 2D) and spleens (Figures S5A, B) in 5-FU treated groups as reported previously (26). These data suggest that additive chemo-immunotherapy combinations induce a profound expansion of leucocytes in tumor DLNs.




Figure 2 | 5-FU and cisplatin chemotherapy in combination with ICB causes expansion of T cells in tumor draining lymph nodes. (A) Representative images of tumor draining lymph nodes from AB1 tumor bearing mice after ICB (left) or 5-FU+ICB (right). (B) Absolute numbers of leukocytes, (C) proportions of activated (ICOS+Ki67+) CD8+, CD4+Foxp3- (helper) and CD4+Foxp3+ (regulatory; Tregs) T cells, and (D) proportions of neutrophils (CD11b+Ly6C+Ly6G+), inflammatory monocytes (CD11b+Ly6ChiLy6G-), resident monocytes (CD11b+Ly6CloLy6G-) in DLNs of different treatment groups. Data represented as mean ± SD, summary of three independent experiments. Mann-Whitney U test corrected for multiple comparisons; *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.





Additive Chemo-Immunotherapy Combinations Increase the Frequency of Intratumoral T Cells

To determine if there were specific intratumoral immune cells involved in additive chemo‐immunotherapy combinations, we first characterized tumor infiltrating immune cell populations of 5-FU and cisplatin chemo/immunotherapy-treated animals by flow cytometry and CIBERSORT analysis of bulk RNAseq data. In terms of overall immune cell populations, we did not see consistent significant differences between combination therapy to chemotherapy or ICB alone (Figures 3A, B). Tumors from 5-FU+ICB treated mice displayed increased CD8+ T cell infiltration as identified by both CIBERSORT and flow cytometry analyses (p = 0.04; Figures 3A, B, S6A, B). The number of intratumoral CD4+ helper T cells were significantly greater in cisplatin+ICB treated mice compared to cisplatin only (p = 0.01; Figures 3A, S6A). The frequency of CD4+Foxp3+ regulatory T cells (Tregs) was reduced in tumors from 5-FU+ICB treated mice compared to PBS controls in both data sets. Tregs in cisplatin+ICB treated tumors were significantly reduced compared to PBS controls in flow cytometry data (p = 0.02; Figures S6A, B). The frequency of monocytes significantly decreased in 5-FU+ICB tumors compared to PBS in the CIBERSORT analysis (p = 0.028) but did not reach statistical significance in the flow cytometry data (Figures S6C, D).




Figure 3 | Tumors of additive chemo-immunotherapy combinations are enriched for activated CD8+ and CD4+ T cells. (A, B) Summary of lymphoid and myeloid immune cell proportions in chemo-immunotherapy treated tumors analyzed using flow cytometry (A) and CIBERSORTx (B) from bulk RNAseq. * indicates p < 0.05 for that cell type between chemo-immunotherapy and PBS controls. (C) UMAP plots of clustered CD45+ cells from flow cytometry data for each treatment group. Cells are colored by Phenograph clusters and annotated by expression of phenotypic markers in legend. Cells colored in grey had no expression of other phenotypic markers in panel and were excluded from analysis. (D) Frequencies of cells from clusters 7.10,13 in all chemotherapy and/or ICB treated tumors. (E, F) Survival curves of AB1-HA tumor bearing mice treated with 5-FU+ICB (E) and cisplatin+ICB (F) with or without anti-CD4 or anti-CD8 depletion antibodies. Dotted lines indicate when therapies were administered. Data shown as mean ± SD, flow cytometry data is summary of two independent experiments (n = 6 per group), RNAseq data (n = 5 per group except PBS and cisplatin; n = 4 per group), in vivo tumor growth data is summary of two independent experiments (n = 10 per group). Mann-Whitney U test corrected for multiple comparisons and Mantel-Cox survival test; *P < 0.05, **P ≤ 0.01, ****P ≤ 0.0001.



We further characterized the activation status of tumor infiltrating lymphocytes (TILs). Dimensional reduction analyses on CD45+ cells using UMAP and Phenograph produced 13 distinct phenotypic clusters (Figure 3C). The frequency of activated (ICOS+) and proliferating (Ki67+) CD8+ T cells (cluster 7) was significantly greater in tumors from 5‐FU+ICB treated mice (23.3 ± 8.69%) compared to 5-FU alone (3.62 ± 1.21%; p = 0.03, Figure 3D). We also characterized GzmB expression and IFNγ secretion from CD8+ T cells and found a significant increase in the total number of IFNγ+ CD8+ TILs in chemo‐immunotherapy treated tumors compared to 5-FU treated tumors (Figure S7). Tumors from both cisplatin+ICB and 5-FU+ICB treated mice were enriched with increased CD4+Foxp3-ICOS+Ki67+ T cells (cluster 10) compared to chemotherapy alone (5‐FU+ICB vs 5-FU; 8.81 ± 5.94% vs 2.74 ± 1.22%; p = 0.04; cisplatin+ICB vs cisplatin; 6.09 ± 1.37% vs 1.69 ± 0.70%; p = 0.005). Activated tumor-infiltrating Tregs (CD4+Foxp3+ICOS+Ki67-; cluster 13) were also significantly reduced in both combination chemo‐immunotherapy treated groups (5-FU+ICB: 0.25 ± 0.20%; cisplatin+ICB: 0.29 ± 0.31%) compared to PBS controls (2.73 ± 1.01%; p = 0.015; p = 0.014 respectively) (Figure 3D).

As both 5-FU and cisplatin chemo-immunotherapies increased activated and proliferating CD8+ and CD4+Foxp3- T cells, we depleted CD8+ or CD4+ T cells throughout the treatment schedule in AB1-HA tumor-bearing mice to test whether these cells were required for effective chemo‐immunotherapy. Depleting CD8+ T cells significantly abrogated the anti-tumor effect of both chemo-immunotherapy combinations (5-FU+ICB: p < 0.0001; cisplatin+ICB: p = 0.026) (Figures 3E, F). In comparison, depleting CD4+ T cells had no significant impact on the efficacy of 5-FU+ICB combination therapy (P = 0.45), but significantly improved survival in the cisplatin+ICB combination group (p = 0.0014) (Figures 3E, F). These data demonstrate that 5‐FU/cisplatin combined with ICB enhanced activation of intratumoral CD8+ and CD4+ T cells, and the anti‐tumor response for these chemo-immunotherapy combinations were dependent on CD8+ T cells.



Inflammatory T Cell-Driven Pathways Are Enriched in Additive Chemo-Immunotherapy Combinations

To further elucidate the molecular and cellular pathways inducing the robust anti-tumor responses in effective chemo-immunotherapies, we compared the gene expression profiles of additive chemo‐immunotherapy combinations and monotherapy-treated tumors. Unsupervised hierarchical clustering of the top 200 most variable DEGs for each chemo-immunotherapy compared to monotherapy controls (Figures 4A, S8A) demonstrated that ICB alone, or in combination with chemotherapy was driving most of the differences in gene expression. 5-FU alone was also clearly separated from PBS and ICB treated tumors (Figure 4A) whereas cisplatin alone was similar to PBS treated tumors (Figure S8A).




Figure 4 | 5-FU-based chemo-immunotherapy upregulates immune-associated pathways and downregulates hypoxia and glycolysis pathways. (A) Unsupervised hierarchical clustering of the top 200 differentially expressed genes from 5-FU+ICB treatment groups. (B) Downregulated KEGG pathways in 5-FU+ICB compared to ICB treated tumors. (C) Top 10 upregulated KEGG pathways in 5-FU+ICB when compared 5-FU. Multiple comparisons corrected using Bonferonni-Hochberg method. Significance denoted by P < 0.05. (D) GSEA displaying top hallmark gene sets significantly (q < 0.25) enriched in 5-FU compared to PBS. A positive normalized enrichment score (NES) indicates that specific gene set is enriched in a 5-FU treated tumor compared to PBS. (E, F) Graphs displaying the top 20 upstream regulators in 5-FU+ICB compared to ICB (E) or 5-FU (F) treated tumors. Upstream regulators are colored by the activation Z-score. Regulators with a Z-score ≥ 2 are activated and are displayed in blue. Regulators with a Z-score ≤ -2 are inhibited and are displayed in red. (G) Top 10 most significantly upregulated LINCS L1000 gene signatures in 5-FU, ICB and 5-FU+ICB in comparison to PBS treated tumors. Multiple comparisons corrected using Bonferonni‐Hochberg method. Significance denoted by P < 0.05. (H–I) Survival curves of AB1‐HA tumor bearing mice treated with anti-TNFα (H) or anti-IL-1β (I) blocking antibodies, 5-FU, ICB or 5-FU+ICB therapies. Data represents one experiment (n = 5 per group). Mantel‐Cox survival test. B-H, Bonferonni-Hochberg.



To determine the biological relevance of the DEGs identified in the additive chemo-immunotherapy combinations, we examined the over-representation of pathways using KEGG and Reactome databases. We first compared the combination therapies with ICB monotherapy. A total of 330 genes were differentially expressed between 5-FU+ICB and ICB, which were associated with a downregulation of pathways involved in glucose metabolism and hypoxia by 5-FU+ICB (Figures 4B; S8B). Only 55 genes were differentially expressed between cisplatin+ICB and ICB, and pathway analysis did not identify a common biological pathway associated with these genes (data not shown).

We next compared each combination therapy with their respective chemotherapy alone and identified 779 DEGs comparing cisplatin+ICB with cisplatin monotherapy, and 536 DEGs between 5-FU+ICB and 5-FU monotherapy. Pathway analysis of DEGs demonstrated that both chemo-immunotherapy combinations significantly upregulated immune-related pathways involving immune cell differentiation, signaling and cytotoxicity compared to either respective chemotherapy alone, suggesting enhancement of the immunological activity of ICB (Figures 4C; S8C–E). These results were confirmed using GSEA (23), applying the curated Hallmark gene sets to the gene expression profiles (Figure S8F). Interestingly, 5-FU treated tumors were enriched with multiple immune related gene sets compared to PBS controls (Figure 4D), similar to the ICB gene expression profile reported previously (17). Together these results indicate that 5-FU may be further enhancing the immunostimulatory effects of ICB, generating a robust anti-tumor immune response seen for the combination therapy.

Having characterized molecular pathways that were associated with additive chemo-immunotherapy combinations, we next sought to identify key targets that could modulate the anti-tumor immune response. We focused on the 5-FU chemo-immunotherapy combination as it produced the most robust anti-tumor immune response in vivo (Figure 1). We performed upstream regulator analysis to identify key transcriptional regulators of molecular pathways enriched in 5-FU chemo-immunotherapy. In comparison to ICB, 5-FU+ICB induced a gene expression signature indicative of inhibition of upstream regulators involved in HIF1 signaling (HIF1A, CSF1, ARNT), peroxisome signaling (PPARG, PPARGC1A) and activation of upstream regulators IL-1 and IL-6 (Figure 4E). IFNγ, TNFα, IL-2, STAT1 and IL-1β were the top activated upstream regulators in 5-FU+ICB compared to 5-FU monotherapy (Figure 4F). We also analyzed the data using the LINCS L1000 connectivity map which measured the expression of over 3000 genes in eight different cell lines following exposure to defined ligands. The gene expression profiles of 5-FU, ICB and 5-FU+ICB treated tumors, were enriched for IL-1 and TNFα-induced genes (Figure 4G).

To test if TNFα or IL-1β cytokine signaling pathways were required to produce the robust anti-tumor immune response found when 5-FU is added to ICB, we administered TNFα or IL‐1β blocking antibodies throughout the 5-FU+ICB treatment schedule in AB1-HA tumor bearing mice (Figures 4H, I). The efficacy of the 5-FU+ICB combination was unaffected when either pro-inflammatory cytokine was depleted. There was also no significant difference in survival for the 5-FU or ICB monotherapies when TNFα or IL-1β were blocked. (Figure 4H) (5-FU+ICB vs 5-FU+ICB+aTNFa, P = 0.136; 5‐FU+ICB vs 5-FU+ICB+aIL-1β, P > 0.999). This indicates that whilst TNFα and IL-1 signaling were significantly enriched in 5-FU chemo-immunotherapy treated tumors, the robust anti-tumor response produced by this additive chemo-immunotherapy is likely to be dependent on the combination of multiple molecular pathways.




Discussion

In this study, we analyzed the in vivo anti-tumor effects of 10 different chemotherapies in combination with anti-CTLA-4 and anti-PD-L1 ICB to identify effective chemo‐immunotherapy combinations. We found that the addition of 5-FU or cisplatin to ICB significantly improved survival compared to either monotherapy alone in two murine cancer models. Importantly, no chemo-immunotherapy combination decreased overall survival compared to ICB alone, suggesting no antagonistic effects of tested chemotherapies.

Immunogenic chemotherapies such as vinorelbine, etoposide, cyclophosphamide and gemcitabine induced robust anti-tumor responses alone. While we only found 5-FU or cisplatin improved the efficacy of ICB, other studies have identified that vinorelbine and etoposide synergized with anti‐CTLA-4 (27) and anti-PD-L1 (28) respectively. In addition, cyclophosphamide and gemcitabine have been previously shown to enhance CD8+ T cell infiltration in tumors and deplete immunosuppressive cells (29, 30), but preclinical studies combining these chemotherapies with ICB have provided conflicting results (27–29, 31). These discrepancies may not only be due to different cancer models but also chemotherapy dosing and scheduling. For example, we previously established that multiple lower doses of gemcitabine (240 mg/kg) were synergistic with ICB in the AB1 tumor model (32), whereas MTD gemcitabine (700 mg/kg) did not provide additional benefit in this study. 5‐FU at the previously reported MTD of 125 mg/kg (16) could not be administered with ICB without severe toxicity so a lower dose (75 mg/kg) was used which may have impacted the additive effect found with this combination. In addition, we investigated chemo-immunotherapy combinations in subcutaneous models of mesothelioma which may not fully recapitulate the tumor microenvironment in the pleural mesothelium. However, orthotopic models of mesothelioma are technically challenging and response rates to ICB and chemotherapy monotherapy in our subcutaneous models are similar to responses found in mesothelioma patients (33, 34).

We also administered ICB and MTD chemotherapy concurrently. Although staggering the ICB and chemotherapy doses have been explored previously (29, 35–37), it is difficult to separate the immunogenic effects of therapy from tumor size, particularly when one treatment has substantially reduced the tumor size before the addition of the next therapy. Administering chemotherapy before ICB could induce a highly inflammatory tumor microenvironment, sensitize tumor cells to cytotoxic T cell killing (38, 39), priming a tumor to be more responsive to ICB. Dosing and scheduling are potential factors that could affect the chemotherapy-induced immune response, and remain an important area of research, going forward.

Our study focused on the additive mechanisms of MTD 5-FU and cisplatin to ICB as they produced the most robust anti-tumor responses in our models. 5-FU has shown to be additive when combined with anti-PD-1/PD-L1 ICB in other pre-clinical models (35, 36, 40), whereas cisplatin chemotherapy synergized with anti‐PD‐1/PD‐L1 or anti‐CTLA-4 in some models, but not others (41, 42). Platinum‐based chemotherapy has been shown to be a very effective combination with ICB in patients (10). In addition, multiple ongoing clinical trials are analyzing the efficacy of combination multi-modal chemotherapy, (including 5-FU and cisplatin) with ICB, particularly for patients with colorectal and bladder cancer (NCT03202758, NCT02658214, NCT04241185, NCT03775265, NCT02912559). Increased numbers of activated CD8+ T cells at the tumor site together with depletion of immunosuppressive cells (Tregs and MDSCs) were key immunological effects of 5-FU and cisplatin chemo-immunotherapy combinations in our study and others (40, 42).

Gene signatures associated with hypoxia and metabolism, in particular HIF-1α and glycolysis pathways were downregulated in tumors from mice treated with the 5-FU+ICB combination compared to monotherapy. HIF-1α signaling regulates chemotherapy-resistance, and the differentiation of immunosuppressive myeloid-derived suppressor cells (MDSCs) (43). Both AB1 and AE17 tumors display hypoxic regions in vivo (44), and chemo-immunotherapy could have altered tumor hypoxia. It is also possible that combination 5-FU and ICB alter tumor immunosuppressive cells through HIF-1α mediated pathways, resulting in decreased MDSCs and Tregs observed in our study. Others have found that inhibition of the HIF-1α pathway improves the anti-tumor effect of 5-FU (45), and improves ICB responses (46) in preclinical models. There are numerous small molecule drugs that inhibit different parts of the HIF-1α signaling pathway, but the clinical efficacy of HIF-1α inhibitory drugs in cancer have been limited thus far (47).

Recent studies have also highlighted the importance of glucose metabolism in T cell activation and proliferation in response to a T cell receptor mediated stimulus. PD-1 and CTLA-4 signaling inhibit glycolysis in CD4+ and CD8+ T cells in vitro, preventing rapid proliferation and differentiation into effector cells (48). It is therefore counterintuitive that glycolysis pathways would be downregulated in the most efficacious chemo-immunotherapy combination from our study. However, a caveat of our study is that RNAseq of bulk tumors did not allow us to separate the metabolic effects of chemo-immunotherapy on tumor versus immune cells. The metabolic competition between tumor cells and T cells has been well described (49), and reduced glycolysis within tumors have been observed, particularly with PD-L1 blockade.

TNFα and IL-1β signaling associated genes were upregulated in 5-FU+ICB treated tumors. However, antibody neutralization experiments showed that these signaling pathways were not necessary for complete tumor regression. In fact, neutralization of TNFα further improved the efficacy of 5-FU+ICB. This is in line with multiple reports demonstrating that disruption of TNFα or IL-1R/IL-1β signaling by either blocking antibodies or deficient mouse models improves the anti-tumor immune response in combination with 5-FU (50, 51) or ICB (52, 53). These results highlight the complexity, and redundancy of different pro‐inflammatory cytokines in mediating anti‐tumor immunity. As TNFα and IL-1β inhibitors are now available to treat severe ICB induced immune related adverse events (54), it is encouraging that blocking these pathways did not diminish the anti-tumor responses of chemo-immunotherapy in preclinical models.

Our study provides a resource and starting point for future studies to interrogate the mechanisms of combination ICB and chemotherapy. 5-FU and cisplatin treated tumors had vastly different gene expression profiles, suggesting additive mechanisms could be different for other chemotherapies. 5‐FU is currently not used clinically for mesothelioma, and the results with this chemotherapy may therefore be particularly applicable to other cancers. However, understanding additive mechanisms is important to develop novel strategies to phenocopy a responding tumor microenvironment, and improve anti‐tumor responses of chemotherapy and/or immunotherapy.
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Hepatocellular carcinoma (HCC) is usually diagnosed in an advanced stage and has become the second deadliest type of cancer worldwide. The systemic treatment of advanced HCC has been a challenge, and for decades was limited to treatment with tyrosine kinase inhibitors (TKIs) until the application of immune checkpoint inhibitors (ICIs) became available. Due to drug resistance and unsatisfactory therapeutic effects of monotherapy with TKIs or ICIs, multi-ICIs, or the combination of ICIs with antiangiogenic drugs has become a novel strategy to treat advanced HCC. Antiangiogenic drugs mostly include TKIs (sorafenib, lenvatinib, regorafenib, cabozantinib and so on) and anti-vascular endothelial growth factor (VEGF), such as bevacizumab. Common ICIs include anti-programmed cell death-1 (PD-1)/programmed cell death ligand 1 (PD-L1), including nivolumab, pembrolizumab, durvalumab, and atezolizumab, and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA4), including tremelimumab and ipilimumab. Combination therapies involving antiangiogenic drugs and ICIs or two ICIs may have a synergistic action and have shown greater efficacy in advanced HCC. In this review, we present an overview of the current knowledge and recent clinical developments in ICI-based combination therapies for advanced HCC and we provide an outlook on future prospects.
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Introduction

Liver cancer is a global health burden with an increasing incidence and a leading cause of cancer-related deaths (1). Hepatocellular carcinoma (HCC) is the most common type of liver cancer, and 72% of cancer-related death cases are observed in Asia (2). Most cases (80-90%) of HCC can be considered prototypical inflammation-driven cancers for the backdrop of chronic liver injury/cirrhosis caused by hepatitis B virus (HBV) or hepatitis C virus (HCV) infections, alcohol abuse, obesity, and aflatoxin B1 (3). The high mortality of HCC is attributed to an advanced-stage presentation and a high prevalence of liver dysfunction. For delayed diagnosis, postsurgical recurrence and metastasis, there is a poor 5-year survival rate of less than 50% (4).

The Barcelona Clinic Liver Cancer (BCLC) system is the most commonly recommended staging system for HCC. Based on the underlying liver function evaluated by the Child–Pugh score and the performance status, HCC patients can be divided into five classes, including BCLC stage 0, A, B, C and D (5). This classification is associated with the treatment strategies and prognosis of HCC. For early-stage (BCLC stage 0 and A) HCC patients, those with solitary nodules less than 3 cm or multiple nodules less than 3 cm limited in the liver with preserved liver function and without macrovascular invasion, curative approaches, such as surgical resection, ablation, and liver transplantation could be effective. For large, multinodular without vascular invasion intermediate-stage HCC (BCLC stage B), transcatheter arterial chemoembolization (TACE) is the preferred treatment option if liver function is preserved. Unfortunately, most patients are diagnosed at a relatively advanced stage (BCLC stage C) with a poor prognosis and a survival time of less than 1 year. In this state, tumors have expanded outside the liver or vascular invasion or liver dysfunction (6). Due to the strong and extensive resistance of chemotherapy, as well as the increasing toxicity for the underlying altered liver function, the use of cytotoxic agents is frequently restricted in HCC. Clinical trials using doxorubicin in combination with cytotoxic chemotherapy have proven that there are low response rates with no survival benefit (7). Therefore, systemic therapies are required at an advanced stage. For patients in the terminal stage (BCLC stage D) with poor liver function, supportive care is required when they are not considered suitable for transplantation (8).

The common pathophysiological features of hypervascularity and vascular abnormalities include sinusoidal capillarization and overexpression of proangiogenic growth factors, such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) in HCC. In recent decades, anti-angiogenesis has attracted attention as a potential therapeutic target (9). Sorafenib, an oral small molecule multityrosine kinase inhibitor (TKI) that can suppress angiogenesis, exerts an anticancer effect by inhibiting vascular endothelial growth factor receptor (VEGFR) and fibroblast growth factor receptor (FGFR) (10). In 2007, two phase III trials (one is the SHARP trial in Europe and the USA, one is the ORIENTAL trial in Asia-Pacific regions) showed promising results that sorafenib significantly prolonged the survival of advanced-stage HCC patients compared with the placebo (11, 12). Based on the results of these two clinical trials, sorafenib was recommended as a first-line targeted agent for advanced HCC worldwide in the 2008 NCCN guidelines (10). Even for transplant recipient patients with unresectable HCC, sorafenib is generally well-tolerated and associated with improved overall survival (OS) (13, 14). Lenvatinib, another oral small molecule multi-TKI that inhibits tumor angiogenesis and growth, was found to be no less effective than sorafenib. Hence, lenvatinib therapy became the second recommended first-line targeted molecular therapy in the 2019 NCCN guidelines (15). Other multitarget TKIs, regorafenib and cabozantinib, were recommended as second-line agents for HCC patients who progressed on sorafenib treatment in the 2017 and 2019 NCCN guidelines, respectively (15, 16). Ramucirumab, a recombinant IgG1 monoclonal antibody (mAb) and an inhibitor of VEGFR2, showed efficacy after sorafenib among advanced patients with elevated levels of α-fetoprotein (AFP) (17). In view of this, ramucirumab was included in the second-line therapy in the 2019 NCCN guidelines (15). However, low objective response rates (ORRs), an improvement in OS of only 2-3 months, resistance, and cancer progression after standard treatment, regardless of first- and second-line settings, were observed, and therefore, more efficacious therapeutics should be explored (18).

HCC is a chronic inflammation-induced type of cancer that expresses various antigens that can mediate immune responses. Over the past decade, immune-based therapies that modulate the balance of immune homeostasis have been increasingly explored and have shown beneficial outcomes in HCC (19). Immune checkpoints include coinhibitory receptors on T cells and their ligands on tumor cells and stromal cells in the tumor microenvironment (TME). Immune checkpoint inhibitors (ICIs) prevent the inactivation of T cells by blocking interactions between checkpoint proteins and their ligands, such as those mediated by programmed cell death-1 (PD-1)/programmed cell death ligand 1 (PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA4), T-cell immunoglobulin, mucin domain containing-3 (TIM3), and lymphocyte-activation gene 3 (LAG3), thereby exerting antitumor effects (20, 21). However, not all patients (especially in the era of pre-liver transplantation) with HCC respond to immunotherapy, and more importantly, the ORR is low, and OS does not significantly improve with single-agent immunotherapy (22, 23). Given these data, more effective combination therapies for the treatment of HCC are explored, including ICIs combined with other ICIs, TKIs, anti-VEGFs, and other agents (24). In recent years, the emergence of combination therapies using multi-ICIs or ICIs with antiangiogenics represents the main avenue for the treatment of advanced HCC (5, 25). The objective of this review is to focus on the current knowledge of ICI monotherapy or in combination with other ICIs or molecularly targeted therapies (TKIs or anti-VEGFs) in advanced HCC and to provide an outlook on future prospects.



Immune Microenvironment of the Liver

The liver is an organ with metabolic function and immune regulatory function. Liver cells are commonly exposed to food antigens and gut pathogens in terms of the dual supply of arterial and portal systemic blood (26). Therefore, the liver not only regulates immune responses but also has the ability to maintain immune tolerance to self and foreign antigens. This tolerogenic environment is maintained by specialized immunocytes, including Kupffer cells (KCs), liver resident dendritic cells (DCs), liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), natural killer (NK) cells, and innate T and B cells (27). Among them, KCs, DCs, HSCs, and LSECs are antigen-presenting cells (APCs). DCs (conventional APCs) exist in multiple subtypes with different functions. Under physiological conditions, in the hepatic microenvironment, DCs appear as a tolerogenic phenotype and can secrete an array of immunosuppressive cytokines, including interleukin 10 (IL-10), prostaglandin E2 (PGE2), and indoleamine 2,3-dioxygenase (IDO), which can promote regulatory T cell (Treg, derived from naive CD4+ T cells) activation, thus playing an inhibitory role in innate immune responses (28). Under homeostatic conditions, non-conventional APCs (KCs, LSECs, and HSCs) in the liver are known to act as weak T-cell activators due to low expression of major histocompatibility complex (MHC) molecules and APC activation markers CD80 and CD86 (29). KCs eliminate high-affinity antigen-specific CD8+ T cells in the liver and express heightened amounts of IL-10 and transforming growth factor beta (TGF-β) to promote the activation of Tregs (Figure 1) (30, 31). In addition, a variety of immune checkpoint proteins limit T-cell hyperactivation in physiological circumstances. T cells express CTLA4, PD-1, LAG3, and TIM3, which interact with ligands on APCs (such as PD-L1) and play a key role in immune tolerance in the liver (32).




Figure 1 | Immune microenvironment of liver and tumor microenvironment of hepatocellular carcinoma. The liver not only regulates immune responses, but also maintains immune tolerance to self and foreign antigens. Liver sinusoidal endothelial cells (LSECs) line the liver sinusoid wall that controls the exchange of materials between hepatocytes and blood. Kupffer cells (KCs) and liver resident dendritic cells (DCs) can access to the Disse space to get in touch with hepatocytes and hepatic stellate cells (HSCs). KCs are key regulators of tolerance by expressing a large amount of IL-10 and transforming growth factor beta (TGF-β). Moreover, liver DCs produce elevated amounts of IL-10, resulting in immune tolerance. Continuous hepatitis B virus (HBV) or hepatitis C virus (HCV) infections, and alcohol abuse can lead eventually to the development of HCC. HCC is hypervascularity and overexpresses VEGF, which can recruit several inhibitory cells, such as myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and regulatory T cells (Tregs) to form an immunosuppressive microenvironment. In addition, HCC-related cancer-associated fibroblasts (CAFs) can induce the differentiation of MDSCs by IL-6/STAT3 signaling. Tregs can produce suppressive cytokines IL-10 and TGF-β to impair the inflammatory functions of CD8+ cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells through inhibiting tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and the release of perforin. Furthermore, Tregs and TAMs also secrete IL-10 to attenuate the capacity of CD8+ CTLs and NK cells. Moreover, MDSCs express TIM3 ligand galectin-9 and induce T-cell apoptosis.





Tumor Microenvironment of HCC

It is an immense challenge to produce immune tolerance or immune response by distinguishing between benign foreign antigens and pathogenic antigens. Failure to respond to HBV and HCV infections would markedly induce immunosuppression and impair immune surveillance, which increases the risk of chronic infections and ultimately gradually develops into HCC (33). The TME of HCC is composed of immune cells (cytotoxic CD4+ T cells, CD8+ T cells, and NK cells), abundant immunosuppressive cells, such as Tregs, myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), stromal cells, the extracellular matrix (ECM), blood vessels, tumor cells, and lymphatic vessels, which play an important role in tumor survival, proliferation, invasion, and metastasis (34). Immune cells recognize and kill cancer cells. Moreover, deficiencies and malfunctioning of immune cells can influence the balance of the TME and lead to an immunosuppressive microenvironment. Several factors, including immunity suppression, chronic inflammation, and the decreased recognition of cancer cells have been suggested to play a role in promoting tumor antigen tolerance, which induces hepatocarcinogenesis (35). In a number of recent clinical trials, it was highlighted that the onset of HCC may be favored by alterations in cytokine levels as well as in immune cell function and number. IL-6 is a pleiotropic cytokine that exerts its biological effects mainly through the IL-6/STAT3 signaling pathway. IL-6 is abundantly present in the TME, and an abnormally activated IL-6/STAT3 signaling pathway can play a role in the occurrence and development of HCC by affecting tumor cell proliferation, migration, invasion, angiogenesis, and apoptosis (36, 37). IL-10 and TGF-β are important regulatory cytokines of hepatocytes. Moreover, in addition to overcoming the tumor suppressor effect of hepatocytes, the mechanism of action of tumor cell development involves other pathways related to IL-10 and TGF-β, such as epithelial-mesenchymal transition (EMT) and suppressing IFN-γ production, which contributes to tumor progression and metastasis (38). The TME is shaped by complex interactions between tumor cells and immune cells. HCC has a high degree of malignancy and the poor survival rate of patients is closely related to an imbalance of the immune microenvironment, the breakdown of immune system surveillance, and the suppression of host immune system responses. These components synergistically construct an immunosuppressive microenvironment in HCC via a variety of mechanisms (Figure 1) (19).


Immunosuppressive Cells in the TME of HCC

MHC I/II is usually functionally depleted in HCC, is unable to activate T cells, and downregulates the expression of the costimulatory molecular receptor B7 family (such as B7.1/B7.2), leading to immune escape, which is a prerequisite for tumorigenesis (39). Low expression of MHC-I (binding to cytotoxic CD8+ T cells) and high expression of MHC-II (binding to immunosuppressive CD4+ T cells) is the reason for immune escape in terms of the failure of antigen presentation related to HCC. The result is that a large number of immunosuppressive cells are recruited into the TME of HCC (40).


Regulatory T Cells (Tregs)

Tregs play a pivotal role in antitumor suppression and are mainly derived from peripheral blood or resident naive CD4+ T lymphocytes, and are recruited by the CC chemokine receptor 6 (CCR6)-CC chemokine ligand 20 (CCL20) axis (41). The differentiation of Tregs from CD4+ T cells requires the action of cytokines IL-2 and TGF-β, followed by the production of the suppressive cytokines IL-10 and TGF-β by expressing the transcription factor Foxp3, which in turn promotes further differentiation and suppresses inflammatory functions (42, 43). Compared with normal liver tissue, the proportion and number of CD4+CD25+ Tregs are markedly increased in HCC. Among these, CD4+ CD25+ Foxp3+ subtype Tregs have been found to suppress CD8+ cytotoxic T lymphocyte (CTL) activation and disable the killing capacity of CTLs by inhibiting tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) and the release of granzyme A, B (GrA, B), and perforin (44, 45). Another mechanism is the disruption of antigen presentation by downregulation of CD80 and CD86 expression in DCs and direct lysis of APCs via GrA and GrB (46, 47).



Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs are immature myeloid cells that originate from the bone marrow that are increased in HCC and upregulate the expression of immune suppressive factors to suppress antitumor immunity in HCC (48). HCC-related cancer-associated fibroblasts (CAFs), which are components of the extracellular matrix in the TME, can induce MDSC differentiation from peripheral blood monocytes via IL-6/STAT3 signaling (49). In a previously established mouse model, it was demonstrated that granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, VEGF, and other tumor-associated cytokines could promote the accumulation and migration of MDSCs. Recent evidence has shown that a cell cycle-related kinase (CCRK) unique to HCC can also induce MDSC infiltration into the TME by promoting the expression of IL-6 by activating the zeste homolog 2 (EZH2)/nuclear factor-κB (NF-κB) signaling pathway (50). In addition, local hypoxia (a crucial factor in the TME of solid tumors) is another key factor for the recruitment of MDSCs with the action of the chemokine (C-C motif) ligand 26 (CCL26)/CX3CR1 pathway (51). MDSCs exert continuous immune-suppressive effects by inducing CD4+ CD25+ Foxp3+ Tregs, damaging CD8+ T cells, expanding immune checkpoint signaling and inhibiting NK-cell cytotoxicity (52, 53). MDSCs express the TIM3 ligand galectin-9 and induce T-cell apoptosis (54). Furthermore, PD-L1 expression can be induced by MDSCs in concert with KCs in advanced HCC, which mediates the inhibition of NK-cell cytotoxicity (55).



Tumor-Associated Macrophages (TAMs)

TAMs are predominant tumor-infiltrating leucocytes and vary depending on the cancer type (56). In HCC, TAMs arrive from CCR2+ inflammatory monocytes after the induction of the HCC-derived cytokines IL-4, CCL2, CXCL12, and others. Based on the state of macrophage activation, TAMs can be divided into two polarizing phenotypes, M1 and M2. M1 is the classical phenotype and activated by interferon-α, β or γ (IFNα/β/γ), which induces antitumor immune responses. In contrast, M2 is the alternative phenotype and activated by IL-4 and IL-10, which stimulate tumor promotion and metastasis by various mechanisms (57, 58). This suggests the presence of both antitumorigenic (M1) and protumorigenic (M2) macrophages in HCC, and the balance of M1/M2 is regulated by various TME components. TAMs contribute to malignant progression and metastasis by the production of IL-6, epithelial-to-mesenchymal transition (EMT) and immunosuppression (59). TAMs are highly associated with immune checkpoint molecules, such as PD-1/PD-L1, CTLA4, and TIM3, to exert immune inhibitory regulation. TAMs in the tumor stroma of HCC secrete pivotal cytokines (e.g., NF-α, IL-6, IL-23) and expand IL-17-producing CD4+ T helper 17 cells (Th17), which inhibit antitumor immunity by upregulating PD-1 and CTLA-4 (60). Moreover, TAMs can directly promote Treg expansion via surface expression of PD-L1. In addition, TAMs in HCC promote the expression of TIM3 by TGF-β stimulation, thereby ultimately facilitating tumor progression and immune tolerance (61).



CD8+ Cytotoxic T Lymphocytes (CTLs)

Naive CD8+ T cells (without cytotoxic activity) can become CTLs when they receive a signal from costimulatory molecules and then have the ability to protect against APCs. CD8+ CTLs can recognize abnormal cells, such as tumor cells by cooperating with helper T1 cells (Th1) and mediate antitumor immune responses by releasing perforin, granzyme, and TNF-α to damage tumor cells (48). However, the efficacy of CD8+ CTLs in HCC is functionally limited through a variety of mechanisms. Hypoxia, in conditions of an acidic environment (overload of lactic acid and low pH), lack the help of CD4+ T cells, and overabundant immunoregulatory molecules (IL-10, VEGF, IDO), may be responsible for restricted CD8+ CTL-specific cytotoxic responses (62). Unlike other TME immunosuppressive cells, the infiltration of CD8+ CTLs can be reduced by liver fibrosis (a striking feature of HCC) by disrupting CD8+ T-cell recognition of platelet-derived CD44 (63). Most CTLs are exhausted after their effect, but some remain memory killer cells that respond to the same tumor cells quickly when they are encountered in the future. In HCC, TOX, a novel T-cell exhaustion transcription regulator, is heavily overexpressed in CD8+ T cells, thereby suppressing cytotoxic effector and memory function (64). Notably, immune checkpoint signaling has recently been found to remarkably induce CTL exhaustion. PD-1/PD-L1 signaling is a crucial driver of CTL exhaustion (inhibition of T-cell survival and growth) in HCC and plays a role by blocking T-cell receptor (TCR) sequences through the PI3K/AKT pathway. CTLA-4 is upregulated after the activation of T cells and acts as a competitive antagonist of CD80 and CD86 in APCs and inhibits downstream AKT signaling, thereby ultimately exerting inhibitory effects (65). Other drivers of T-cell exhaustion include TIM3 and LAG3, which are expressed on CD8+ T cells and Tregs in HCC and lead to hypofunctional CD8+ responses by reducing CTL capacity (66, 67).



Natural Killer (NK) Cells

NK cells are innate immune cells with a high frequency (~30%) in the liver and a low frequency in peripheral blood. Upon NK-cell activation triggered by virus-infected cells and tumor cells, NK-cells function rapidly without antigen presentation (68). NK cells are crucial in maintaining the balance of immune defense/tolerance. The antitumor effect of NK cells is induced by secreting several killer cytokines (e.g., IFN-γ and TNF-α) and chemokines and by inducing tumor cell apoptosis via the Fas/FasL pathway as well as the release of cytotoxic granules (mainly perforin and granzyme) (69). In HCC, increasing evidence has shown that hypoxia can dysfunction the antitumor immunity of NK cells by utilizing TME immunosuppressive components to influence the switch of activating/inhibiting NK receptors (NKRs). For example, AFP (known to be overexpressed in HCC), especially when extended, decreased the expression of natural killer group 2, member D (NKG2D), an activating NKR, and negatively regulated NK-cell viability (70, 71). Other modulators in the TME, such as Tregs, release the cytokines IL-8, IL-10, and TGF-β to downregulate NKG2D ligand membrane expression in HSCs, which suggests tumor progression in HCC patients (72).




Extracellular Matrix (ECM) in TME of HCC

Chronic liver inflammation/injury causes liver fibrosis, which is characterized by the continuous accumulation of ECM-producing myofibroblasts and results in the gradual substitution of liver parenchyma by fibrous or scar tissue and liver cirrhosis (73). In the physiological liver, quiescent HSCs localize in the space of Disse but are activated in myofibroblasts and secrete ECM components in the pathological liver (74). CAFs are most important components that form the ECM and promote EMT (normal epithelial cells transform into mesenchymal cells) in the TME. CAFs mostly stem from HSCs or bone marrow (BM)-derived activated mesenchymal stem cells (MSCs). CAFs can alter stiffness of the ECM, secrete cytokines, including epidermal growth factor (EGF), TGF-β, and PDGF, and in turn promote tumorigenesis of the liver. Moreover, CAFs have been found to indirectly promote HCC through crosstalk with immunosuppressive cells (mostly MDSCs and Tregs) in the TME, and reduce immune surveillance (75). Specifically, MDSC production can be induced by CAFs through the IL-6/STAT3 signaling axis and secretion of stromal cell-derived factor (SDF)-1α. More recently, in several studies, it was demonstrated that MDSC differentiation from blood monocytes can be promoted by PGE2 secretion in a CD44-dependent manner (76). CAFs also caused T-cell hyporesponsiveness and an increased number of Tregs, followed by inhibition of T-cell-mediated cytotoxicity (77). In summary, CAFs play a critical role in contributing to the occurrence of liver fibrosis and the progression of HCC in the TME.



Cytokines in the TME of HCC

The abundance of cytokines in the TME of HCC can mediate intercellular crosstalk and have multiple other functions. Based on their function, these cytokines can be classified into two groups. One type involves immune response cytokines, including TNFα, IFN-γ, IL-1, and IL-17, and the other type involves immunosuppressive cytokines, including IL-10, IL-4, IL-8, and TGF-β (78, 79). IL-10 is produced by DCs, TAMs, T cells, and Tregs and is elevated in HCC, thereby directly impairing the function of NK cells and downstream CD8+ T cells. Moreover, IL-10 inhibits the stimulatory function of APCs and promotes elevation of PD-L1 in monocytes, thus exerting immune escape-promoting effects (56, 80). High expression of a large amount of TGF-β in the HCC TME is made possible by tumor cells, macrophages, and Tregs. It not only attenuates the activation of DCs but can also trigger the activation of Tregs and impair the effector functions of T cells and NK cells to inhibit antitumor efficacy (81). Additionally, TGF-β increases TIM3 expression on TAMs, subsequently facilitating immune tolerance through the TNF-α/NF-κB signaling pathway (61). IFN-γ and TNFα are two pivotal cytokines that play a role in antitumor immune responses, while lower serum levels of these two cytokines were found in HCC. As mentioned above, the production of immunosuppressive cytokines, such as IL-10, TGF-β, and PD-L1 can suppress IFN-γ/TNFα production derived from NK cells or effector T cells (82).




ICIs in HCC

As shown above, in the TME of HCC, immune checkpoint molecules (PD-1, PD-L1, CTLA4, TIM3, LAG3) are associated with immunosuppressive cells to promote tumor growth and immune escape. This novel finding indicates that there are strong reasons to treat HCC patients with immunotherapies, especially ICI therapy. Increasingly, monoclonal antibodies aimed at blocking these immune checkpoint molecules have attracted increased attention in the HCC landscape (Figure 2 and Table 1) (83).




Figure 2 | Molecularly targeted therapies and immune checkpoint inhibitors for the treatment of hepatocellular carcinoma. Vascular endothelial growth factor (VEGF) is overexpressed in hepatocellular carcinoma (HCC) and interacts with vascular endothelial growth factor receptor (VEGFR) in the vascular endothelium to promote tumor growth. Molecularly targeted therapies focus on VEGF/VEGFR inhibitors, including multi-tyrosine kinase inhibitors (Multi-TKIs) and anti-VEGF can suppress angiogenesis and thus exert an anticancer effect. CD8+ T cells exhibit the expression of immune checkpoint molecules programmed cell death-1 (PD-1), cytotoxic T-lymphocyte antigen 4 (CTLA-4), mucin domain containing-3 (TIM3), and lymphocyte-activation gene 3 (LAG3) on their surface. High expression of CTLA-4 and TIM3 are displayed on the surface of Tregs. Tumor-associated macrophages (TAMs) and natural killer (NK) cells markedly express TIM3. Binding of PD-1 with its ligand programmed cell death ligand 1 (PD-L1) expressed on tumor cells promotes CD8+ T-cell apoptosis. CTLA-4 inhibits the proliferation of T cells and induces the activity of Tregs by binding to CD80/86 in antigen-presenting cells (APCs). The interaction between TIM3 and ligand galectin-9 on the surface of myeloid-derived suppressor cells (MDSCs) also induces T-cell apoptosis. Immune checkpoint inhibitors (ICIs) prevent the inactivation of T cells by blocking the interactions between immune checkpoint molecules with their ligands, thereby exerting antitumor effects.




Table 1 | Clinical trials with ICIs in HCC.




PD-1/PD-L1 Monotherapy

PD-1 is mainly expressed on activated CD4+ and CD8+ T cells and NK cells. PD-L1, the ligand for PD-1, is mainly expressed on APCs and HCC tumor cells. Coinhibitory signals are mediated by the binding of PD-1 and PD-L1 to suppress T-cell immunity. In HCC, it has been shown that the upregulation of PD-1 and PD-L1 induced by various cytokines contributes to the dysfunction of effector T cells, which eventually promotes tumor aggressiveness and recurrence (84, 85). Clinically, the CheckMate-040 study is a multicohort, open label, phase 1/2 trial on the anti-PD-1 antibody nivolumab in patients with advanced HCC. In the dose-escalation phase, a total of 48 advanced HCC patients were enrolled into 3 groups (virus-uninfected, HBV, HCV-infected). The objective response rate (ORR) was 15% (95% CI, 6-28), and the disease control rate (DCR) was 58% (95% CI 43-72). Furthermore, the median progression-free survival (PFS) was 3.4 months (95% CI, 1.6-6.9), and the median overall survival (OS) was 15.0 months (95% CI 9.6-20.2). Severe grade 3/4 treatment-related adverse events (TRAEs), including diarrhea and hepatitis, were observed in 12 (25%) out of 48 patients. In addition, in the dose-expansion phase, a total of 214 advanced HCC patients were enrolled into 4 cohorts, including uninfected sorafenib refractory (n = 57), uninfected sorafenib intolerance (n = 56), HCV infected (n = 50), and HBV infected (n = 51). The ORR was 20% (95% CI 15-26), the DCR was reported as 64% (95% CI, 50-71), and the median PFS was 4.0 months (95% CI, 2.9-5.4). The OS was not reached. Nivolumab may offer favorable efficacy with a manageable safety profile, and a phase 3 randomized trial compared with sorafenib is underway (86). In another phase 3 trial (CheckMate-459) 743 systemic therapy-naive patients with advanced HCC were recruited to verify the effects of nivolumab compared with sorafenib. The median OS was 16.4 months (95% CI, 13.9-18.4) for nivolumab and 14.7 months (95% CI, 11.9-17.2) for sorafenib. TRAEs were reported in 82 patients (22.3%) and 180 patients (49.6%) treated with nivolumab and sorafenib, respectively (87). In KEYNOTE-224, a phase 2 trial, the efficacy and safety of pembrolizumab (anti-PD-1 antibody) were evaluated in 104 HCC patients who had progressed or were intolerant to sorafenib. The ORR was recorded as 17% (95% CI, 11-26), and the DCR was 62% (95% CI, 52-71). The median PFS and OS were 4.9 months (95% CI, 3.4-7.2) and 12.9 months (95% CI, 9.7-15.5), respectively. Twenty-six (25%) grade 3-4 TRAEs were observed (88). In addition, in a randomized, multicenter phase 3 trial (KEYNOTE-240) the efficacy and safety of pembrolizumab compared with a placebo were assessed in 413 HCC patients after progression on sorafenib. The results indicated that the ORR and DCR of the pembrolizumab group were 18.3% (95% CI, 14.0-23.4) and 62.2%, respectively, which was significantly better than those of the control group (4.4% (95% CI, 1.6-9.4) and 53.3%, respectively. The median PFS and OS for pembrolizumab were 3.0 months (95% CI, 2.8-4.1) and 13.9 months (95% CI, 11.6-16.0) versus 2.8 months (95% CI, 1.6-3.0) and 10.6 months (95% CI, 8.3-13.5) for the placebo, respectively. The incidence of TRAEs of grade 3 and above was 52.7% in the pembrolizumab group and 46.3% in the placebo group. Anti-PD-L1 monotherapy (durvalumab) was observed as part of a randomized expansion phase 1/2 study in 104 HCC patients who progressed or refused sorafenib treatment, with an ORR of 10.6% (95% CI, 5.4-18.1) and a median OS of 13.6 months (8.7 to 17.6) (89). At the 2017 American Society of Clinical Oncology (ASCO) annual meeting, an ongoing phase 1/2 trial that was aimed at evaluating the safety and clinical activity of durvalumab in advanced solid tumors showed promising antitumor activity and management safety in 40 patients with HCC (5). The fully human monoclonal anti-PD-L1 agent avelumab underwent further assessment in a phase 2, single-arm, single center in patients with advanced HCC who were previously treated with sorafenib (NCT03389126). Preliminary results were promising: ORR: 10.0%, DCR: 73.3%, median PFS: 4.4 months (95% CI, 2.9-5.9), median OS: 14.2 months (95% CI, 9.5-18.9). Avelumab was well tolerated with manageable toxicity, with 7 grade 3 TRAEs and no grade 4 TRAEs (90).



CTLA-4 Monotherapy

CTLA-4 is present on Tregs and activated T cells and is an inhibitory coreceptor that plays an important role in regulating the function of CD4+ T cells. In many types of solid cancer, including HCC, CTLA-4 suppresses the proliferation of T cells, promotes the production of the suppressive cytokines IL-10 and IDO, and induces Treg activity (91, 92). Many clinical trials on anti-CTLA-4 are currently ongoing with promising results. The antitumor effect of blocking CTLA-4 with tremelimumab in the treatment of HCV-associated advanced HCC was demonstrated in a phase 2 trial (NCT01008358), involving 21 patients. A remarkable DCR of 76.4% was observed, and although there was no complete response, the partial response rate (PRR) was 17.6%. In the study, the efficacy of tremelimumab was investigated with a median PFS of 6.48 months (95% CI, 3.95-9.14) and a median OS of 8.2 months (95% CI, 4.64-21.34) and a manageable safety profile. In addition, tremelimumab has been shown to play an antiviral role, and a progressive course of decreased viral load was observed for almost 3 months in most patients (93). In another recent communication, a phase 1 trial (NCT01853618) was reported, evaluating tremelimumab in combination with ablation in 32 patients with advanced HCC. The study showed significant results, with a median PFS and OS of 7.4 months (95% CI, 4.7-19.4) and 12.3 (95% CI, 9.3-15.4), respectively. Four (13%) patients presented with grade 3/4 TRAEs (94).



ICI Combination

Most ICI combination trials in advanced HCC have previously shown efficacy. The combination of the anti-PD-1 antibody nivolumab and the anti-CTLA-4 antibody ipilimumab was first tested in the phase 1/2 CheckMate-040 trial (NCT01658878). Based on different dosages, 148 advanced HCC patients who were previously treated with sorafenib were randomized into three arms: (A) nivolumab 1 mg/kg + ipilimumab 3 mg/kg, (B) nivolumab 3 mg/kg + ipilimumab 1 mg/kg every 3 weeks (Q3 W), and (C) nivolumab 3 mg/kg + ipilimumab 1 mg/kg every 6 weeks (Q6 W). The primary endpoint ORR was 31.0% (95% CI, 18-45) in combination therapy compared to 15% (95% CI, 6-28) in nivolumab monotherapy. At 24 months, the DCR was 48.8%, and the OS was 40%. A promising effect on outcome was observed, especially in arm A, with a median OS of 22.8 months (95% CI 9.4 - not reached). Grade 3-4 TRAEs were reported in 5 out of 49 patients (10.2%) in arm A, 2 out of 49 patients (4.1%) in arm B, and 1 out of 48 patients (2.1%) in arm C (95). Based on these promising results, in March 2020, the FDA approved combination therapy (arm A) as a second-line treatment after sorafenib. Recently, an open-label, randomized phase 2 trial (NCT03222076) evaluated the efficacy of nivolumab monotherapy versus nivolumab plus ipilimumab in the treatment of HCC patients who could be treated by surgery. All 27 patients were classified into nivolumab monotherapy (n = 13) and nivolumab plus ipilimumab combination therapy (n = 14) groups. Feasible data were observed, with a median PFS of 19.53 months (95% CI, 2.33 - not estimable) in the combination group and 9.4 months (95% CI, 1.47 - not estimable) in the monotherapy group. However, in combination therapy, grade 3-4 TRAEs (6 of 14 (43.0%)) were higher than those of nivolumab alone (3 of 13 (23.0%)). Overall, nivolumab plus ipilimumab appeared to be safe and effective (96). Clinical data on durvalumab (anti-PD-L1) in combination with tremelimumab (anti-CTLA-4) were presented in a phase 1/2 study including 332 HCC patients. Four cohorts were assigned, including T300 + D (tremelimumab 300 mg + durvalumab), durvalumab or tremelimumab monotherapy, and T75 + D (tremelimumab 75 mg + durvalumab). The results showed that the ORR and median OS of the T300 + D cohort were 24.0% (95% CI, 14.9-35.3) and 18.7 months (95% CI, 10.8-27.3), respectively, which were better than the data obtained from monotherapy and T75 + D groups. However, the incidence of grade ≥ 3 TRAEs was the highest (37.8%) in the 4 groups (86). Recently, TIM3 has been shown to overcome resistance to PD-1 blockade (97). The results for a phase 2 trial assessing the efficacy and safety of anti-PD-1 and anti-TIM3 combination therapy (NCT03680508) (98) are still awaited. In addition, dual blockade of PD-1 with anti-LAG3 therapy is being conducted in a phase 1 trial (NCT01968109). However, the clinical values of TIM3 and LAG3 need to be further elucidated.



ICIs Combined With Anti-Angiogenesis

Additional strategies aimed at combining TKIs/anti-VEGFs with ICI therapy after ICI progression may represent future treatment options. A total of 104 patients were enrolled in a phase 1b, multicenter, open-label trial of lenvatinib (TKIs) plus pembrolizumab (anti-PD-1) in patients with unresectable HCC. Patients received lenvatinib (12 mg if ≥ 60 kg, 8 mg if < 60 kg) orally daily plus pembrolizumab 200 mg Q3 W intravenously on day 1 of a 3-week cycle. The ORR was 46.0% (95% CI, 36.0-56.3), with a median PFS of 9.3 months and a median OS of 22.0 months. Grade ≥3 TRAEs occurred in 67% of patients, and no new safety signals were observed (99). A cohort study was launched within the single arm phase 1b trial (NCT03299946) exploring the combination of cabozantinib (TKIs) and nivolumab (anti-PD-1) in locally advanced HCC patients. A total of 15 patients were included in the study; 12 out of 15 patients (80%) underwent surgical resection after combination therapy, and 5 out of 15 patients (42%) had major pathologic responses (100). A COSMIC-312 phase 3 study trial of cabozantinib in combination with atezolizumab (anti-PD-L1) versus sorafenib is currently ongoing (NCT03755791) in treatment-naive HCC patients. Approximately 740 patients were randomized into 3 groups: cabozantinib plus atezolizumab (370 patients) and sorafenib or cabozantinib single-agent (185 patients). For the combination group, cabozantinib was administered orally (40 mg once daily) plus atezolizumab 1200 mg Q3 W intravenously (101). Currently, clinical trials are ongoing. Recently, an open-label, phase 2-3 trial (NCT03794440) was performed in 595 unresectable HBV-associated HCC patients in China. First, a phase 2 study was performed in 24 patients, and inspiring results were obtained. The ORR in the phase 2 part of the study was 25.0% (95% CI, 9.8-46.7), and TRAEs were observed in 7 out of 24 patients (29%). Subsequently, a randomized phase 3 trial was started because of its preliminary safety profile and effectiveness. The remaining 571 patients were randomly assigned to the sintilimab (PD-1 inhibitor) plus IBI305 (anti-VEGF agent bevacizumab biosimilar) group (n = 380) or sorafenib group (n = 191). This trial demonstrated that patients with sintilimab plus IBI305 combination treatment had a significantly longer median PFS (4.6 months (95% CI, 4.1-5.7)) and median OS (not reached) than patients in the sorafenib group (median PFS and OS were 2.8 months and 10.4 months, respectively) (102). In GO30140, an open-label, multicenter, phase 1b trial (NCT02715531), two unresectable HCC cohorts, groups A and F, from 26 academic centers were described. In group A, 104 patients were enrolled and treated with atezolizumab plus bevacizumab (anti-VEGF). In group F, 119 patients were enrolled and randomly assigned into 2 groups: atezolizumab combined with bevacizumab (n = 60) and atezolizumab monotherapy (n = 59). In group A and in the combination therapy subgroup in group F, all patients received 1200 mg atezolizumab and 15 mg/kg bevacizumab intravenously Q3 W. P patients in the other group of group F were given only 1200 mg atezolizumab intravenously Q3 W. The results showed that the ORR (20%, (95% CI, 11-32)) and median PFS (5.6 (95% CI, 3.6-7.4)) of patients in the atezolizumab plus bevacizumab group were superior to those of patients who received atezolizumab monotherapy (103). A total of 501 unresectable HCC patients who had not previously received systemic treatment were enrolled in a global, phase 3 clinical trial (IMbrave150, NCT03434379) and were randomly divided in a 2:1 ratio into two groups: atezolizumab plus bevacizumab therapy (336 patients) or sorafenib therapy (165 patients). Patients in the combined therapy arm were treated with a standard dose (1200 mg) of atezolizumab followed by a high dose of bevacizumab (15 mg/kg) Q3 W, and patients in the sorafenib arm orally received 400 mg twice daily. After treatment, according to the RECIST 1.1 criteria, we showed that the ORR was 27.3% (95% CI, 22.5-32.5) in the atezolizumab plus bevacizumab group and 11.9% (95% CI, 7.4-18.0) in the sorafenib group. A prognostic advantage of combination therapy over sorafenib was also observed. The median PFS was 6.8 months (95% CI, 5.7-8.3), which was significantly longer than the 4.3 months (95% CI, 4.0-5.6) in the sorafenib group. The median OS was 13.2 months (95% CI, 10.4 - not reached) with sorafenib but was not reached in the combined group. For safety, 201 patients (61.1%) with serious TRAEs (≥ grade 3) were observed in the atezolizumab plus bevacizumab arm, and 95 patients (60.9%) were observed in the sorafenib arm (104).




Challenges in Combination Therapy for HCC

Despite encouraging preliminary data generated using combination strategies of antiangiogenic therapy and ICIs of advanced HCC, challenges still represent a burden in HCC management.


Drug Resistance of Combination Therapy

One of the main challenges is drug resistance (primary or acquired), which remains the major cause of treatment failure. Drug resistance is complex and dynamic because abnormal behavior at any step can lead to drug resistance. In recent years, various molecular mechanisms underlying drug resistance have been investigated and identified (105). First, HCC is generally considered an “immune-cold” tumor, characterized by T-cell deficiency, infiltration of immunosuppressive cells (MDSCs, TAMs, Tregs) and poor antigen presentation, resulting in the ability to maintain immune tolerance and an inability to produce tumor immune responses (106). The characteristic of a “cold” HCC tumor is the common mechanism for primary resistance (107). Moreover, tumor heterogeneity is the other underlying mechanism involved in primary resistance. Unlike other primary tumors, multifocal lesions in the liver are common and although these tumors genetically originate from similar cells, they differ significantly from each other. It is not only the multifocal tumors that cause the heterogeneity of HCC but also the difference in patients for the differential expression of immune checkpoint molecules (108). Thus, it is critical to develop new ways to diminish primary drug resistance by transforming the “cold” tumor microenvironment into a “hot” tumor as well as circumventing tumor heterogeneity. In addition, the heterogeneity of the HCC TME also plays an important role in later acquired resistance. In previous studies, it has been shown that approximately a quarter of HCC (classified as immune class) has higher immune infiltration and higher PD-1/PD-L1 expression levels and thus has higher response rates to immunotherapy than the rest of HCCs (109, 110). However, a high response to treatment cannot be guaranteed for immune-suppressive cells, including MDSCs, TAMs, and Tregs, in the TME of HCC. These immune-suppressive components of the TME may contribute to T-cell exhaustion and immune checkpoint protein dysfunction, which further develop drug resistance to ICIs. Thus, a model that stratifies HCC patients according to the status of immune infiltration and immune checkpoint molecules may help to adequately select candidates for ICI therapy (111).

Intratumor heterogeneity is the key reason for sorafenib therapy resistance. In a previous study, it was demonstrated that sorafenib can induce the accumulation of autophagosomes in an in vitro HCC model. Several studies have reported that sorafenib induces an autophagic-protective response in HCC cells, resulting in drug resistance and affecting therapeutic efficacy. In addition, an imbalance between anti-apoptotic and pro-apoptotic proteins is associated with sorafenib resistance. Nonetheless, the exact underlying mechanism of sorafenib resistance needs to be further elucidated (112).

In the author’s opinion, physicians need to consider individual differences in the treatment process and specify individual diagnosis and treatment plans to improve treatment efficacy. In addition, further studies on HCC immunity and molecular pathology are needed to elucidate the underlying mechanisms involved in the TME that may lead to the failure of immunotherapy.



Potential Biomarkers of Clinical Response in Combination Therapy

The potential of ICIs in combination with TKIs/anti-VEGFs for HCC has been widely recognized. Moreover, many clinical trials have indicated that not all HCC patients receiving combination treatment will achieve the desired efficacy. Biomarkers are good indicators for predicting and evaluating treatment response. Recently, a meta-analysis indicated that patients with high PD-L1 expression (>1% score) had longer survival than patients with <1% PD-L1 expression. Therefore, the PD-L1 status may be a potential predictive biomarker in the context of anti-PD-1/PD-L1 therapy (98). Moreover, one study showed that HCC patients with Wnt/CTNNB1 mutations were insensitive to anti-PD-1/PD-L1 therapy and had a worse prognosis than patients without mutations (113). Furthermore, relevant literature shows that CD28/B7 may be a biomarker for the clinical response to anti-PD-1 in mouse models and lung cancer patients. However, clinical data from HCC patients are insufficient (114). In another preclinical study, it was suggested that HCC patients with high AFP levels (≥400 ng/mL) are more likely to profit from combination therapy of ICIs and lenvatinib (115). Accordingly, there is a need to develop predictive biomarkers with high specificity and sensitivity to accurately identify HCC patients who most likely benefit from combination therapy. As mentioned above, comprehensive and systematic studies on the molecular level of HCC immunity are warranted.



TRAEs of Combination Therapy

TRAEs are one of the most concerning issues in clinical trials and not only affect the quality of life of patients but also affect treatment compliance. TRAEs are classified into five grades based on severity, and TRAEs of grade 3 or more are considered serious TRAEs. The most common TRAEs occur in the skin, gastrointestinal, liver, lung, and endocrine systems (116). Skin toxicity and gastrointestinal toxicity (diarrhea and colitis) were the first and second most common TRAEs, respectively. The incidence of skin and gastrointestinal toxicity in patients who were treated with anti-PD-1/PD-L1 is approximately 30.0% and 10.0-20.0%, respectively. For anti-CTLA-4 treatment, skin and gastrointestinal toxicity was as high as 40.0% and 30.0-40.0%, respectively. It has been suggested that anti-PD1/PDL1 results in fewer TRAEs than anti-CTLA-4. Moreover, a combination of anti-PD1 with anti-CTLA-4 showed an increased hepatic TRAEs in the early phase of treatment, although most improved after six weeks (117). Of note, fatal cardiotoxicity has been reported in patients who were treated with pembrolizumab or a combination of nivolumab and ipilimumab. Most TRAEs are reversible and controllable, but severe cardiac and autoimmune diseases should receive more attention for early recognition and intervention in the future (118).

In the author’s opinion, the proportion of patients with advanced HCC complicated with HBV in China is high, and the associated TRAEs are more complex. Therefore, no matter which treatment method is chosen, special attention should be paid to a patients’ underlying liver disease and other underlying diseases.




Conclusion

More than 70% of HCC patients are diagnosed at an intermediate or advanced stage (BCLC stage B, C or D) and require systemic therapy. The clinical efficacy of traditional TKI drugs (sorafenib, lenvatinib etc.) is still not satisfactory, although once brought patients hope. Thus, novel strategies are currently being developed, including ICIs, ICI combinations, and ICI combinations with antiangiogenics. More recently, the application of ICI-based combination therapy has become a growing field of study that has gradually displaced TKI monotherapy in advanced HCC. However, challenges remain, including drug resistance, predictive biomarkers of treatment effectiveness, and TRAEs in combination treatment. More safe and effective combination therapy strategies for advanced HCC should be developed, and further studies are needed.
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Immune checkpoint inhibitors, including anti-PD-1 and anti-CTLA-4 therapies, are used to (re)activate the immune system to treat cancer. Despite promising results, a large group of patients does not respond to checkpoint inhibition. In the vulnerability-stress model of behavioral medicine, behavioral factors, such as stress, exercise and classical pharmacological conditioning, predict cancer incidence, recurrence and the efficacy of conventional cancer treatments. Given the important role of the immune system in these processes, certain behavior may be promising to complement immune checkpoint inhibition therapy. Here, we discuss the preliminary evidence and suitability of three behavioral mechanisms, i.e. stress modulation, exercise and classical pharmacological conditioning for the benefit of immunotherapy. It is crucial to study the potential beneficial effects of behavioral strategies that support immunotherapeutic anti-tumor effects with rigorous experimental evidence, to exploit behavioral mechanisms in improving checkpoint inhibition efficacy.
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Introduction

Immune responses are the collective of biological processes aiming to protect an organism from pathogens, like bacteria, viruses and parasites (1). In addition, the immune system plays a pivotal role in limiting cancer formation through dedicated immunosurveillance mechanisms (2). Recent developments in immunotherapy have caused a revolution in the treatment of a number of malignancies, often drastically improving disease outcome (3). In particular, immune checkpoint inhibition (ICI) can be applied to target key suppressors of the immune system in order to treat cancer (4). By blocking the interaction between tumor cells and immune checkpoints on T cells, such as CTLA-4 or PD-1/PDL1, the break on T cell inhibition is released, enabling activation, proliferation and the release of cytotoxins such as perforin and granzymes that eventually lead to apoptosis of tumor cells (5–7). Despite promising results of ICI, immunotherapy is currently applicable to only a small proportion of cancers, of which only a limited number of patients respond (8–10). In addition, ICI therapy has several severe side effects associated to autoimmunity (11). Therefore, patients and healthcare at large would benefit from strategies to improve the efficacy of these treatments (3, 12–14).

Behavior, and consequently behavioral interventions, have been shown to broadly affect the immune system (15–26), and as such may help to improve therapeutic efficacy. Previous studies have shown that behavioral therapies improved quality of life and energy levels in patients receiving chemotherapy, radiotherapy or hormonal therapy (27–33). Also, preclinical studies have shown effects of behavioral therapies on clinical outcomes such as tumor growth, which could be partially mediated by the immune system (34, 35). Hence, we argue that the application of behavioral therapeutic approaches is especially relevant for immunotherapy. Nonetheless, research on behavioral interventions in relation to immunotherapy is scarce, as opposed to more conventional cancer therapies. While many pre-clinical behavioral interventions appear to benefit anti-cancer treatment effectivity, only few directly influence the immune system and therefore may serve as complementary to checkpoint inhibition treatment. Based on the vulnerability-stress model (36), we propose three behavioral applications in immune checkpoint therapy: management of the stress response, exercise, and classical pharmacological conditioning (Figure 1). Modulation of these behaviors can directly impact cancer development, progression or survival.




Figure 1 | Adapted vulnerability-stress model (36): pathways linking behavioral factors to cancer. The behavioral medicine (37) model suggests that while individuals inherit biological risks such as genetic predisposition to cancer, this vulnerability requires interaction with stressors such as chronic traumatic events. Next to this, lifestyle behavior or behavioral interventions may influence cancer development, progression or recurrence, mediated by the immune system. Behavioral factors such as stress modulation, exercise and classical pharmacological conditioning are suggested to influence both conventional cancer treatments, such as chemotherapy, as well as immune checkpoint inhibition therapies.



Here, we will first review the behavioral factors affecting immune responses during cancer progression and treatment. Next, we discuss the potential benefits of behavioral interventions to support checkpoint inhibitor therapies.



Immune responses can incite or restrain cancer

The human immune system, often described as innate and adaptive immune responses (1, 38), is essential for the host’s survival by offering protection against pathogens through, for instance, cytokines, lymphocytes and antibodies. Innate immune responses recognize abnormal cell surface molecules, applicable to a broad group of pathogens, like viruses and bacteria, but, importantly, also tumor cells. The main cellular actors of the innate immune response, such as natural killer (NK) cells, and phagocytes, do not require a previous encounter to elicit responses. In contrast, adaptive immunity requires an initial encounter with an agent to mount an enhanced counterattack upon future encounters, providing a long-term immunological memory of specific pathogens. Adaptive immune responses consist of specialized lymphocytes, like T-lymphocytes (T cells). T cells, subdivided into the CD4+ T (helper) cells and CD8+ T (killer) cells, recognize peptide antigens that are presented on the cell surface via MHC molecules (3). T helper or killer cells respectively produce immune modulating cytokines or directly kill pathogenic cells by secreting perforin and granzymes (6). Perforin translocates to the target cell and binds to its cell membrane to cause pore formation (39). The pores allow diffusion of the granzymes into the target cell, activating cell death (39), and thereby complementing the innate immune system in clearing infected or tumor cells.

As a result of ongoing immunosurveillance the immune system can influence tumor onset, growth and therapy (2, 40). Paradoxically, immune responses may unintendedly shift from being tumor suppressive to supportive, for instance through inflammation. Acute and chronic inflammation both have distinct cellular profiles (41). Acute inflammation is characterized by a high presence of neutrophils, whereas chronic inflammation is featured by the presence of macrophages and lymphocytes (42). Both types of inflammation display inappropriate (dis)engagement of the immune system resulting in tissue remodeling and destruction, and even DNA alterations due to oxidative stress (43). As such, inflammation may also become uncontrolled, predisposing to tumorigenesis (44). Several cancer types, such as colorectal-, liver-, stomach- and bladder cancer may arise from sites of infection or chronic inflammation (45). In these tumors, albeit not exclusively, cancer cells engage with immune cells into an inflammatory tumor microenvironment, a prerequisite for most tumors (46). In inflammatory bowel disease, cancers are found predominantly at the sites of inflammation and chronic intake of anti-inflammatory medications has been shown to decrease the incidence of these cancers (47, 48), by putting a halt to the continuous recruitment of inflammatory cells that destroy the homeostasis of local tissues. During inflammation, the immune system releases reactive oxygen and nitrogen species (ROS and RNS), thereby causing DNA damage in proliferating cells (49). Oxidation is the most abundant type of DNA damage and is also able to inactivate DNA in a non-specific way, leading to accumulation of DNA lesions, genomic instability and cancer (50). An inflammatory microenvironment is not only essential to tumor onset, but also to tumor progression by sustaining tumor cell proliferation. This can be exerted by for instance tumor-associated macrophages with an M2-like profile (51), releasing angiogenic factors enhancing vascularization and thus promoting tumor growth (52). Subsequently, inflammation can also play a major role in the prognosis and treatment of cancer. For example, cancer therapy can trigger inflammatory responses by causing trauma and tissue injury, thereby stimulating tumor re-emergence and resistance to therapy (53). Hence, the use of anti-inflammatory agents, such as non-steroidal anti-inflammatory drugs, can be beneficial for the prognosis of patients (54, 55).



Behavior modulates immune responses

Behavior and the immune system are interrelated. Exemplary is the behavioral immune system, which is the psychological mechanism that allow individuals to detect parasites or pathogens in their environment and avoid contact with the objects or individuals carrying them (56, 57). The behavioral immune system aims to avert infections through preventive behavior; therefore, behavior directly influences the immune system. Next to this, the immune system is responsive to behavioral factors such as stressors, exercise, and classical pharmacological conditioning. Those behavioral factors may modulate immune responses singularly as delineated below, however, they may also influence each other, e.g. exercise can reduce psychosocial stress (58).

Both physiological stress and psychosocial stress, i.e. exposure to a physical or social stressor like pain or social exclusion respectively, evoke a physiological stress response (59). Being confronted with stressors modulates the immune system by triggering the fight-or-flight response, which is a physiological reaction to a perceived harmful event (60). The physiological stress response depends on several factors, such as the stressor itself (e.g. duration), the host (e.g. age) and external factors (e.g. the environment) (61). Stressor perception induce the secretion of stress-related molecules, such as catecholamines and cortisol via the sympathetic nervous system or the hypothalamic-pituitary-adrenocortical (HPA) axis. Sympathetic fibers descend from the brain into lymphoid tissues, for example the thymus and the spleen, which release different substances that can bind to white blood cells, e.g. (nor)epinephrine (62). The HPA axis releases adrenal hormones that bind to white blood cells, regulating their distribution and function (62). In addition, managing stressful events may be demanding for individuals, leading them to engage in maladaptive behaviors as alcohol abuse or changes in sleeping patterns, which can modify immune system processes. Over 300 studies have investigated the different psychological challenges capable of modifying features of the immune responses, illustrating that the more a stressor becomes chronic, the more the immune system is compromised (62).

Analogously, a bout of exercise may lead to mobilization of different immune cells, including leukocytes, increased T cell activity and increased immune activity in general (63–65). Exercise is defined as physical activity that is planned, structured, repetitive and purposeful to improve or maintain physical fitness or health (66). It is generally accepted that prolonged exhaustive exercise training can depress immunity, while regular moderate intensity exercise is beneficial (67). The latter is illustrated by for instance decreased biomarkers of inflammation (for example c-reactive protein) in physically active as opposed to sedentary individuals (68).

Classical pharmacological conditioning is the third example of a behavioral mechanism that has been shown to influence the immune system. Classical conditioning is a learning process in which an initially neutral stimulus elicits a learned physiological response through repeated pairing of the stimulus and the physiological response. Ivan Pavlov first discovered these learned reflexes in 1927 (69) by training dogs to salivate at the presentation of a conditioned stimulus: the sound of a bell. Conditioning or learning is relevant for any human behavior and is therefore applied broadly, for example in psychoanalysis focused on social behavior. Here, we refer to the pharmacological form of classical conditioning, which is an instrumental learning paradigm that uses a medication as an unconditioned stimulus of which the physiological response is mimicked in response to a conditioned stimulus. This learning paradigm has later been applied to immune responses, in which an immune modulating medication is used as the physiological reaction, resulting in reduced immune medication dosages and maintained treatment efficacy in response to a stimulus (15). For instance, renal transplant patients, who received immunosuppressive treatment, were treated with a learned immunosuppressive placebo response, that was linked to a gustatory (conditioned) stimulus (70). When re-exposed to the conditioned stimulus, the T cell proliferative capacity was reduced in comparison to T cell functions under routine drug intake. Thus, classical pharmacological conditioning increased the medication efficacy.



Behavioral factors associated to cancer onset

Numerous behavioral factors, of which stressors, exercise and conditioning are three examples, have been associated with the onset of cancer (71–74). According to the vulnerability-stress model, vulnerabilities (e.g. genetics) and stressors (e.g. life events) lead to certain behaviors (e.g. lifestyle) and physiological responses (e.g. immune responses) and can influence disease and clinical outcomes (36). Here, we focus on the above-mentioned behavioral factors that can be targeted in behavioral interventions and are exemplary of a spectrum of analogous behaviors. Long lasting stressors or a lack of physical exercise can substantially reduce tumor growth as shown in both epidemiological and in animal models, possibly mediated by immune cell modulation (34, 35). Classical pharmacological conditioning may be used to assist cancer treatment.


Stressors

Confrontation with stressors can affect the immune system and increase cancer occurrence in human (75). The immune system mediates the relationship between stressors and cancer occurrence (76). Exposure to stressors is found to be accompanied by pro-inflammatory responses in animal and human research (77), which may stimulate tumor growth. Furthermore, stress related molecules, such as cortisol or the catecholamines (nor)epinephrine, can regulate diverse signaling pathways through their specific receptors that enhance the proliferative and invasive abilities of cancer cells in relation with the tumor microenvironment (78, 79). Cortisol or glucocorticoids have a pivotal role in regulating stress reactivity of organ systems (80) through glucocorticoid-receptor-mediated modulation of target genes (34). Glucocorticoids can activate survival genes that protect cancer cells from the effects of chemotherapy (81), and were shown to influence virus activation including human papillomaviruses and other cancer-associated viruses (34). Instead, to counteract the stimulating effects of (nor)epinephrine on tumor growth, the administration of beta blockers that interfere with the physiological stress response was associated with a lower incidence of prostate cancer in a population based study (82).

The influence of stressors on cancer incidence is also hypothesized to be moderated by socioeconomic status. Disparities in socioeconomic status are associated to inequalities in behavioral factors such as physical inactivity, obesity, smoking, diet, alcohol and drug use, screening and treatment uptake (83). These health-impairing behaviors are thought to be stress-related behaviors and a lower socioeconomic status has been associated with higher levels of distress (84). Higher cancer occurrence is found in groups with lower socioeconomic status (83, 85). Even though confrontation with long lasting stressors may be one of the factors that plays a role in these processes, research should detangle the mechanisms with which stress modulates cancer occurrence and therapy response.



Exercise

In humans, pooled analyses of epidemiological studies showed that more physical activity during leisure time was associated with a decreased risk of 10 different type of cancers, independent of body mass index (BMI) (86). Overall, physical activity is associated with a 7%-20% lower cancer risk in individuals, with the strongest impact on colorectal and breast cancer (74, 87). One of the mechanisms by which physical activity may reduce risk of cancer occurrence is a reduction in chronic, low-grade inflammation and improved immune surveillance and function (88, 89). Cumulative evidence of both animal and humans studies shows that exercise modulates local and systemic inflammatory processes by altering both the number and function of circulating cells of the innate immune system (neutrophils, monocytes and NK cells), and of the adaptive immune system (T and B cells) (89). Exercise may also reduce the visceral fat mass, which is accompanied by less adipokine secretion and less macrophage infiltration into the adipose tissue, thereby reducing inflammation (90). Exercise also activates the HPA axis, initiating cortisol release, which in the case of exercise can contribute to an effective anti-inflammatory systemic host environment by downregulating cytokines as tumor necrosis factor (TNF)-α. The aforementioned physiological events activated by exercise are only examples among many other processes that have been detailed in a number of reviews (89–91). For example, exercise is accompanied by a higher level of catecholamines, such as (nor)epinephrine, which were related to similar anti-inflammatory effects as cortisol (90).



Classical pharmacological conditioning

Different from psychosocial stress or exercise, which can also be part of lifestyle, classical pharmacological conditioning is always an intervention and, therefore, there are no epidemiological studies investigating this behavioral mechanism in relation to cancer onset.




Behavioral factors enhance conventional cancer treatments

The behavior factors that we specified in our model have shown to influence conventional cancer treatments, such as chemotherapy, radiotherapy, and hormonal treatment. The immune system is one of the main links thought to connect behavioral factors to cancer therapy (92).


Stress modulation in conventional cancer therapies

There are indications that pharmacological stress modulation can improve cancer progression. The physiological stress response seems to drive therapeutic resistance in murine tumor models (93, 94). The cellular and molecular microenvironment of cancer includes (peripheral) nerves that can modulate behavior or malignant cells, promoting tumor growth and illustrating the cross-talk between the neuroimmune system and cancer progression (35). Regulation of the tumor microenvironment by the sympathetic nervous system has been demonstrated in animal studies (95). Intratumoral neurotransmitters and neuropeptides have regulatory roles in the physiological and pathological functions of tissues, and emerging data suggest that cancer cells may take advantage of neurotransmitters-initiated signaling pathways to activate uncontrolled proliferation (96). For example, norepinephrine and epinephrine activate β-adrenoreceptors expressed on both cancer and immune cells thereby promoting growth of malignancies and inflammation. Moreover, these catecholamines can induce an endothelial cell metabolic switch mediated by β-adrenoreceptors resulting in increased tumor vascularization (96). The β-adrenergic pathway may be suppressed by beta blockers and as an example, it was shown that propranolol, a medication of the β-blocker class, was used to complement the treatment of several types of cancer, directly blocking cancer cell proliferation induced by epinephrine in vitro (97). This experimental evidence is supported by clinical studies that combine propranolol with other agents to stop metastasis (98), and epidemiological evidence showing that of 24,238 patients, the 12,119 propranolol users (for over six months) had lower risk of head and neck, esophagus, stomach, colon and prostate cancers (99). On the other hand, preclinical administration of dexamethasone, a synthetic glucocorticoid, induced chemotherapy and resistance in breast cancer, as well as in vitro tumor samples and cancer cell lines (100–102). This evidence underlines the importance of the HPA-pathway modulation in conventional cancer treatments.

While psychological interventions seem to influence immunity (103), evidence in relation with cancer remains very limited. Studies using psychological interventions in patients with cancer often did not assess treatment efficacy or health-related quality of life (104). The results of interventions on psychological wellbeing, such as cognitive behavioral therapy, in cancer treatment are variable finding mostly effects on outcomes such as anxiety, and fatigue (105). However, these interventions, e.g. cognitive behavioral therapy and mindfulness, cannot be tested in preclinical models.



Exercise and conventional cancer therapies

There is both pre-clinical and clinical evidence for a relation between exercise and the immune system and effectiveness of exercise during chemotherapy or radiotherapy (16–26). In patients, exercise has been associated with reduced side effects of cancer and its treatment (27, 28). Thereby, exercise improved the physical and mental health and the overall self-reported quality of life of patients (27–29). Patient-reported outcome measures were complemented by immunological readouts, including the number of NK cells, expression of IL-6, or TNF-α production (16–26). In observational and randomized controlled exercise trials - both increases and decreases in defined immune markers were reported. For example, immune markers of NK cells differed: exercise had an inhibitory effect on the absolute number of NK cells in patients with breast cancer (106), an augmenting effect on NK cells percentages in patients with lung cancer (107), whereas no effect in another cohort of patients with breast cancer and other solid tumors was observed (17, 22). Comparably, IL-6 expression differed after exercise interventions, showing either a decrease in some studies (24–26), but no effects (17, 20, 23, 108), or an increase in other studies (16, 18, 109). Given the diverse effects that exercise has on the number of immune cells in patients with cancer, for instance in NK cells, it has been suggested that exercise may instead affect the cytotoxic activity of the immune cells, mirroring the effects exercise has on healthy individuals through inflammatory response pathways (110, 111). The large variation in the type of exercise interventions ranging from aerobic to resistance training may explain differences in exercise responses (26, 106, 107).

To date, most causal evidence of exercise on the anti-tumor efficacy of cancer treatment comes from animal studies (112, 113). A large advantage of these in vivo experiments is that there is little variation in interventions; i.e. most studies examined the effects of voluntary running. These experiments indicate that physical exercise modulates factors that are inherent to cancer treatment sensitivity, including the tumor microenvironment, e.g. hypoxia, tumor cell metabolism and tumor perfusion, next to having profound effects on immune cell populations (112–114). Illustrating these results, voluntary running tumor bearing mice experienced reduced tumor growth in diverse cancer models, e.g. lung cancer or myeloma, and displayed higher NK cell mobilization compared to sedentary control groups (113, 115, 116).



Classical pharmacological conditioning of conventional cancer therapies

Conditioned effects in cancer patients during therapy were shown on outcomes such as nausea and immune modulation (117–120). Patients who were given a beverage prior to adjuvant chemotherapy experienced more nausea at later time points when they were confronted with the beverage alone compared to patients who did not receive a beverage before the therapy (118), and the other way around, e.g. a conditioning paradigm was applied to reduce nausea (120). Similarly, pediatric cancer patients undergoing chemotherapy showed increased natural killer cell activity and interferon-γ levels upon arrival at the hospital, when previously confronted with two cycles of chemotherapy in the hospital (117). These results may be seen as an indication that conditioned effects in cancer patients are possible on immune cell populations, however, the effects on cancer outcomes and therapy response remain to be investigated.

The mechanisms of how the immune system is conditioned are largely unknown. An association between the conditioned stimulus and the immune response needs to be established in the brain and conditioning thus relies on the interaction between the central nervous system and the immune system (15). Some murine studies demonstrated that lesioning of the insular cortex and central nucleus of the amygdala obstructs immunological conditioning, suggesting that these areas mediate conditioning (121, 122). Other murine studies hypothesize that continuous administration of substances, such as antigens, may be disruptive for the hosts’ homeostasis, and that conditioning may be a favorable alternative given a decreased substance administration (123). By linking the immune reaction with the central nervous system, it is assumed that the effect of the substance might be achieved without the disruptive effects of the substance (123). Furthermore, it is thought that different pharmacological conditioning paradigms rely on different mechanisms, given that the physiological reaction mimics diverse medication effects (124, 125). Despite little evidence on the pathways of this associative learning process, the conditioning paradigm has been successfully used in numerous rodent studies of nonconventional therapies, echoing the effects of cyclosporine A, opioids, lipopolysaccharide (LPS), lithium chloride, anti-lymphocyte serum, ovalbumin and bovine serum albumin using taste and odor as conditioned stimuli (126–132).



Immunotherapy may be supported by behavioral factors

Immune suppressive mechanisms in cancer hamper effective immune responses (133). By therapeutically assisting anti-cancer immune responses, tumor growth and progression may be counteracted and cure can be promoted. Promising targets for immunological therapies are immune checkpoint proteins, which are used as a break in the immune system and consequently block over-activation of the immune system preventing autoimmunity (3). In addition, checkpoint signals are required for optimal T-cell recognition and generation of long-lasting T cell memory responses (3). One of the most well-known checkpoint proteins is Cytotoxic T lymphocyte antigen-4, or CTLA-4 (134), which is considered critical for maintenance of T cell homeostasis and tolerance (135). T cell activation requires engagement of the T cell antigen receptor-CD3 complex and ligation of costimulatory receptors, such as CD28, that bind to CD80 (B7.1) and CD86 (B7.2) on antigen-presenting cells. CTLA-4 is transported to the immunologic synapse when there is a potent or long-lasting stimulus (via the T cell receptor) (136), and outcompetes binding of CD28 to CD80 and CD86, hereby acting as negative regulator of proliferation and effector function of T cells (137). When tumor cells express ligands (e.g. CD80, CD86) for CTLA-4, T cell activity is inhibited after binding, hereby evading clearance by the immune system (138). Monoclonal antibodies, i.e. checkpoint inhibitors, can block CTLA-4, allowing activation of T cells and killing of tumor cells (7).

Programmed death (PD)-1 is another immune checkpoint molecule involved in regulating the balance between immune activation and tolerance, similar to CTLA-4 (134). Its ligands PD-L1 (B7-H1) and PD-L2 (B7-H2) are expressed on antigen presenting cells, but can be expressed on tumor cells as well, resulting in an immunosuppressive tumor microenvironment. Therefore, also anti-PD-1 or anti-PD-L1 monoclonal antibodies promote T cell-mediated tumor cell death (139, 140).

Immune checkpoint inhibitors (i.e. Ipilimumab (anti-CTLA-4), Nivolumab (anti-PD-1), Pembrolizumab (anti-PD-1), Atezolizumab (anti-PD-L1)) have been approved or are studied in clinical trials to treat multiple types of cancer of which melanoma and lung cancer respond best to therapy. Next to this, there are currently several antibodies and small molecules in development, targeting other immune checkpoints such as TIM3, CD39, B7H3, CD73, LAG3, and more (141–145).

Unfortunately, large groups of patients do not respond to or benefit from immunotherapy (8–10). It is not completely clear yet why some patients respond and others do not, which may have to do with tumor-intrinsic qualities. For instance, it was shown that high microsatellite instability (MSI) results into a high number of mutations and increased number of tumor-infiltrating lymphocytes (146, 147). As such, patients with an MSI-tumor are suitable candidates for immunotherapy. Nonetheless, even in tumors with high MSI observed response rates range between 30% and 50% (147), indicating that there are other factors that come into play besides the genetic and immunologic aspects of the tumor. Similarly, predictive biomarkers, like tumor-cell PD-L1 expression, are used to stratify the immunotherapy responders from the non-responders (148). However, PD-L1 testing alone is insufficient for patient selection in most malignancies and immune responses are not uniform across all malignancies. It is estimated that in the US 38% of patients with cancer are eligible for ICI therapy, given the molecular profile of their tumor, but only up to 11% respond to the ICI therapy (10). The remaining 27% of patients were eligible but did not respond, indicating the necessity for better predictive biomarkers, next to the need of increasing treatment sensitivity. Another drawback of checkpoint inhibition is that it is not cost effective in certain malignancies, with an economic benefit for choosing chemotherapy to treat i.e. recurrent or metastatic head and neck cancers and non-small cell lung cancers (12). Furthermore, both CTLA-4 and PD-1 blockade can have severe immune related autoimmune complications, for example side effects on the gastrointestinal tract, brain, thyroid, lungs and skin (3, 13, 14). In the light of the diverse drawbacks, efforts are needed to improve and support immunotherapy, enhance its anti-cancer effects and decrease the side effects.

Behavioral factors have been shown to influence both the immune system and cancer treatment and may therefore possibly offer opportunities to improve immunotherapy. Given that behavioral factors can influence the effectiveness of conventional chemo- and radiotherapy, and that the immune system is thought to modulate this effect, immunotherapy may offer an ideal opportunity for behavioral intervention (Figure 2).




Figure 2 | Putative effect of behavioral interventions on effectivity of immune checkpoint inhibition therapy. Behavioral interventions such as stress modulation, exercise and classical pharmacological conditioning may enhance the effectivity of immune checkpoint inhibition, promoting tumor cell death by higher T cell infiltration and activation created with BioRender.com.





Physiological stress modulation and immune checkpoint inhibition

Few preliminary studies investigated the impact of stress modulation with pharmacological interventions on checkpoint inhibitors efficacyalthough there are indications that stress influences immunotherapy. For instance, social disruption stress compromised a vaccine based immunotherapy (poly(d,l-lactide-co-glycolide) microsphere) in a murine melanoma model through impairing CD8+ T cell responses (149). Also, either behavioral stress or surgical stress, weakened the inhibition of metastasis by immunostimulating agents (CpG class C and glucopyranosyl lipid-A stable emulsion) (150, 151). Studies linking stress to cancer immunotherapy assume the involvement of the of HPA-axis, for example by glucocorticoid-induced expression of the immunosuppressive transcription factor TSC22D3 of dendritic cells (152).

With regard to ICI in a retrospective analysis of 109 medical records of non-small lung cancer patients, treated with either ICI therapy or ICI in combination with chemotherapy, the 28 patients who were concomitantly prescribed any beta blocker had a longer progression free survival with a hazard ratio of 0.58 (153). A possible association between beta blocker use and improved progression free survival in non-small-cell lung cancer patients treated with ICI, should however be confirmed in clinical randomized controlled trials. In humans, there are no randomized controlled trials using psychological interventions to complement immune checkpoint inhibition cancer therapy.

An indication of a relation between stress exposure and the efficacy of anti-PD-L1 was found in a mouse study (154). In this study researchers applied daily chronic unpredictable mild stressors, such as water or food deprivation, tail pinching, bodily restraint et cetera, for a total of 28 days. The effect of anti-PD-L1 therapy was attenuated in the stressed groups, coinciding with a decrease in CD8+ lymphocytes and increase of regulatory T cells at tumor sites. In line with this, chronic cold stress strongly reduced anti-PD-1 efficacy in breast cancer and melanoma mouse models (155). An experimental group that experienced cold-induced stress (by being housed in an environment of 22 degrees Celsius instead of the thermoneutral temperature of 30 degrees Celsius) had larger tumors but this effect was counterbalanced by β-blocker treatment. The enhancement of anti-PD-1 efficacy by co-treatment with propranolol treatment was likely to be CD8+ dependent, i.e. there was an increased frequency of effector CD8+ T cells in subcutaneous breast cancer tumors and melanoma. The effects of propranolol treatment did not persist in T cell-deficient mice, suggesting that the β-adrenergic system influences T cell activity (155, 156). Similar results were found in mouse models of fibrosarcoma and colon cancers, where reduced tumor growth as well as enhanced response to anti-CTLA-4 therapy was observed after blocking the β-adrenergic receptor with propranolol (156). Here, propranolol treatment resulted in a reduction of tumor angiogenesis, increased T-cell infiltration, but a decrease in myeloid derived suppressor cells, as well as modifications on tumor associated macrophages, together leading to a tumor-suppressive environment (156). Despite these promising preliminary results, we are unaware of any ongoing clinical trials in humans.



Exercise and immune checkpoint inhibition

Several murine studies investigated the synergistic effects of exercise and immune checkpoint inhibitors on cancer treatment (157–160). Higher tumor necrosis and less apoptosis was found in a patient-derived xenograft model of non-small cell lung carcinoma when anti-PD-1 treatment was combined with exercise, indicating that excise may improve anti-PD-1 effectivity (157). Another study demonstrated that aerobic exercise, i.e. daily 30 minutes treadmill exposure, sensitized pancreatic tumors to anti-PD-1 therapy, which resulted in anti-tumor immunity though IL-15Rα+ CD8+ T cells and decreased tumor growth (160). Two other in vivo studies found no synergistic effects of the combination of exercise and immune checkpoint inhibition. However, one study observed an increase in CD8+ T cells in orthotopically implanted breast tumors when anti-PD-1 was combined with voluntary wheel running, as compared to the tumors of mice without voluntary running regime (158, 159). These preliminary preclinical results offer a stepping-stone to translate exercise interventions to the clinic.



Classical pharmacological conditioning and immune checkpoint inhibition

To the best of our knowledge there are no published studies investigating the effects of a learned immune reaction on the efficacy of immune checkpoint inhibition. However, a recent study showed that conditioning of rapamycin-induced immunomodulation reduced tumor growth effectively in a murine glioblastoma model (161). In this study, the mTOR inhibitor Rapamycin was repeatedly paired with a novel gustatory stimulus. The experimental group, receiving only 10% of the initial drug dose together with the gustatory stimulus during the testing phase, showed similar tumor inhibition as the control group receiving 100% of the drug dose. the tumor growth inhibition was driven by a central and peripheral upregulation of pro-inflammatory markers and a decrease in anti-inflammatory cytokines such as IL-10. Similarly, older studies showed that conditioning of immunotherapy was more effective in delaying tumor growth in mice than immunotherapy alone (162, 163). For example, in a syngeneic in vivo study, the unconditioned stimulus was the injection of immunostimulating DBA/2 spleen cells, and the conditioned stimulus was camphor odor. When conditioned mice were re-exposed to the odor of camphor only, tumor growth was still delayed compared to non-conditioned mice (162). These experiments suggest that the immune system of the mice consistently mimicked the effect of the immune modulator when presented with the conditioned stimulus, which influenced health outcomes, demonstrating the feasibility of conditioning immune responses (123, 161–167). Therefore, conditioned effects of immunomodulatory inhibitors may be suitable also for immune checkpoint inhibition. Of note, both mechanistic animal studies and controlled human studies in healthy subjects and patients are necessary to understand whether learned immunity is a promising addition to immunotherapy. In patients, the conditioning paradigm could be applied using specific stimuli, for instance combining the use of checkpoint inhibitors with a distinctive stimulus: a taste, sound or smell. This setting may serve for reducing medication dosages, i.e. checkpoint inhibition could be given in reduced quantities or placebo medication could be administered intermittently. Potentially, the use of mechanisms that harness mimicking placebo effects could reduce healthcare costs associated to the high expenses of several medications, including immune checkpoint inhibition.

Several ongoing clinical trials in patients study how behavioral factors may affect the quality of life and other cancer-related outcomes during ICI (Table 1). To the best of our knowledge there are no ongoing clinical trials on stress modulation or classical pharmacological conditioning in checkpoint inhibition, but various studies use exercise as intervention. The results of these studies are yet unknown and most studies focus on feasibility of the intervention as primary outcome measure. Therefore, the mechanisms of behavior on cancer outcomes in patients undergoing immune checkpoint inhibition therapy remain unknown.


Table 1 | Ongoing studies researching behavioral factors and immune checkpoint inhibition therapy.






Conclusion

Behavioral factors are associated with the onset and therapy response of cancer. Behavioral interventions such as modulation of psychosocial stress, exercise, and classical pharmacological conditioning, have therefore been used to reduce toxicity and potentially improve conventional cancer therapy outcomes. In Figure 3, we summarize how behavioral factors might affect the individual immune cell types. With the rise of various immunotherapies that counteract the immune suppressing interactions between tumors and the immune system, there are ample opportunities for non-invasive behavioral interventions to improve immunotherapeutic results. Hence, it is of paramount importance to rigorously examine the potential advantageous effects of behaviors that may support tumor cell clearance by the immune system activated by ICI therapy. The efficacy of these behavioral factors remains to be tested both in animal models, to investigate underlying mechanisms, and in patients, to explore their suitability for the benefit of cancer therapy.




Figure 3 | Cellular cascade of additive effects of behavioral interventions on immune checkpoint inhibition therapy. Immune checkpoint inhibition activates T killer cells (1 and 2). Behavioral factors or interventions can either improve (green line) or decrease (blue line) the effects of the immune therapy (3). Stress hampers the immune system through for instance the effects of glucocorticoids and (nor)epinephrine, inhibiting T killer cell function and numbers, thereby enhancing cancer cell survival (4 and 5, blue cascade). Classical pharmacological conditioning can enhance T killer cell activity and numbers mediated by brain-immune communication. Exercise may increase the amount of NK cells, induce IL-6 secretion, altogether improving T killer cell activation, leading to a better anti-tumor response (4 and 5, green cascade) created with BioRender.com.
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Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is an immune checkpoint expressed in regulatory T (Treg) cells and activated T lymphocytes. Despite its potential as a treatment strategy for melanoma, CTLA-4 inhibition has limited efficacy. Using data from The Cancer Genome Atlas (TCGA) melanoma database and another dataset, we found that decreased CTLA4 mRNA was associated with a poorer prognosis in metastatic melanoma. To investigate further, we measured blood CTLA4 mRNA in 273 whole-blood samples from an Australian cohort and found that it was lower in metastatic melanoma than in healthy controls and associated with worse patient survival. We confirmed these findings using Cox proportional hazards model analysis and another cohort from the US. Fractionated blood analysis revealed that Treg cells were responsible for the downregulated CTLA4 in metastatic melanoma patients, which was confirmed by further analysis of published data showing downregulated CTLA-4 surface protein expression in Treg cells of metastatic melanoma compared to healthy donors. Mechanistically, we found that secretomes from human metastatic melanoma cells downregulate CTLA4 mRNA at the post-transcriptional level through miR-155 while upregulating FOXP3 expression in human Treg cells. Functionally, we demonstrated that CTLA4 expression inhibits the proliferation and suppressive function of human Treg cells. Finally, miR-155 was found to be upregulated in Treg cells from metastatic melanoma patients compared to healthy donors. Our study provides new insights into the underlying mechanisms of reduced CTLA4 expression observed in melanoma patients, demonstrating that post-transcriptional silencing of CTLA4 by miRNA-155 in Treg cells may play a critical role. Since CTLA-4 expression is downregulated in non-responder melanoma patients to anti-PD-1 immunotherapy, targeting miRNA-155 or other factors involved in regulating CTLA4 expression in Treg cells without affecting T cells could be a potential strategy to improve the efficacy of immunotherapy in melanoma. Further research is needed to understand the molecular mechanisms regulating CTLA4 expression in Treg cells and identify potential therapeutic targets for enhancing immune-based therapies.
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1 Introduction

Melanoma is one of the aggressive forms of skin cancer. Its incidence increases by over 3% annually and continues to rise in Caucasians (1). Until recently, the survival rate for advanced melanoma patients was around 10% (2). However, recent advances in our understanding of tumor immunology and cancer biology have led to promising developments of immune checkpoint inhibitors and targeted therapies, resulting in significant improvements in long-term survival, with a substantial subset of melanoma patients experiencing durable responses (3). Despite these advances, some patients do not respond to immunotherapy or experience limited benefits, and approximately two-thirds of patients treated with immune checkpoint monotherapies eventually progress (4), underscoring the importance of understanding the mechanisms of immune evasion, drug resistance, and poor prognosis in these cancer patients.

Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is a major immune checkpoint that negatively regulates T-cell activation by suppressing T-cell signaling through engagement by B7 (CD80/CD86) ligands (5). As such, CTLA-4 inhibition leads to increased T-cell activation and a reduction in mouse tumor size (6). In contrast to activated T cells expressing CTLA-4 after activation, regulatory T (Treg) cells constitutively express CTLA-4 and play a significant role in tumor tolerance through surface/intracellular CTLA-4 and its soluble counterpart (7). Therefore, targeting CTLA-4 affects both activated T and Treg cells. While anti-CTLA-4 therapy with the monoclonal antibody ipilimumab has improved the overall survival of metastatic melanoma patients (8) compared to anti-PD-1 therapy, a smaller percentage of patients benefited from anti-CTLA-4 treatment, and more immunotherapy-related adverse events were reported (9–11). To better understand the challenges of targeting CTLA-4 and close the fundamental knowledge gap, researchers have attempted to modify anti-CTLA-4 therapy and investigate TME (12).

Immune-related factors, including tumor-infiltrating lymphocytes and immune-related gene signatures, have been utilized to help determine prognosis and response to immunotherapy in melanoma patients (13). However, unlike PD-1 and PD-L1 expression, the expression of CTLA-4 in the TME has rarely been studied. Recent studies have shown that pre-treatment levels of CTLA4 expression in tumor samples are associated with clinical benefits from anti-CTLA-4 immunotherapy in metastatic melanoma patients (14). Another study found that pre-treatment levels of CTLA4 promoter methylation (mCTLA4) in the tumors inversely correlate with CTLA4 mRNA expression and that low mCTLA4 levels are associated with response to anti-PD-1/CTLA-4 therapy (15, 16), suggesting that tumors with higher CTLA4 expression are associated with clinical benefits, while tumors with lower CTLA4 expression are not. Interestingly, the study also found that CTLA4 mRNA expression correlates with patient prognosis even without immunotherapy. These findings suggest that tumors with low CTLA4 mRNA expression have a poor prognosis and resistance to immunotherapy. Since CTLA-4 expression is dynamically regulated in the TME, these results suggest that tumors with low CTLA4 mRNA expression may have fewer CTLA-4-positive cells (activated T, Treg, and tumor cells) or a lower amount of CTLA4 expression per cell. As CTLA-4 is an immune checkpoint that negatively regulates T-cell activation, we aim to investigate the significance of lower CTLA-4 expression in melanoma patients.

The T-cell-intrinsic function of CTLA-4 upregulation has been extensively investigated. On the other hand, Treg cells constitutively express CTLA-4 in physiological conditions; thus, its contribution to Treg cell function has been less studied, particularly in the presence of tumors. Germline depletion of Ctla4 (17, 18) and Treg-specific deletion of Ctla4 (19) resulted in severe autoimmunity with lethality, demonstrating the critical role of CTLA-4 in Treg cell function. Based on these findings, the tumors with downregulated CTLA-4 may have enhanced anti-tumor immunity, better prognosis, and greater response to immunotherapy. However, conditional ablation of Ctla4 in adult mice was reported to confer protection from autoimmune and anti-tumor responses (20), suggesting the Treg-cell-intrinsic function of CTLA-4 to limit their activation and expansion. Therefore, it is also possible that the tumors with downregulated CTLA-4 have reduced anti-tumor immunity, poor prognosis, and resistance to immunotherapy.

In this study, we analyzed the expression of CTLA4 mRNA in tumor and blood samples from melanoma patients and found a correlation between decreased tumor and blood CTLA4 and a poorer prognosis in patients with metastatic melanoma. CTLA4 was downregulated by approximately 70% in Treg cells, resulting in levels similar to those in non-Treg T cells. Mechanistically, we provide evidence that the metastatic melanoma secretome induces post-transcriptional CTLA4 mRNA instability through the induction of miR-155. Consistent with this, we observed upregulation of miR-155 in Treg cells of metastatic melanoma patients. Functionally, we demonstrated that CTLA4 expression inhibits the proliferation and suppressive function of human Treg cells. Our findings shed light on the mechanisms underlying the downregulation of CTLA4 in Treg cells in patients with metastatic melanoma.



2 Materials and methods



2.1 TCGA and Swedish melanoma tumor datasets

Clinical information on 329 TCGA (TCGA-SKCM cohort) melanoma tumors was obtained from the cBioPortal website (21). Among them, 286 patients had complete pathological information, including 42 cases of primary melanoma and 244 cases of metastatic melanoma. Normalized RNA-seq gene expression profiles (Level 3, RSEM value) of these patients were downloaded from the cBioPortal website (22).

Swedish dataset containing 210 metastatic melanoma tumors was downloaded from the Gene Expression Omnibus (GEO) database with GSE65904, incorporating patient outcomes and relapse-free survival time. A natural log transformation was applied to the processed gene expression data before survival analysis (23).



2.2 Characteristics of Australian and US melanoma cohorts for blood analyses

For the AUS cohort, approval for the blood sample study was obtained from the Human Research Ethics Committee of Edith Cowan University (No. 2932) and Sir Charles Gardner Hospital (No. 2007-123). Eligible subjects included 103 healthy donors and 170 melanoma patients recruited in Australia between 2008-2011. All patients were from melanoma clinics in Perth, Western Australia (Medical Oncology Department of Sir Charles Gairdner Hospital and Perth Melanoma Clinic at Hollywood Hospital). Patients comprised 66 women and 104 men, IQR 57-78 years (median age of 66 years), while the aged-matched, healthy cohort from the general population comprised 63 women and 40 men, IQR 32-61.5 years (median age of 45 years). AJCC clinical staging of melanoma patients categorized 71.8% as stages 0-II and 28.2% as stages III-IV.

The US cohort was approved by the Institutional Review Boards of the University of Colorado (COMIRB#05-0309). A total of 263 eligible melanoma patients were recruited from the Cutaneous Oncology Department at the University of Colorado Cancer Center, Aurora, CO. This cohort consisted of 121 women and 142 men, IQR 41-63 years (median age of 53 years). AJCC clinical staging categorized 62.7% as stages 0-II and 37.3% as stages II-IV.

The demographic information of these two cohorts is summarized in Table 1. The medical records for each patient were reviewed retrospectively for pertinent past medical history and significant events such as disease progression and death. Local death records were reviewed if survival/mortality information was not determined by chart review. If no proof of death was obtained, the patient was presumed alive. The end of follow-up for AUS and US cohorts was April 14, 2020 and June 19, 2020, respectively. Subjects with non-melanoma-related death, lack of death information, and/or non-cutaneous primary melanoma were excluded from data analysis. Patients with metastatic melanoma of unknown primary origin were included.


Table 1 | Overview of patient demographic information of AUS and US melanoma patient cohorts.





2.3 Blood collection and RNA extraction

PAXgene RNA stabilization tubes (2.5 ml; PreAnalytiX, Hombrechtikon, CH) were used to collect, stabilize, and transport whole blood specimens in a closed evacuated system (24). Following the manufacturer’s protocol, RNA was extracted from the samples using a PAXgene Blood RNA Kit (PreAnalytiX). The quality of RNA was verified on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and the quantity of RNA was determined by a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) before being used in reverse transcription reactions with MMLV reverse transcriptase (Promega, Madison, WI, USA).



2.4 Fractionation of blood cell subtypes and RNA extraction

Blood samples to be fractionated were collected from metastatic melanoma patients at the Cutaneous Oncology Department at the University of Colorado Cancer Center, as mentioned previously (24, 25). The desired human immune cells (CD3+, CD8+, CD14+, CD15+, CD19+, CD45+, and CD56+) were fractionated from collected blood samples using autoMACS™ separator (Miltenyi Biotec, Auburn, CA, USA). Further isolation of T cell subsets was done using flow cytometric sorting of CD4+CD25−CD127hi (conventional T cells), CD4+CD25+CD127dim (Treg cells) and CD8+ T cells from blood samples. RNA was immediately extracted from fractionated cells using a Qiagen RNeasy mini kit (Qiagen, Valencia, CA, USA).



2.5 Quantitative reverse transcription -PCR

qRT-PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) on the MX3000P PCR system (Applied Biosystems). The gene expression was normalized relative to the housekeeping gene GAPDH. Primer sequences are listed in Supplementary Table S1.



2.6 Cell culture of melanoma cell lines

Human primary melanoma cell lines (WM35, WM115, and WM793) and metastatic melanoma cell lines (A375, 1205Lu, and HS294T) were obtained from the American Type Culture Collection (Manassas, VA) and cultured in RPMI 1640 (Thermo Scientific, Rockford, IL, USA) supplemented with 10% fetal bovine serum (Gemini Bioproducts, West Sacramento, CA, USA), 100 IU/ml penicillin-100 μg/ml streptomycin (Mediatech, Manassas, VA, USA) at 37°C and 5% CO2 in the incubator. Melanoma-conditioned media (MCM) was obtained from culture supernatants of human melanoma cells after 24 h of cultivation in OptiMEM (Life Technologies, Grand Island, NY, USA) and centrifuged at 210 × g for 5 min (26). These cell lines have been authenticated using the short tandem repeat (STR) fingerprinting by the Barbara Davis Center Bioresource Core at the University of Colorado Anschutz Medical Campus. Cells were regularly monitored for mycoplasma contamination using PCR.



2.7 Isolation of human PBMCs for cell culture and CTLA4 quantification

Blood from healthy donors was collected at the Children’s Hospital Blood Donor Centre in Aurora, CO, USA, approved under COMIRB#17–0110. We isolated human peripheral blood mononuclear cells (PBMCs) using the density gradient separation media-Histopaque 1077 (Sigma-Aldrich, St. Louis, MO, USA) and evaluated the effect of melanoma secretome on CTLA4 expression. The isolated PBMCs were cultured with 50% culture media (RPMI 1640 + 10% fetal bovine serum) and 50% MCM from human primary melanoma cell lines (WM115, WM35, and WM793) and metastatic melanoma cell lines (1205Lu, A375, and HS294T) for 24 h. CTLA4 expression in control media- and MCM-treated PBMCs was quantified by qRT-PCR as mentioned above. Primer sequences are listed in Supplementary Table S1.



2.8 Flow cytometry analysis

Treg cells (CD4+CD25+CD127dim) were isolated from human healthy donor PBMCs using a CD4+CD25+CD127dim Treg cell Isolation kit (Miltenyi Biotech, San Diego, CA, USA) according to the manufacturer’s instructions. Isolated human Treg cells were cultured in 50% lymphocyte cell culture media (RPMI 1640 supplemented with 10% fetal bovine serum, 0.1% β-mercaptoethanol (#21985023; Thermo Scientific, Rockford, IL, USA), 1% non-essential amino acids (#25025; Mediatech, Manassas, VA, USA), and 2 mM glutamine (#35050061; Thermo Scientific, Rockford, IL, USA)) with 50% MCM from 1205Lu cells. CTLA4 and FOXP3 expression in control media- and MCM-treated Treg cells were quantified by qRT-PCR. Primer sequences are listed in Supplementary Table S1.

Similarly, to evaluate the effect of melanoma TME on CTLA-4 and FOXP3 expression in Treg cells at the protein level, isolated Treg cells were cultured with and without 50% MCM for 48 h. Cultured Treg cells were stained for cell surface CTLA-4 and intracellular FOXP3 using the respective flow antibodies (BioLegend, San Diego, CA, USA) and FOXP3 Cytoperm/Cytofix staining kit (BD Pharmingen, San Diego, CA, USA) and analyzed using flowcytometry-Gallios 561 (Beckman Coulter, Indianapolis, IN, USA).

Next, to evaluate the effect of MCM or CTLA-4 downregulation in Treg cells on their proliferation and function, we assessed the proliferation of isolated Treg cells treated with 50% MCM or siRNA transfected or control Treg cells using an XTT assay. Briefly, Treg cells transfected with CTLA4-siRNA or control-siRNA were seeded into 96-well plates and cultured for 72 h. In another setting, Treg cells were seeded into 96-well plates and treated with or without 50% MCM in lymphocyte cell culture media for 72 h. Cell proliferation was assayed daily by adding XTT compound (2, 3-bis (2-methoxy-4-nitro-5-sulphophenyl)-2H-tetrazolium-5-carboxanilide) (#X6493; Thermo Scientific, Rockford, IL, USA) followed by measuring absorbance at 450 nm in a microplate reader (Bio Tek, Winooski, VT, USA).

Likewise, T cell suppression assay was conducted using the CFSE- (#C34554; Thermo Scientific, Rockford, IL, USA) labeled T conventional (Tconv) cells (CD4+CD25-CD127hi) in the presence of Treg cells subjected to various treatments. Isolated Treg cells were cultured with 50% MCM + 50% lymphocyte culture media (MCM-treated Treg cells) or 100% lymphocyte culture media (control Treg cells) for 48 h. CFSE-labeled Tconv cells were co-cultured with MCM-treated Treg cells or control Treg cells at ratios (1:1, 1:5, and 1:10; Treg: Tconv) in lymphocyte culture media with CD3/CD28 beads (1:2 beads: Tconv) (#130-095-345; Miltenyi Biotech, San Diego, CA, USA) and recombinant human IL-2 (100 IU/ml) (#202-IL-010/CF; R&D Systems, Minneapolis, MN, USA) for 72 h. In another setting, CFSE-labeled Tconv cells were co-cultured with siRNA-transfected Treg cells (CTLA4-siRNA or control-siRNA) for 72 h, as mentioned above. The dilution of CFSE in CFSE-labeled Tconv cells was analyzed using the flowcytometry-Gallios 561 (Beckman Coulter, Indianapolis, IN, USA).



2.9 miRNA bioinformatics tools

Three miRNA prediction bioinformatics tools, TargetScan (27) (https://www.targetscan.org/vert_80/), miRanda (28) (http://www.microrna.org/), and PicTar (29)(http://pictar.bio.nyu.edu/) were used to predict the potential miRNAs targeting the CTLA4 mRNA. TargetScan was used to obtain the predicted complementary 3’UTR sequence of CTLA4 to the seed sequence of miR-155 using (27).



2.10 miRNA quantification

miRNAs were extracted from the cells using the mirVana miRNA isolation kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. RT-PCR and qPCR were performed using miRNA-specific TaqMan™ MicroRNA assay kits for miRs-9, -34c, -142, -145, -155, -324, and -449 (Thermo Fisher Scientific, Waltham, MA, USA). U6 snRNA was used as an internal control to normalize miRNA expression (30).



2.11 Transfection of siRNAs, miR-155 mimics, and inhibitors

Human Treg cells were isolated from healthy donor PBMCs and transfected with 50 nM siRNA (a mixture of two preselected siRNAs; Horizon, Boulder, CO, USA) targeting argonaute-2 (AGO2), CTLA4, 50 nM miRNA mimics (Horizon), miRNA inhibitors (Horizon) targeting miR-155, or their corresponding non-target control using the P3 transfection buffer (Lonza, Hayward, CA, USA) with the protocol EO-104 on the Lonza 4D instrument (Lonza, Hayward, CA, USA). Transfected Treg cells were cultured for 24 h in the lymphocyte culture media with or without 50% MCM from 1205Lu cells. Then, RNA and miRNAs were isolated from cultured Treg cells and quantified for the expression of AGO2, CTLA4, FOXP3, miR-155, U6 snRNA, and GAPDH, as mentioned (31). The primers are listed in Supplementary Table S1.



2.12 Analysis of CTLA-4 protein expression in immune cell subtypes

We used the publicly available Cytometry by Time of Flight (CyTOF) data to evaluate the protein expression of CTLA-4 in blood samples of healthy donors (n = 5) and metastatic melanoma patients (n = 10). The clinical information of the cohort (n = 15) (#2 dataset) has been described previously (32). We accessed the normalized CyTOF data from Flow Repository using repository ID: FR-FCM-ZY34 (33) and analyzed CTLA-4 expression in CD45+, CD4+, CD8+, and CD4+CD25+CD127- immune cell subtypes using the FlowJo software (BD Company, Ashland, OR, USA).



2.13 Statistical analysis

Statistical univariable analysis of melanoma-specific survival was determined using R 4.2.0 using Package ‘survival’ version 3.5-0. An optimal CTLA4 expression level cut-point associated with overall survival (OS) was identified by incrementing over the range of expression values and dichotomizing patients into low and high expressers of natural log transformed CTLA4 values that were higher or lower than the cut-point, with the cut-point that provided the strongest separation in OS was selected based on the log-rank test. Cut-points were assessed in increments of 0.01, and any that resulted in a large group imbalance (< 25% of patients in one group) were not evaluated.

The overall survival of melanoma patients with low and high expressers of CTLA4 was calculated using the log-rank test and Kaplan-Meier (K-M) plot in the total, primary (stages 0 - II), and malignant (stages III – IV+) population of TCGA, Swedish AUS, and USA melanoma cohorts. For survival analyses, death was considered the endpoint, and overall survival was defined as the interval from primary diagnosis to death.

Since sex and age are known to dictate melanoma patient prognosis (34), Cox proportional hazards (Cox PH) regression was used for multivariable analysis. Cox PH analyses were performed with dichotomized (based on optimal cut-point) patient population and continuous mRNA expression data (natural log-transformed) after adjusting for age and sex, and disease stage. Two-sided P values < 0.05 were considered statistically significant, and we made no adjustments for multiple comparisons.

Other experimental results are derived from at least 3 independent experiments. The numerical data are expressed as mean ± SEM. Prism (version 7.0d) software (GraphPad Software, Inc, La Jolla, CA, USA) calculated the differences between the groups by one-way ANOVA with Bonferroni’s or Dunnett’s post-tests. A value p < 0.05 was considered significant.




3 Results



3.1 Correlation between lower tumor CTLA4 mRNA levels and worse prognosis in metastatic melanoma patients across two cohorts

Since the association of tumor CTLA4 expression with OS in melanoma patients has not been well characterized, we first analyzed this relationship in TCGA melanoma patients. Patients were divided into low (n = 110) and high (n = 176) CTLA4 expressers based on the optimal cut-point (log –3.7) of CTLA4 mRNA expression. The K-M survival curve analysis showed that patients with low CTLA4 expression were associated with worse OS than patients with high CTLA4 expression (p = 0.0001) (Figure 1A), similar to the findings from Goltz et al. (15). Further analysis showed that among these patients, not those with primary melanoma (n = 42) (Figure 1B) but those with metastatic melanoma (n = 244) had a significant association between low CTLA4 expression and worse OS (p = 0.0001) (Figure 1C).




Figure 1 | The prognostic value of CTLA4 expression in tumor samples of melanoma patients from TCGA and Swedish cohorts. (A-C) Kaplan-Meier survival analyses of TCGA melanoma patients stratified as low and high based on the optimal cut-point of tumor CTLA4 expression levels in whole melanoma patient population (n = 286) (A), primary melanoma population (n = 42) (B), and metastatic melanoma population (n = 244) (C). (D) Kaplan-Meier survival analyses of the Swedish cohort of metastatic melanoma (n = 210). The significance of overall survival between low and high CTLA4-expressing patients was calculated by log-rank test.



To verify this new finding, we performed a survival analysis with the log-rank test on another publicly available dataset of metastatic melanoma tumors from the Swedish cohort (23). Patients were segregated as low (n = 71) and high (n = 139) CTLA4 expressers using the optimized cut-point (log –5.17). The results showed that downregulated CTLA4 expression was associated with worse OS in the Swedish dataset of metastatic melanoma patients (p = 0.0046) (Figure 1D), consistent with the observations in the TCGA dataset. These findings collectively indicate that different from previously reported data, CTLA4 is not upregulated in metastatic melanoma, and downregulated CLTA4 correlates with poor prognosis in those metastatic melanoma patients.



3.2 Correlation between lower blood CTLA4 mRNA levels and worse prognosis in metastatic melanoma patients across two cohorts

Although tumor CTLA4 levels are associated with prognosis in patients with metastatic melanoma, tumor CTLA4 expression levels are dynamically regulated by various factors and are technically challenging to test. Because CTLA-4 is expressed in immune cells such as Treg cells and activated T cells, we wondered whether we could observe similar or different trends in blood samples of melanoma patients. We collected blood samples from the AUS and US cohorts and analyzed them for CTLA4 expression. Figure 2A explains the flow chart of blood sample collection from the AUS cohort. An overview of CTLA4 expression data in the AUS cohort is shown in Supplementary Table S2. The AUS cohort comprised healthy donors (n = 103) and melanoma patients (n = 209, including 158 primary and 51 metastatic cases). Among the 209 patients, 36 primary and 3 metastatic patients were excluded due to non-melanoma-related death or lack of data on patient death, and the remaining 170 patients and 103 healthy donors were included for data analysis. The results showed that the expression levels of blood CTLA4 in melanoma patients were significantly lower than those in healthy donors (p = 0.037) (Figure 2B). This significant difference was due to the significant downregulation of CTLA4 in metastatic melanoma patients (stages III-IV, n = 48) (p = 0.0001) but not in primary melanoma patients (stages 0-II, n = 122) (Figure 2C). As expected, K-M plot analysis showed that OS worsened in melanoma patients as the disease progressed (Supplementary Figure 1), suggesting that blood CTLA4 levels decline as melanoma progresses and the declined CTLA4 could correlate with poor prognosis of patients.




Figure 2 | The prognostic value of CTLA4 expression in blood samples of melanoma patients from AUS and US cohorts. (A-F) AUS cohort data. (A) The flow chart of the AUS cohort. (B, C) qRT-PCR analysis of blood CTLA4 mRNA expression in healthy donors (n = 103) and melanoma patients (n = 170) (B), and healthy donors (n = 103), primary melanoma (n = 122), and metastatic melanoma (n = 48) (C). CTLA4 mRNA expression levels were normalized to GAPDH expression. Data are expressed as the mean ± SEM, ns: not significant, *p < 0.05, and ****p < 0.0001. (D–F) Kaplan-Meier survival analyses of AUS melanoma patients stratified according to the optimal cut-point of CTLA4 mRNA expression in blood samples of all melanoma patients (n = 210) (D), primary (stages 0-II) melanoma patients (n = 122) (E), and metastatic (stages III-IV+) melanoma patient (n = 48) (F). (G-J) US cohort data. (G) The flow chart of the US cohort. (H-J) Kaplan-Meier survival analyses of the US cohort with all melanoma patients (n = 263) (H), primary (stages 0-II) melanoma patients (n = 165) (I), and metastatic (stages III-IV+) melanoma patients (n = 98) (J). The significance of overall survival between low and high CTLA4-expressing patient groups was calculated by log-rank test.



Therefore, we categorized 170 melanoma patients as high and low expressers of CTLA4 based on the optimized cut-point for survival analysis. As shown in Figure 2D, survival curve analysis with an optimal cut point (log –5.91) showed that patients with low blood CTLA4 expression levels (n = 55) were significantly associated with worse OS compared to those patients with high blood CTLA4 expression levels (n = 115) (p = 0.0055). Further analysis showed that among these melanoma patients, not those with primary melanoma (stages 0-II, n = 122, p = 0.14) (Figure 2E), but those with metastatic melanoma (stages III-IV, n = 48) had a significant association between low blood CTLA4 expression and worse OS based on the optimal cut point (log –5.93) (p = 0.017) (Figure 2F). These data indicate that low tumor and low blood CTLA4 expression levels are associated with worse OS in metastatic melanoma patients.

As sex and age are well-known determinants of melanoma patient prognosis (34), a multivariable Cox PH analysis was applied, including the confounding effects of sex, age, and stage to compare the cumulative mortality in two log-CTLA4 level subgroups based on the cut-point in the respective AUS cohorts (Table 2). AUS patients with high (≥–5.91) CTLA4 levels experienced a 47% lower risk of death (HR = 0.53 [95% CI: 0.27 – 1.06], p = 0.074) than patients with lower (<–5.91) CTLA4. Specifically, in AUS metastatic melanoma cohort, patients with high (≥–5.93) CTLA4 experienced a better prognosis and a 55% lower risk of death (HR = 0.45 [95% CI: 0.2 – 1.02], p = 0.057) than those with lower (<–5.93) CTLA4. In contrast, in the primary melanoma cohort, no assessment was made as the hazard ratio (HR) was not supported by broader CI. These statistical analyses demonstrate that low blood CTLA4 levels are associated with worse melanoma patient prognosis irrespective of age and sex in this cohort.


Table 2 | Association between survival, log CTLA4 cut-point, melanoma stage, age, and sex by multivariable Cox PH model for AUS patients (n = 170, 34 events), primary melanoma (n = 122, 9 events), and metastatic melanoma (n = 48, 25 events).



To verify our new finding in blood CTLA4 levels and their prognostic values, we performed another study using the US melanoma cohort, shown in the flow chart (Figure 2G). Similar to the AUS cohort survival analysis, US cohort melanoma patients (n = 263) were segregated as CTLA4 high and low expressers based on the optimized cut point (log –4.21) for survival analysis. Similar to the AUS cohort, univariable survival curve analysis showed that patients with low blood CTLA4 expression (n = 196) had a worse prognosis compared to those with high blood CTLA4 levels (n = 67) (p = 0.072) (Figure 2H). Similarly, further analysis showed that not those with primary melanoma (stages 0-II, n = 165, p = 0.23) (Figure 2I) but those with metastatic melanoma (stages III-IV, n = 98) had an association between low blood CTLA4 expression and worse OS based on the optimal cut point (log –4.73); however, it was not statistically significant (p = 0.053) (Figure 2J).

Cox PH analysis was also applied to compare the cumulative death rates in two log-CTLA4 level subgroups based on the cut-point in the respective US melanoma cohort (Table 3). US melanoma patients with higher (≥–4.21) CTLA4 experienced a 35% lower risk of death (HR = 0.65 [95% CI: 0.34 - 1.26], p = 0.202) than those with lower (<–4.21) CTLA4. Likewise, in the US metastatic melanoma cohort, patients with higher (≥–4.73) CTLA4 experienced better prognosis and 24% lower risk of death (HR = 0.76 [95% CI: 0.43 - 1.35], p = 0.353) than those with lower (<–4.73) CTLA4. However, in the primary melanoma cohort, no assessment was made as broader CI did not support HR.


Table 3 | Association between survival, log CTLA4 cut-point, melanoma stage, age, and sex by multivariable Cox PH model for US patients (n = 263, 65 events), primary melanoma (n = 165, 10 events), and metastatic melanoma (n = 98, 55 events).



The results from the AUS cohort confirm that lower blood CTLA4 levels are associated with worse prognosis in metastatic melanoma patients. Although the results from the US cohort did not reach statistical significance, similar trends were observed in patients. Furthermore, the data from the AUS cohort indicate that blood CTLA4 levels determine the melanoma patient prognosis independent of age and sex.



3.3 Treg cells contribute to reduced blood CTLA4 mRNA levels in metastatic melanoma patients

After finding that blood CTLA4 expression was associated with melanoma patients’ OS, we aimed to investigate which specific blood cell subtypes were responsible for the downregulation of CTLA4 expression. To test this, we analyzed blood samples from a different cohort of healthy donors and metastatic melanoma patients in the US (Figure 3). We first confirmed that levels of CTLA4 were downregulated in whole blood samples from melanoma patients compared to healthy donors (Figure 3A). Along with immune cells, tumor cells also express CTLA4, induced by tumor cell-intrinsic b-catenin signaling (35). Because whole blood samples contain circulating tumor cells, we first fractionated the samples into CD45+ (leukocytes) and CD45- (erythrocytes, platelets, and non-immune cells) fractions (Figure 3B). CTLA4 was almost exclusively expressed in CD45+ cells but rarely detected in CD45- cells in healthy donors. This trend was similar in metastatic melanoma patients, while CTLA4 levels in CD45- cells were almost doubled compared to healthy donors. Similar to whole blood samples, CTLA4 levels were downregulated in CD45+ cells from melanoma patients compared to healthy donors.




Figure 3 | Expression of CTLA4 mRNA and CTLA-4 protein in blood samples of healthy donors and metastatic melanoma patients. (A) qRT-PCR analysis of CTLA4 expression in whole blood of healthy donors and metastatic melanoma patients (n = 8 each). (B–D) qRT-PCR analysis of CTLA4 expression in fractionated CD45+ and CD45- cells from healthy donors and metastatic melanoma patients (n = 8 each) (B), T cells (CD3+), monocytes/macrophages (CD14+), granulocytes (CD15+), B cells (CD19+), and natural killer cells (CD56+) from healthy donors (n = 9) and metastatic melanoma patients (n = 7) (C) and CD4+CD25−CD127hi (conventional T cells: Tconv cells), CD4+CD25+CD127dim (Treg cells), and CD8+ T cells from healthy donors and metastatic melanoma patients (n = 4 each) (D). CTLA4 expression was normalized using GAPDH as an internal control. Representative data are shown and expressed as the mean ± SEM, ns, not significant, *p < 0.05, ** p < 0.01, and *** p < 0.001.



We then compared CTLA4 expression in various circulating immune cell fractions, including CD3+ (T cells), CD14+ (monocytes), CD15+ (granulocytes), CD19+ (B cells), and CD56+ (neutrophils), from the two groups. While CTLA4 expression was not significantly different in CD14+, CD15+, and CD56+ cells between the two groups (Figure 3B), the levels were significantly downregulated by approximately 30% in both CD3+ and CD19+ cells from metastatic melanoma patients compared to healthy donors (Figure 3C).

Since CTLA4 expression levels were much higher in CD3+ cells than in CD19+ cells, we further fractionated CD3+ cells and analyzed CTLA4 expression in Tconv cells (CD4+CD25−CD127hi), Treg cells (CD4+ CD25+ CD127dim), and CD8+ T cell subsets (Figure 3D). As expected, CTLA4 was highly expressed in the Treg cell subset but barely expressed in the CD8+ T cell subset in healthy donors. However, the expected CTLA4 upregulation was not observed in the Treg cell subset of metastatic melanoma patients. In fact, CTLA4 expression was downregulated by approximately 70% in Treg cell fractions of metastatic melanoma patients’ blood compared to healthy donors. The CTLA4 expression levels in the Treg cell subset of metastatic melanoma patients were similar to those in the Tconv cell subset of metastatic melanoma patients and were even lower than those in the Tconv cells of healthy donors. These results demonstrate that CTLA4 expression levels in Treg cells from metastatic melanoma patients are severely downregulated or almost abolished, suggesting an active transcriptional or post-transcriptional inhibition of CTLA4 mRNA induction in human Treg cells.



3.4 Human metastatic melanoma secretome upregulates FOXP3 but downregulates CTLA4 in human treg cells and enhances their proliferation and suppressive function

We aimed to understand the mechanisms underlying the downregulation of CTLA4 expression in human Treg cells. As T-cell function is influenced by receptor signaling through T-cell receptors and cytokines, we hypothesized that the tumor cell secretome downregulates CTLA4 expression in human Treg cells. To test this hypothesis, we analyzed the effects of human melanoma cell secretomes on CTLA4 expression in human PBMCs by culturing them with MCM obtained from various human melanoma cell lines. qRT-PCR analysis showed that the expression of CTLA4 was significantly downregulated in PBMCs treated with MCM from metastatic melanoma cell lines (1205Lu, A375, and HS294T) (Figure 4A). In contrast, MCM from 2 out of three primary melanoma cell lines tested (WM115 and WM35) did not inhibit the expression of CTLA4 in PBMCs. These data suggest that tumor cell secretome from metastatic melanoma cells mediates the downregulation of CTLA4 in immune cells.




Figure 4 | The effects of MCM on CTLA-4 and FOXP3 expression in PBMCs and human Treg cells. (A) qRT-PCR analysis of CTLA4 in PBMCs cultured for 24 h in control media or 50% control media + 50% MCM from human primary melanoma cell lines (WM35, WM115, and WM793) or metastatic melanoma cell lines (A375, 1205Lu, and HS294T). (B) The qRT-PCR quantification of CTLA4 mRNA expression in human Treg cells cultured in control media (Ct-Treg) or 50% control media + 50% 1205Lu-MCM (MCM-Treg) for 24 h. The expression of CTLA4 was normalized using GAPDH as an internal control. (C) The flow cytometry analysis of CTLA-4 surface protein in Treg cells cultured for 48 h. Treg cells not stained with the antibodies are used as a control (“No stain”). Representative histogram with mean fluorescent intensity (MFI) in black (Ct-Treg) and red (MCM-Treg) (left panel) and the MFI analysis (right panel). (D) The qRT-PCR quantification of FOXP3 mRNA expression in Ct-Treg and MCM-Treg cultured for 24 h. (E) The flow cytometry analysis of FOXP3 protein expression in Treg cells cultured for 48 h. Representative histogram with MFI in black (Ct-Treg) and red (MCM-Treg) (left panel) and the MFI analysis (right panel). Representative data are shown and expressed as the mean ± SEM (n = 3).  ns: not significant,  *p < 0.05, ** p < 0.01, and *** p < 0.001.



FOXP3 is a known transcriptional activator of CTLA4 expression in Treg cells (19). Therefore, we tested whether melanoma cell secretome-mediated CTLA4 downregulation is regulated at the transcriptional level through FOXP3 in Treg cells. Isolated human Treg cells were cultured with or without 50% 1205Lu-MCM for 24 h. qRT-PCR and flow cytometry analyses confirmed that CTLA-4 expression was downregulated at mRNA (Figure 4B) and protein levels (Figure 4C). However, the mRNA and protein expression of FOXP3 was significantly upregulated in human Treg cells treated with MCM for 24 or 48 h (Figures 4D, E, respectively), suggesting that downregulation of CTLA4 mRNA in Treg cells occurs at the post-transcriptional level. The time-course experiments showed that the exposure to MCM led to CTLA4 downregulation in Treg cells by 12 h, and this effect persisted at least 94 h (Supplementary Figure 2).

Since MCM induces downregulation of CTLA-4 and upregulation of FOXP3 in Treg cells, we further assessed the effect of MCM on Treg cell proliferation and suppressive function. Human Treg cells treated with 50% MCM showed enhanced proliferation (Figure 5A) and increased suppressive function compared to control Treg cells without MCM treatment (Figure 5B; Supplementary Figure 3A). These results suggest that MCM augments Treg cell suppressive function by inducing Treg cell proliferation (as shown in Figure 5A) or promoting FOXP3 expression and functionality in Treg cells (as shown in Figures 4D, E). As MCM upregulates FOXP3 while downregulating CTLA4, we assessed the effect of downregulated CTLA4 in Treg cells on their proliferation and suppressive function. We generated CTLA4-silenced Treg cells using siRNA (Supplementary Figure 3). As shown in Figure 5C, CTLA4 knockdown did not affect Treg cell proliferation. However, Treg cells with CTLA4 knockdown significantly suppressed CFSE-stained Tconv cell proliferation compared to control Treg cells (Figure 5D; Supplementary Figure 4B). These data suggest that CTLA4 plays a role in decreasing Treg cell suppressive function.




Figure 5 | The effects of MCM and CTLA-4 on human Treg cell proliferation and functionality. (A) XTT colorimetric assessment of the proliferation of human Treg cells cultured in control media (Ct-Treg, blue) or 50% control media + 50% 1205Lu-MCM (MCM-Treg, red) for 72 h. (B) The flow cytometry analysis of CFSE dilution in CFSE-labeled Tconv cells co-cultured with control Tregs cells or MCM-treated Treg cells at different ratios (1:1, 1:5, and 1:10, Treg: Tconv) or CFSE-labelled Tconv cells alone in lymphocyte culture media with CD3/CD28 beads and rhIL-2 for 72 h. The representative histogram in orange (Ct-Treg), green (MCM-Treg), blue (Tconv alone), and red (CFSE-labeled Tconv on Day 0) (left panel) and percent suppression (right panel). (C) XTT colorimetric assessment of the proliferation of human Treg cells transfected with control siRNA (blue) or CTLA4 siRNA (red) for 72 h. (D) The flow cytometry analysis of CFSE dilution in CFSE-labeled Tconv cells co-cultured with control-siRNA transfected Tregs cells or CTLA4-siRNA transfected Treg cells at different ratios (1:1, 1:5, and 1:10, Treg: Tconv) or CFSE-labeled Tconv cells alone in lymphocyte culture media with CD3/CD28 beads and rhIL-2 for 72 h. The representative histogram in orange (Ct-siRNA-Treg), green (CTLA4-siRNA-Treg), blue (Tconv alone), and red (CFSE-labeled Tconv on Day 0) (left panel) and percent suppression (right panel). Data are expressed as the mean ± SEM (n = 3). ns, not significant, *p < 0.05, ** p < 0.01, and *** p < 0.001.





3.5 CTLA4 in human treg cells is post-transcriptionally downregulated by miRNAs induced by melanoma secretome

We investigated the mechanisms of CTLA4 downregulation by melanoma cell secretome in human Treg cells. Given the opposing effects of the secretome on CTLA4 and FOXP3 expression, we hypothesized that the secretome-mediated downregulation of CTLA4 occurs downstream of gene transcription. To test this, we knocked down AGO2, a major component of the miRNA-induced silencing complex, and examined its effect on CTLA4 gene expression. AGO-2 typically binds to the 3′UTR of cytosolic mRNA targets, resulting in mRNA degradation (36). Human Treg cells were transfected with AGO2 siRNA and cultured in 50% 1205Lu-MCM for 24 h. As shown in Figure 6A, silencing AGO2 increased CTLA4 expression in Treg cells, and this increase was significant in the presence of MCM, suggesting that RNA interference is likely involved in the instability of CTLA4 mRNA in secretome-treated Treg cells. Therefore, the CTLA4 downregulation observed in melanoma cell secretome-treated Treg cells was achieved through miRNA-mediated gene silencing at the post-transcriptional level.




Figure 6 | MicroRNAs regulation of CTLA4 expression in human Treg cells. (A) qRT-PCR analysis of CTLA4 expression in human Treg cells transfected with 50 nM control siRNA (siCt) or AGO2 siRNA (siAGO2) and subsequently cultured for 24 h in control media (Ct-Treg) or 50% control media + 50% 1205Lu-MCM (MCM-Treg). The expression of CTLA4 was normalized using GAPDH as an internal control. (B) Venn diagram of predicted miRNAs targeting the 3’UTR of CTLA4 mRNA from three bioinformatics tools (PicTar, miRanda, and TargetScan). (C-I) Quantitative analysis of mature miR-34c (C), miR-155 (D), miR-324 (E), miR-9 (F), miR-142 (G), miR-145 (H), and miR-449 (I) expression in Ct-Treg and MCM-Treg cells for 24 h. The expression of miRNAs were normalized using U6 snRNA as an internal control. Representative data are shown and expressed as the mean ± SEM (n = 3). ns, not significant, *p < 0.05, ** p < 0.01, and *** p < 0.001.



To identify miRNAs targeting the CTLA4 3′UTR, we first performed an in silico screening of putative miRNA using three bioinformatics tools (PicTar, TargetScan, and miRanda). We selected several potential miRNAs, including miRs-9, -34c, -449, -324-5p, -145, -142, and -155, based on their binding sites spanning the CTLA4 3′UTR (Figure 6B). We observed that miR-155 was the only miRNA predicted to target the CTLA4 3’UTR by all three prediction tools. To test the involvement of miRNAs in melanoma secretome-mediated CTLA4 mRNA instability, we cultured human Treg cells in the absence or presence of 50% 1205Lu-MCM for 24 h and analyzed mature miRNA expression by RT-PCR. We found that miR-155 was highly expressed in untreated Treg cells and was further upregulated in Treg cells treated with MCM was highly expressed among these putative miRNAs in untreated Treg cells, whereas other putative miRNAs were downregulated or upregulated to some extent without statistical significance in Treg cells treated with MCM (Figure 6C–I). The complementary alignment of the miR-155 seed sequence with the human CTLA4 3’UTR sequence with a 7mer site (Supplementary Figure 5) supports that miR-155 targets the 3’UTR of CTLA4 mRNA. These data suggest that melanoma cell secretome affects blood CTLA4 expression through miRNA-mediated gene-silencing, specifically miR-155.



3.6 Upregulation of miR-155 in treg cells of metastatic melanoma patients results in CTLA4 degradation

To investigate the role of miR-155 in regulating CTLA4 mRNA expression, we transfected human Treg cells with miR-155 inhibitors or miR-155 mimics and cultured them in the presence of 50% 1205Lu-MCM for 24 h. Gene expression analysis of CTLA4 and FOXP3 in Treg cells showed that transfection of human Treg cells with miR-155 inhibitor rescued downregulated CTLA4 expression without affecting the expression of FOXP3 (Figures 7A, B), supporting the idea that miR-155 targets CTLA4 but not FOXP3. On the other hand, transfection of human Treg cells with miR-155 mimics in the presence of 50% 1205Lu-MCM did not affect CTLA4 expression (Figure 7C) but significantly upregulated FOXP3 expression (Figure 7D), suggesting that the effect of miR-155 on CTLA4 is limited when the gene expression is already downregulated or miR-155 requires additional factors to be effective. To elucidate the former possibility, we transfected miR-155 mimics into control Treg cells that did not have downregulated CTLA4. The transfection of miR-155 mimics did not significantly affect the expression of CTLA4 in these control Treg cells (Supplementary Figure 6). These findings suggest that miR-155 plays a critical role in downregulating CTLA4 mRNA in MCM-treated Treg cells but additional factors may be necessary for miR-155 to downregulate CTLA4 in Treg cells from melanoma.




Figure 7 | miR-155 regulation of CTLA4 mRNA stability in human Treg cells cultured in MCM and its expression in immune cells of metastatic melanoma patients. (A, B) qRT-PCR analysis of CTLA4 (A) and FOXP3 (B) expression in human Treg cells transfected with 50 nM control (Ct-MiR) or miR-155 inhibitors and subsequently cultured in 50% control media + 50% 1205Lu-MCM (MCM-Treg) for 24 h. (C, D) qRT-PCR analysis of CTLA4 (C) and FOXP3 (D) expression in human Treg cells transfected with 50 nM control or miR-155 mimics and subsequently cultured in 50% control media + 50% 1205Lu-MCM (MCM-Treg) for 24 h. CTLA4 and FOXP3 mRNA levels were normalized with internal control GAPDH expression. (E–G) Expression of miR-155 in auto-MACS-fractionated CD3+ T cells (E), CD4+ T cells (F), and CD4+CD25+ T cells (G) from healthy donors (n = 3) and metastatic melanoma patients (n = 5 and 3 in E and F-G, respectively). The expression of miR-155 was normalized using U6 snRNA as an internal control. Representative data are shown and expressed as the mean ± SEM (n = 3). ns, not significant, *p < 0.05, and ** p < 0.01.



Furthermore, we analyzed miR-155 expression levels in peripheral CD3+ cells, CD4+ cells, and CD4+ CD25+ cells from melanoma patients and compared them with healthy donors. The results showed that miR-155 expression was upregulated in these T cells in melanoma patients (Figures 7E–G).




4 Discussion

In the current study, we investigated the levels of CTLA4 mRNA expression and found that low levels of CTLA4 expression in both tumor tissue and blood cells are associated with poorer overall survival in patients with metastatic melanoma. The study also uncovered that reduced CTLA4 expression in the blood cells of these patients is due to Treg cells, whose CTLA4 was silenced at the post-transcriptional level by miR-155. Functionally, we demonstrated that CTLA4 expression inhibits the proliferation and suppressive function of human Treg cells. These findings shed new light on the pathophysiology of metastatic melanoma and could potentially inform the development of innovative immune-based therapies.

We observed a significant decrease in the CTLA4 levels in Treg cells from melanoma patients, which were almost equivalent to the levels observed in Tconv cells. CTLA-4 is a major immune checkpoint expressed in activated T cells and constitutively in Treg cells (7), but its role in Treg cells has been debated. Germline deletion of Ctla4 resulted in severe autoimmunity with lethality (17, 18), which prompted researchers to delineate the effects of Ctla4 on T cells and Treg cells separately. Tang et al. showed normal development, homeostasis, and uncompromised suppressive activity in Ctla4-deficient Treg cells from germline-depleted mice (37). Similarly, Schmidt et al. showed an increased peripheral Treg cell population in germline-depleted mice; however, this phenotype was not observed in thymic Treg cells (38). These data suggest that CTLA-4 negatively regulates the peripheral Treg cells’ expansion, and that downregulated CTLA-4 may drive the proliferation of circulating Treg cells without decreasing their suppressive function. The conditional ablation of Ctla4 in adult Treg cells protected mice from autoimmunity (20), supporting the notion that CTLA-4 is a negative regulator of Treg cell expansion. Our data demonstrated that CTLA4 expression inhibits the proliferation and suppressive function of human Treg cells, suggesting that CTLA-4 is a negative regulator of Treg cell function.

Using the AUS cohort, we observed a decrease in CTLA4 expression in the blood of melanoma patients, and this reduction was associated with a poorer prognosis for patients with metastatic melanoma. Similar results were observed from the US cohort, but they were not supported by the statistical analysis. Further analysis of cohort characteristics indicated that the US cohort was skewed slightly younger and had higher levels of log CTLA4 compared to the AUS cohort (data not shown), which might have led to marginal disconcordance between two cohorts. Furthermore, the data from the AUS cohort indicate that blood CTLA4 levels determine the melanoma patient prognosis independent of age and sex, specifically in the AUS cohort. To confirm these results, we analyzed a publicly available CyTOF dataset (32) and found that CTLA-4 protein levels were reduced in circulating immune cells (CD45+), CD4+ T cells, and Treg cells (CD4+CD25+CD127-) in metastatic melanoma patients compared to healthy donors (Figures 8A–C). The same paper also reported that higher CTLA-4 protein levels in peripheral CD4+ and CD8+ T cells were associated with a better response to anti-PD1 therapy in metastatic melanoma (32). Additionally, another study reported that CTLA4 methylation in tumors, which leads to reduced CTLA4 mRNA, is associated with resistance to anti-PD-1 and anti-CTLA-4 immunotherapy in melanoma patients (15). Therefore, the lack of upregulation of CTLA-4 in either peripheral blood or tumors might make inhibition of not only this molecule but also other checkpoints such as PD-1 ineffective and decrease their efficacy as monotherapy. The mechanism of reducing CTLA4 mRNA expression in either peripheral blood or tumors may be related to resistance to immunotherapy.




Figure 8 | Expression of CTLA-4 protein in blood samples of healthy donors and metastatic melanoma patients. Analysis of blood CTLA-4 expression in immune cell subsets of metastatic melanoma patients using the publicly available CyTOF data (dataset #2 results of (32)). The percent frequency of CTLA-4-expressing cells in CD45+ cells (A), CD4+ T cells (B), and CD4+CD25+CD127- T cells (Treg cells) (C) from healthy donors (n = 5) and metastatic melanoma patients (n = 10). Blood samples were obtained before the immunotherapy. Representative data are shown and expressed as the mean ± SEM, *p < 0.05 and ** p < 0.01.



Here, we provide mechanistic insights into the downregulation of CTLA4 expression in Treg cells from melanoma through miR-155. Various mechanisms upregulate CTLA4 expression. TCR triggering and CD28 co-stimulation upregulate CTLA4 in T cells (39), and tumor cell-intrinsic CTLA4 upregulation can be induced by β-catenin signaling (35). However, Treg cells constitutively express CTLA4 due to the transcription factor FOXP3 (19). In contrast to the upregulation of CTLA4, downregulation of CTLA4 expression can occur not only due to epigenetic changes, such as promoter methylation (15), but also through RNA interference, which affects the stability of expressed CTLA4 mRNA, as seen in our current study. Recent studies have highlighted the role of miRNAs in regulating immune checkpoint (PD-1, PD-L1, and CTLA-4) gene expression and their importance as regulators of T-cells and tumor cells (40). While some miRNAs, such as miRs-9, -105, -155, and -487a-3p, directly modulate CTLA4 expression (40, 41), others like miRs-24 and -210 indirectly downregulate CTLA4 through direct downregulation of FOXP3 (42). Moreover, miR-155 has been shown to directly target the 3’UTR of CTLA4 in CD8+CD25+ Treg cells (43) and helper T-cells, increasing their proliferative response by downregulation of CTLA4 (44). Consistent with this, our study confirmed that miR-155 downregulates CTLA4 at the mRNA level without interfering with FOXP3 expression in circulating Treg cells from melanoma patients. miRNAs regulate target genes through the miRNA-induced silencing complex (miRSC), which interacts with various molecules, such as RNA-binding proteins, poly (A)-binding proteins, and GW182 (45). While miR-155 inhibitor rescued downregulated CTLA4 in Treg cells treated with MCM, miR-155 mimic did not affect CTLA4 expression even in control naïve Treg cells. These data suggest that miR-155 is one of the major factors regulating the stability of blood CTLA4 mRNA in melanoma but additional factors may be necessary for miR-155 to play this critical role. Further identification of co-factors that regulate CTLA4 mRNA stability in Treg cells from melanoma patients is needed to fully understand the mechanisms involved.

Furthermore, we show that melanoma secretome induces downregulation of CTLA4 through miR-155 expression in Treg cells without decreasing their FOXP3 expression. Similar to other miRNAs, the function of miR-155 is context-dependent (46). While miR-155 has been reported to suppress tumors by dampening anti-tumor immunity in T cells (47), it has also been shown to suppress T helper cell activation (48), enhance myeloid-derived suppressor cells (49), and expand Treg cells (50), indicating its oncogenic role. The induction of miR-155 is mediated by various signaling pathways, including transforming growth factor (TGF) β through Smad4 (51). TGFβ is a major component of the secretome from melanoma cells (25), and has been shown to induce miR-155 expression in various immune cells. Therefore, TGFβ in melanoma secretome may induce miR-155 intrinsically in Treg cells, leading to downregulating their CTLA4 expression. This could explain why we observed higher upregulation of miR-155 in the T cells and Treg cells from melanoma patients than in healthy donors. Moreover, miR-155 is transcriptionally induced by FOXP3 and is expressed more highly in Treg cells than in other CD4 T cells (52). miR-155 promotes suppressive competence and proliferation by inhibiting the suppressors of cytokine signaling (SOCS)1 in Treg cells (53). Similar to our study, CTLA4 is also shown to be a direct target of miR-155 (43). These studies suggest that downregulated CTLA4 via miR-155 predominantly contributes to the expansion of Treg cells without affecting their suppressive function. In support of this, Paterson and colleagues showed that Treg cells with conditional ablation of Ctla4 in adult mice remained functionally suppressive and sufficient to protect mice from experimental autoimmune encephalomyelitis (20). CTLA-4 is a negative regulator of Treg cell homeostasis and their cell proliferation (54), and anti-CTLA-4 treatment in tumor models enhances the Treg cell population even though it yields tumor-specific immune responses (55), opposing their therapeutic outcomes in tumor studies. Our study reveals that the post-transcriptional silencing of CTLA4 by miRNA-155 in Treg cells may contribute to reducing CTLA4 mRNA expression observed in melanoma patients. These findings suggest that targeting miRNA-155 or other factors involved in regulating CTLA4 expression in Treg cells without affecting T cells could be a potential approach for improving the efficacy of immunotherapy in melanoma.



5 Conclusions

Our study provides new insights into the underlying mechanisms of reduced CTLA4 expression observed in melanoma patients, demonstrating that post-transcriptional silencing of CTLA4 by miR-155 in Treg cells may play a critical role. Our findings suggest that targeting miR-155 or other factors involved in regulating CTLA4 expression in Treg cells, without affecting T cells, could be a potential strategy to improve the efficacy of immunotherapy in melanoma. These results may have broader implications for other cancers where immune checkpoint inhibition has been shown to be less effective, as these phenotypes have also been observed in anti-PD-1 therapy. Further research is needed to understand the molecular mechanisms that regulate CTLA4 and miR-155 expression in Treg cells and identify potential therapeutic targets for enhancing immune-based therapies.
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Objective

To investigate the clinical features of active tuberculosis (TB) infection due to immune checkpoint inhibitors (ICIs) treatment in patients with advanced cancer.





Methods

We report the diagnosis and treatment of a case of pulmonary malignancy (squamous cell carcinoma, cT4N3M0 IIIC), secondary to active TB infection following ICIs therapy. Moreover, we summarize and analyze other related cases collected from the China National Knowledge Infrastructure (CNKI), Wanfang Database, PubMed, the Web of Science, and EMBASE (up to October 2021).





Results

A total of 23 patients, including 20 males and 3 females who were aged 49-87 years with a median age of 65 years, were included in the study. Twenty-two patients were diagnosed by Mycobacterium tuberculosis culture or DNA polymerase chain reaction (PCR), while the remaining patient was diagnosed by tuberculin purified protein derivative and pleural biopsy. One case had an interferon-gamma release assay (IGRA) to rule out latent TB infection prior to the application of ICI. Fifteen patients received an anti-tuberculosis regimen. Among the 20 patients with a description of clinical regression, 13 improved and 7 died. Seven of the patients who improved were treated with ICI again and four of them did not experience a recurrence or worsening of TB. The case diagnosed in our hospital also improved after receiving anti-TB treatment after stopping ICI therapy, and continued chemotherapy on the basis of anti-TB treatment, and his condition is relatively stable at present.





Conclusion

Due to the lack of specificity of TB infection following ICIs therapy, patients should be followed for fever and respiratory symptoms for 6.3 months after drug administration. It is recommended that IGRA should be performed before ICIs therapy and the development of TB during immunotherapy in patients who are positive in IGRA should be closely monitored. The symptoms of TB in most patients can be improved with ICIs withdrawal and anti-TB treatment, but there is still a need to be alert to the potentially fatal risk of TB.
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1 Introduction

Mycobacterium tuberculosis (MTB) poses a huge burden on the whole world, with 1.7 billion people worldwide estimated to be potentially infected with tuberculosis (TB) (1). Several studies have shown that patients with hemopathy and malignant solid tumors like head and neck cancers and lung cancers are at increased risk of developing TB (2, 3). Some guidelines, including that of the United States Preventive Services Task Force (USPSTF), suggest patients at higher risk of developing active TB should take latent TB screening (4).

Immunotherapy represents an important and growing area of clinical oncology. Immune checkpoint inhibitors (ICIs) exert their antitumor activity by inhibiting the suppression pathway of immune cells, which can enhance the activity of immune cells and reduce T cell depletion (5). Currently, approved checkpoint inhibitors include cytotoxic T lymphocyte-associated antigen-4 (CTLA4) inhibitors, programmed death receptor-1 (PD-1), and programmed death ligand-1 (PD-L1) inhibitors. Despite the significant effects of ICIs, immune-related adverse events usually occur during treatment, with increasing reports of MTB infections occurring during the treatment of ICIs (Table S1). Clinical studies have shown that immune checkpoint pathways, such as the PD-1 and PD-L1 axes, play an important role in immune homeostasis in TB, and that the deficiency of PD-1 leads to the worsening of TB in animal models (6). After being exposed to tuberculosis, PD-1-deficient mice developed necrotizing pulmonary lesions with abundant acid-fast bacilli, characterized by many granulomas, local necrosis, and neutrophil infiltration (7). Laboratory tests showed a greatly increased MTB-specific CD4 T cell immune response and high levels of inflammatory cytokines in the lung of PD-1 deficient mice (7). This suggests that inhibition of PD-1 may enhance CD4 T cell-mediated immunity, leading to excessive inflammatory response and tissue destruction in the context of TB infection, thereby reactivating tuberculosis (6, 8, 9). In addition, Langan and others (10) summarized all published cases of TB infection during ICIs immunotherapy and pointed out that patients with non-small cell lung cancer treated with ICIs are at increased risk because activation of TB may result from activation of specific immune cell subsets. This evidence suggests that ICIs treatment may directly or indirectly lead to TB infection, but the exact mechanism remains unclear.

In the present study, a case of active TB associated with the application of camrelizumab in 2022 was studied and a systematic review of the collected related literature was taken to further elucidate the potential impact of ICIs on the development of active TB.




2 Subjects and methods



2.1 Subjects

One patient with active TB infection following camrelizumab treatment who was admitted to Shengli Oilfield Central Hospital and patients collected through literature search with TB associated with ICIs.




2.2 Methods

We first consulted and organized the electronic medical records of the patient admitted to Shengli Oilfield Central Hospital to form a case report. Moreover, we searched through the China National Knowledge Infrastructure (CNKI) and Wanfang Database with the terms ‘ICIs’ and ‘TB’ up to October 2021, but no similar reports were found in China. Then, the compound terms ‘TB’ and ‘PD-1’ or ‘PD-L1’ or ‘CTLA-4’ or ‘pembrolizumab’ or ‘nivolumab’ or ‘caliplimab’ or ‘atezolizumab’ or ‘avelumab’ or ‘duvalumab’ or ‘ipilimumab’ or ‘temlimumab’ were searched for on PubMed and the Web of Science. Furthermore, ‘TB’ and (‘pembrolizumab’, ‘nivolumab’, ‘cymplimab’, ‘atezolizumab’, ‘avelumab’, ‘duvalumab’, ‘ipilimumab’ or ‘temlimumab’) were searched for on EMBASE. Each of the obtained results was relevant to the topic of TB in ICIs therapy, and the data provided in the cases were relatively complete.

Figures 1A, B show the lung window scans of enhanced chest CTs, which describe the contents of the left upper lobe of the lung with bronchial truncation and inflammation of the left lower lobe of the lung, respectively. All scans were from different slices of the same patient on the same date. The following comparative CT slices were all obtained from the same machine, and each slice was corresponding to the previous one, so they can be directly compared.




Figure 1 | Chest CT on 05 March 2022. (A) Truncated bronchi in the upper lobe of the left lung, multiple small patchy and nodular high-density shadows in the surrounding lung. (B) Multiple small nodules and small patchy high-density shadows in the lower lobe of the left lung.



In addition, an Excel data extraction sheet was applied to extract relevant data on patients from clinical records and literature, including general data (such as gender, age, region, and primary tumor), ICIs application, applications of other immunosuppressants, the development of TB (time lag from ICIs administration to TB occurrence and laboratory results of TB), treatment and regression of TB, and the reapplication of ICIs. Finally, we performed statistical analysis of the collected data.





3 Results



3.1 Case report

The patient, a 68-year-old male, was admitted to our hospital because of “cough and sputum with breathlessness for 3 months”. The patient presented with cough and sputum 3 months ago. Specifically, the patient had a paroxysmal cough with white mucous sputum, accompanied by chest distress, shortness of breath, and numbness of both lower limbs. He had a previous history of smoking for 50 years (20 cigarettes/day) but had quit smoking for 5 months. The rest of his past medical history was negative.

Physical examination: general condition was acceptable, superficial lymph nodes were not palpably enlarged, and the breath sounds of both lungs were rough without rhonchus and moist rales. No abnormalities were found on cardiac or abdominal examination.

The examinations undertaken are listed in Table 1. All images were taken by contrast-enhanced CT.


Table 1 | The examination results of the patient in our hospital.



1. Chest CT plain scan and enhanced scan: (Figures 1A, B, 05 March 2022): a mixed-density mass measuring approximately 12.6 × 7.6 cm was found on the left upper lobe of the lung, with truncated bronchi in the upper lobe of the left lung, localized thinning of the left pulmonary artery, and multiple small patchy and nodular high-density shadows in the surrounding lung; multiple small nodules and small patchy high-density shadows were found in the lower lobe of the left lung.

2. Cranial MRI plain scan and enhanced scan (06 March 2022): abnormal lesion signal shadow was found in the anterior horn of the left lateral ventricle, which was presumed to be a cavernous hemangioma.

3. Tracheoscopy (09 March 2022): cauliflower-like neoplasm was found to block the orifice in the upper lobe of the left lung, and the opening of the lower lobe was slightly compressed and narrowed; no abnormalities were found in the bronchial tubes of the bilateral lobes.

4. Tumor markers (03 March 2022): carcinoembryonic antigen (CEA) was 6mg/ml, CA125 was 88.18U/ml, section 19 of cytokeratin was 12.91ng/ml, and neuron-specific enolase (NSE) was 33.72ng/ml.

There were no abnormalities in the routine blood test, whole-body bone imaging, biochemistry analysis, blood clotting, echocardiography, and electrocardiogram.

Pathological findings: the moderately differentiated squamous cell carcinoma was revealed (through bronchoscopy biopsy of left upper lobe lung). Immunohistochemical findings: CK5/6 (+), CK7 (-), Ki-67 (+, 50%-60%), NapsinA (-), P40 (+), TTF-1 (-), and P63 (+). No abnormalities were found in etiological examinations for bacteria, fungus, M. tuberculosis, Pneumocystis carinii, Actinomyces, nocardiosis, and cytomegalovirus.

Final diagnosis: there was a malignant tumor (squamous cell carcinoma, cT4N3M0 IIIC) with obstructive pneumonia in the upper lobe of the left lung. Since the patient had no surgical indications, he was suggested for chemotherapy combined with radiotherapy and PD-L1 testing. Genetic testing showed negative results for EGFR, ALK, ROS1, and PD-L1 expression.

Treatment:

Treatment course: a brief description of the treatment course is shown in Figure 2. After excluding contraindications, the first cycle of DP chemotherapy (docetaxel 120mg d1 + cisplatin 40mg d1-d3) was administered on 15 March 2022. Here, the chemotherapy went smoothly and the patient did not have any complaints. Then, the second cycle of chemotherapy was administered on 05 April 2022 with the same regimen as the first cycle. During chemotherapy, the patient had a severe gastrointestinal reaction and bone marrow suppression, with white blood cells falling to 1.3 × 109/L and neutrophils dropping to 0.23 × 109/L. Also, the patient was given symptomatic treatment such as leuke-raising injections but refused to accept another cycle of chemotherapy. After excluding contraindications, he was treated with 200 mg of camrelizumab for immunotherapy on 25 April 2022. On 21 May 2022, the patient began to cough up blood in phlegm with a volume of about 20 ml and he was reviewed using a chest CT on 22 May 2022 (Figures 3A, B), which showed that the lung cancer in the upper lobe of the left lung was less extensive than before, while multiple small nodules and small patchy high-density shadows in both lungs were more extensive than before, which could not exclude pneumonia or infection associated with ICIs. The patient was diagnosed with a tracheoscopy and a 13-item nucleic acid test for respiratory pathogens in the lavage fluid, which was positive for MTB. Moreover, the acid-fast bacillus stain test was positive. Therefore, the patient was considered to have active TB. Multidisciplinary oncology consultation suggested that the patient should stop immunotherapy and be treated with a four-drug anti-TB regimen of isoniazide, rifampicin, ethambutol, and pyrazinamide. After 3 months of anti-TB treatment, the patient was reviewed using an enhanced CT scan on 19 August 2022, which showed that the primary focus of cancer in the right lung was stable and the nodular and small patchy high-density shadows in both lungs were less extensive than before (Figures 4A, B). Finally, the lung was stable, and no further ICIs were administered.The patient is currently in a relatively stable condition and is being followed up.




Figure 2 | The timeline of treatment of the patient in our hospital.






Figure 3 | Chest CT on 22 May 2022. (A) The lung cancer in the upper lobe of the left lung was less extensive than before. (B) Multiple small nodules and small patchy high-density shadows in both lungs were more extensive than before.






Figure 4 | Chest CT on 19 August 2022. (A) The primary focus of cancer in the right lung was stable. (B) The nodular and small patchy high-density shadows in both lungs were less extensive than before.






3.2 Patient characteristics

There were 23 patients, 20 men and three women aged 49-87 years, with a median age of 65 years. Among the 19 patients with a specified race, there were six Caucasian, two Japanese, three Chinese, two Greeks, one Vietnamese, one Belgian, and four Korean. Of these patients, there were twelve cases of non-small cell lung cancer, one case of undifferentiated lung cancer, five cases of melanoma (including one case of ocular melanoma), two cases of oral squamous cell carcinoma, one case of nasopharyngeal carcinoma, one case of Hodgkin lymphoma, and one case of Merkel cell carcinoma.




3.3 Application of immunotherapy and other therapies

All patients were treated with PD-1 inhibitors. Only one patient (9) received the treatment of CTLA-4 inhibitor (Ipilimumab) before pabrolizumab. Thirteen patients were treated with nivolumab, eight patients were treated with pembrolizumab, one patient was treated with atezolizumab, and one patient was treated with camrelizumab. Thirteen of 18 patients with prior treatment data received chemotherapy. Among the 20 patients that developed active MTB infection, four patients (10, 11) required steroids or infliximab to treat immune-related adverse events (irAEs) and a further two patients (12, 13) had immune-related adverse events such as Sjogren’s syndrome and adrenal insufficiency before the diagnosis and treatment of TB, but the specific treatment of immune-related adverse events for these patients was not documented. There were no reports about the application of immunosuppressive drugs in these cases except for the six patients mentioned above who might have had immunosuppressive drugs applied to treat immune-related adverse reactions.




3.4 TB screening and occurrence before the treatment

Only one patient (14) screened negative for TB with an IGRA before starting with immunization. Two other patients with TB were initially thought to have developed secondary lesions of primary cancer. One patient (13) with melanoma developed a right upper lobe pulmonary nodule during treatment with pabrolizumab. One patient (11) with lung adenocarcinoma presented with pericardial thickening, which was also initially thought to be related to cancer until it had not subsided with the treatment of nivolumab.

Two of the 23 patients were presumed to have latent TB before the application of ICIs. One of them (8) was from Vietnam, where TB is endemic, and the other (15) had contact with a patient with active TB 10 years ago. For three other patients (12, 16, 17) it was explicitly stated that TB represented reactivation, but the reasons for this were not given.




3.5 Diagnosis of TB

Twenty-two of the 23 cases were confirmed to have TB by the culture of Mycobacterium TB or by PCR analysis of TB DNA. The analytical specimens were mainly sputum or bronchoalveolar lavage fluid, but reactivation of TB in other organs (pericardium, bone, liver, and gastrointestinal tract; one case each) was also recorded. The remaining case (18) was diagnosed mainly by purified tuberculin skin test and pathological findings of caseous granuloma on pleural biopsy and symptomatic remission with four anti-TB drugs. The imaging mainly showed new or worsening nodules, whose pathological biopsies were all granulomatous inflammation. The time lag from initiation of ICIs therapy to the diagnosis of TB of these patients ranged from 1 month to 2 years, with a median of 6.3 months.




3.6 Effectiveness of anti-TB and ICIs therapy

Immunotherapy was discontinued in all but five patients (10, 18, 19) (three (19) of these cases are unknown) after the diagnosis of TB. Seven patients restarted ICIs therapy, two of whom (11, 20) after finding resolution of TB symptoms and no recurrence one month after discontinuation of ICIs. Four other patients (12, 13, 21, 22) suspended immunotherapy after diagnosis of TB but restarted with immunotherapy before completion of anti-TB treatment. One patient (8) restarted with ICIs therapy at the time of progression of the primary disease, with the metastatic mass shrinking.

The specific anti-TB regimens of eight patients were not listed. Of the other 15 patients (including the patient in the study), 11 of them were initially treated with isoniazid, rifampicin, pyrazinamide, and ethambutol (8, 10, 13, 15, 19, 21, 22), one of them (16) was initially treated with rifampicin, isoniazid, and ethambutol, and two (18) of them were treated with four drugs not specified. Some patients changed their regimens due to adverse events during treatment.

Seven patients died during follow-up. The first (18) died intraoperatively while attempting to remove a tuberculoma that caused spinal cord compression. The second (8) died of intestinal perforation due to disseminated TB. The third (17) died of respiratory failure secondary to pneumonia, but it was unclear whether this was related to TB. The fourth (22) had apparently an improved TB condition and restarted with nivolumab, but eventually died of respiratory failure in the progression of lung adenocarcinoma. The fifth (10) died of acute respiratory failure after 3 days of anti-TB treatment. The sixth (19) died due to peritonitis, and the seventh (19) died of the progression of lung adenocarcinoma. Of these seven deaths, two were directly attributable to the TB, and the third might have been directly or indirectly related to the TB as he died of respiratory failure after developing pneumonia in the setting of active TB.





4 Discussion

Our results suggest that inhibition of the PD-1/PD-L1 pathway is associated with the development of TB, and the ICIs leading to TB was a PD-1 inhibitor in all cases. Moreover, there were no cases of TB disease found that occurred during treatment with CTLA-4 inhibitors. In the majority of cases, TB-related signs and symptoms improved with TB treatment, but two patients died of TB-related complications. Moreover, our findings also suggest that active TB can develop in a variety of organs other than the lungs.

It has been demonstrated that the PD-1/PD-L1 pathway is closely related to the pathophysiology of TB. PD-1 (CD279/PDCD1) is a cell surface inhibitory receptor that is expressed on activated T and B cells upon binding to the Ag receptor. PD-1 binds to either of its two ligands, PD-L1 (B7-H1/CD274) and PD-L2 (B7-DC/CD273), inhibiting T cell proliferation and cytokine secretion. ICIs can relieve the immunosuppression of T cell activation by tumor cells, and promote the activation and proliferation of T cells, thereby killing tumor cells. When the body is infected with TB, MTB is phagocytosed by macrophages and presented to T cells after processing by antigen-presenting cells, and then T lymphocytes secrete a variety of cytokines, such as γ interferon (IFN-γ) and tumor necrosis factor (TNF)-α, to activate the anti-TB activity of macrophages. When TB granulomas are formed, the body presents latent tuberculosis infection, at which the expression of PD-1 increases, inducing apoptosis of T cells. ICIs can block PD-1, restore the function of lymphocytes, release inflammatory cytokines such as IFN-γand TNF-αin T cells again, and excessive inflammatory cells and cytokines destroy the extracellular matrix, which is conducive to the growth of MTB, disrupts the homeostatic control of latent pulmonary tuberculosis infection, and active tuberculosis infection occurs (Figure 5). Studies have shown that the type I IFN signaling pathway is enhanced in patients receiving PD-1 blockade. TB activity represents an enhanced immune response to a pre-existing pathogen in the presence of PD-1 or PD-L1 inhibition, which is similar to the immune reconstitution inflammatory syndrome in HIV (human immunodeficiency virus) (14, 18). Furthermore, corticosteroids may have a role in the treatment of the immune reconstitution inflammatory syndrome as it is associated with an enhanced immune response. Therefore, the developing rate of immune reconstitution inflammatory syndrome associated with TB in HIV patients can be reduced with the combined application of prednisone and antiretroviral therapy (ART) (23). In this research, three (11, 21, 22) patients received the combined treatment of corticosteroids and anti-TB at some point after the diagnosis of TB and all of them were considered to be in remission or showed improvement. The TB of five other patients had also been relieved without the application of steroids, which shows that whether steroids play a role in the treatment of patients who develop active TB during ICIs therapy needs to be further investigated, and the potential benefits of corticosteroids must be weighed against their attenuating effect on immunotherapy in the process of application (24, 25).




Figure 5 | The possible mechanisms through which ICIs treatment promotes the development of TB infection.



TB screening in high-risk patient groups, particularly those exposed to epidemiological risk factors for TB, should be applied to patients before the initiation of immunotherapy. In this study, 10 of the 19 patients were from East or South East Asia where TB is endemic. If patients receiving anti-PD1 antibodies in areas with high TB prevalence develop fever and respiratory symptoms, the reactivation of TB should be considered after respiratory infection and pneumonia has been excluded. Therefore, latent TB screening needs to be applied before starting ICIs therapy in TB-endemic countries. A previous study has shown that adequate treatment of latent TB infection significantly reduces the risk of active TB in these patients (26). Although immunosuppression is also a risk factor for TB, the extent to which immunosuppression promotes the development of active TB in cancer patients treated with ICIs is unknown. Most of the patients in the study received chemotherapy before ICIs therapy, which may have contributed to immunosuppression. Whether the concomitant use of immunosuppressive drugs such as glucocorticoids and ICIs therapy are associated with the development of active TB disease still needs to be confirmed in larger studies. It cannot be ruled out whether the development of tuberculosis is associated with high doses of steroid drugs. In the above cases, no concomitant use of immunosuppressive drugs was reported, except for the case of four patients who required steroids or infliximab to treat irAEs and two patients who might require immunosuppressive drugs such as glucocorticoids to treat irAEs. Therefore, cancer and ICIs immunotherapy should be considered as a possible basis for MTB susceptibility.

Although acute TB infection is diagnosed according to clinical symptoms, chest X-ray, and sputum culture or PCR, the initial symptoms and radiological findings may not distinguish between tumor progression, TB infection, or changes in immune-mediated imaging. Then, IGRA testing should be performed before the treatment of immune checkpoint inhibitors therapy to rule out the possibility of latent Mycobacterium TB infection. Only one of these patients took IGRA testing before ICIs administration. The IGRA result of the patient, which was negative at first, changed to positive after new abnormalities on imaging, which contributed to the diagnosis of TB. Therefore, it is necessary to take IGRA testing before the treatment of immune checkpoint inhibitors therapy.

It is an important clinical question whether ICIs therapy can be continued after the development of active TB. Given that continued treatment with ICIs may worsen TB, it is reasonable to discontinue ICIs after the diagnosis of active TB. However, the appropriate time to restart ICIs therapy is still being worked out. Although the four reported patients who restarted immunotherapy did not have a relapse or worsening of TB, these four cases are not sufficient to confirm the appropriateness of restarting ICIs therapy in the presence of TB. In clinical practice, the decision to continue, temporarily interrupt, or permanently suspend treatment with ICIs should take several aspects into account, including the severity of MTB infection, tumor control, and the severity of complications. Therefore, it is better to let multidisciplinary specialists in oncology discuss whether ICIs can be restarted or not.

Above all, ICIs have revolutionized cancer treatment, namely, greatly improving the overall survival of patients. However, potential MTB infection or reactivation of the disease during the treatment with ICIs still needs to be considered. It is recommended that IGRA testing be performed before ICIs therapy, and the development of TB during immunotherapy should be closely monitored for in patients who are positive in the results of IGRA testing to enable early diagnosis and timely treatment.
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Antibody-based cancer immunotherapy has become a powerful asset in the arsenal against malignancies. In this regard, bispecific antibodies (BsAbs) are a ground-breaking novel approach in the therapy of cancers. Recently, BsAbs have represented a significant advancement in improving clinical outcomes. BsAbs are designed to target two different antigens specifically. Over a hundred various BsAb forms currently exist, and more are constantly being manufactured. An antagonistic regulator of T cell activation is cytotoxic T lymphocyte-associated protein 4 (CTLA-4) or CD152, a second counter-receptor for the B7 family of co-stimulatory molecules was introduced in 1996 by Professor James P. Allison and colleagues. Contrary to the explosive success of dual immune checkpoint blockade for treating cancers, a major hurdle still yet persist is that immune-related adverse events (irAEs) observed by combining immune checkpoint inhibitors (ICIs) or monoclonal antibodies such as ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1). A promising strategy to overcome this hurdle is using BsAbs. This article will summarize BsAbs targeting CTLA-4, their applications in cancer immunotherapy, and relevant clinical trial advances. We will also discuss the pre-clinical rationale for using these BsAbs, and provide the current landscape of the field.
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1 Introduction

Numerous advancements in cancer immunotherapy during the last decade have included altering T cell-mediated immunity. Using three kinds of cancer immunotherapies, including immune checkpoint inhibitors (ICIs) or monoclonal antibodies (mAbs), genetically modified T cells expressing chimeric antigen receptors (CARs), and bispecific antibodies (BsAbs), are now licensed for clinical use (1, 2). mAb-based cancer immunotherapy has become a potent weapon in the arsenal against malignancies. Up to now, the FDA has approved several therapeutic mAbs for treating various malignancies and autoimmune disorders. Target cells may undergo cellular cytotoxicity when mAbs selectively attach to their antigens. After gaining crowning achievements of mAbs in treating cancer, another molecular platform of mABs was developed. Meanwhile, BsAbs, which target two antigens simultaneously, were introduced as therapeutic medications for various cancers (3).

During the 1960s, Nisonoff and colleagues played a significant role in popularizing the concept of BsAbs. The subsequent development of innovative antibody engineering methods produced numerous BsAb molecular platforms. BsAbs are superior to mAbs in several ways. Outstanding cytotoxicity effects of BsAbs in cancers are one of these benefits. BsAbs also exhibit a lower level of therapeutic resistance (4). Some BsAbs have a small size, typically consisting of two basic single‐chain fragments with variable domain (5). As an example, BsAbs that are based on single-chain fragment variables (scFvs) have demonstrated a high degree of specificity for tumor cells and are able to penetrate tissues effectively (6). BsAbs may be an innovative new pillar in the fight against cancer. In terms of improving clinical treatment results, BsAbs represent a promising milestone. Many BsAbs have been developed within the context of tumor immunotherapy throughout the last few decades, and the first BsAb named blinatumomab was licensed in 2009 (7, 8). Lymphomas, in particular, appear to respond well to BsAbs, while myeloid neoplasias and solid tumors have shown more limited success (9). Although BsAbs have been shown to penetrate solid tumors effectively, there are concerns about their safety due to their short half-life, and this remains an area of active research (10).

An antagonistic regulator of T cell activation is cytotoxic T lymphocyte-associated protein 4 (CTLA-4) or CD152, a second counter-receptor for the B7 family of co-stimulatory molecules, which was introduced in 1996 by professor James Allison and colleagues (11). CTLA-4 is an inhibitory immune checkpoint, which inhibits immune responses through both an intrinsic mechanism that transmits a negative signal directly to effector T lymphocytes (Teff) and an extrinsic mechanism that is primarily connected to regulatory T lymphocyte (Treg) functions (12). B7-1 (CD80) and B7-2 (CD86) are the ligands shared by CD28 and CTLA-4, which have a greater affinity to bind CTLA-4. Consequently, CTLA-4 and CD28 are antagonistic concerning ligand binding (12, 13). The discovery that CTLA-4 can impede T cell activation provided the basis for the notion that interrupting its function might allow T cells to mount a therapeutic attack on cancer (14, 15). In mice, mAbs against CTLA-4 improved the immune system’s ability to fight against colon cancer and fibrosarcoma (11). Moreover, in subsequent exposure to tumor cells, animals that had been given anti-CTLA-4 treatment were able to quickly eradicate the cancerous cells by means of the immune system. This suggests that suppressing CTLA-4 leads to sustained immunological memory (11, 16).

At present, numerous clinical trials are underway to investigate the effectiveness of BsAbs targeting CTLA-4 in treating various types of cancer. These trials have yielded promising results in certain types of tumor cells and have been associated with a prolonged anti-tumoral response (17–19). Although BsAbs targeting CTLA-4 have been a significant breakthrough in the field of cancer immunotherapy, there are still numerous aspects that require clarification and challenges that need to be addressed related to the safety, effectiveness, and range of tumors that could be treated. This review summarizes BsAbs targeting CTLA-4, their applications in cancer immunotherapy, relevant challenges, and clinical trial advances. We also discuss the pre-clinical rationale for using BsAbs targeting CTLA-4 and provide the current landscape of the field.




2 Bispecific antibodies mechanisms of action: a general viewpoint

BsAbs are designed to bind two distinct antigens concurrently. BsAbs exert their functions by redirecting and activating immune cells, inhibiting immune cell co-inhibitory receptors, activating co-stimulatory molecules, inhibiting signaling pathways, and combinatorial targeting of cancer antigens (Figure 1) (20).




Figure 1 | Bispecific antibodies (BsAbs) mechanisms of action. 1) BsAbs can guide effector T cells toward cancer cells, where they can lead to lysis them. 2) Simultaneous inhibition of two inhibitory immune checkpoints leads to more reinvigoration of effector T cells to eradicate the tumor cells. 3) BsAbs can be deployed as agonistic agents activating co-stimulatory receptors such as ICOS and OX-40, leading to better activation of tumor-specific effector T cells. 4) BsAbs targeting dual TAAs bind specifically to tumor cells that express both antigens. Thus, tumor cells can be targeted more specifically. 5) BsAbs can suppress signaling pathways that are involved in angiogenesis and T cell exhaustion, such as those that inhibit TGF-β and PD-L1 signaling pathways. TAA, Tumor-associated antigen; TSA, Tumor-specific antigen; ICOS, Inducible T cell co-stimulator; TGF-β, Transforming growth factor-beta; PD-1, Programmed cell death protein 1; PD-L1, Programmed death-ligand 1; CTLA-4, Cytotoxic T-lymphocyte associated protein 4.



Recruiting Immune Cells. In addition to stimulating T cells, BsAbs such as blinatumomab and catumaxomab that target CD3, CD19, and EpCAM also guide these cells toward cancer cells, where they can lead to lysis them (4). Besides, BsAbs such as AFM13 can crosslink the cancer antigen CD30 on tumor cells with CD16a on natural killer (NK) cells, rerouting NK cells to the tumor cells for lysing by antibody-dependent cellular cytotoxicity (ADCC) (3).

Blocking of Immune Checkpoints and Co-inhibitory Molecules. Programmed death-ligand 1 (PD-L1), programmed cell death protein 1 (PD-1), and CTLA-4 are well-known immune checkpoints that prevent immune cells from becoming activated. Thus, blocking immune checkpoints with antibodies can reinvigorate immune cells. BsAbs targeting immune checkpoints are mostly used for treating solid tumors, including AK104 (PD-1×CTLA-4) (17), MGD019 (PD-1×CTLA-4) (18), XmAb20717 (PD-1×CTLA-4) (21), MEDI5752 (PD-1×CTLA-4) (22), MGD013 (PD-1×Lymphocyte-activation gene 3 [LAG-3]) (23), and RO7121661 (PD-1×T-cell immunoglobulin and mucin domain 3 [TIM-3]) (NCT03708328), which are capable of targeting two immune checkpoints simultaneously. Dysregulation of lymphocyte functions co-expressed by PD-1 and LAG-3 is common, and combined therapy involving PD-1 and LAG-3 can effectively restore T cell function (24). Furthermore, BsAbs targeting immune checkpoints combined with tumor-associated antigens (TAAs) have been developed, including AK112 (PD-1×Vascular endothelial growth factor [VEGF]) and IBI315 (PD-1×Human epidermal growth factor receptor 2 [HER2]) (4, 25).

Co-stimulatory Receptors Activation. To maintain a stable anti-cancer immune response against advanced malignancies, one strategy might be proposed that co-stimulatory receptors can be targeted along with the blockage of immunological checkpoints. Numerous BsAbs have been emerging for binding co-stimulatory receptors, such as inducible T cell co-stimulator (ICOS) or CD278, OX40, and 4–1BB (3, 20). OX40, like CTLA-4, is significantly up-regulated on activated T cells in the tumor microenvironment (TME), particularly on Tregs (26, 27). Targeting two overexpressed receptors, for instance CTLA-4 and OX40, in the tumor has the potential to increase the localization of BsAbs to the tumor site compared to monospecific antibodies, which may reduce the risk of systemic T cell activation and improve efficacy. Additionally, it has been suggested that combining a checkpoint inhibitor with a T cell co-stimulatory agonistic antibody may convert a “cold” tumor into a “hot” tumor by enhancing T cell expansion and effector functions while controlling the suppressive function of Tregs (28, 29).

Combinational Targeting of Tumor Antigens. “On-target off-tumor” toxicity is a significant issue that needs to be considered in antibody-based therapeutic modalities. This toxicity refers to a side effect of cancer immunotherapy where the immune system attacks not only cancer cells but also healthy cells expressing the same target antigen, leading to unintended damage to healthy tissues (30). In line with this issue, both healthy and malignant cells express TAAs. One of the BsAb’s advantages is that it targets tumor cells more precisely, which directs its power to only tumor cells in circulation, TME, and metastatic sites and not healthy cells. Thus, healthy cells are unharmed as a result of this. In other words, BsAbs targeting dual TAAs bind specifically to cancer cells that express both antigens, while avoiding healthy cells that express only one antigen (31).

The fact that many cancer antigens are cleaved by enzymes, releasing soluble extracellular domains, presents another obstacle. Indeed, a major challenge in developing immunotherapies for hematologic malignancies, for instance, acute lymphocytic leukemia (ALL), is that cancer cells can lose the CD19 antigen while retaining CD22 after CD19 shedding (32). Due to this mechanism, tumor antigen escape happens, but BsAbs can offset this mechanism via combinational targeting. As an illustration, a BsAb called DT2219ARL has been developed to overcome antigen loss-mediated relapse in ALL. DT2219ARL targets CD19 and CD22, which are two antigens commonly expressed in ALL cells (20, 33, 34).

Blocking of Signaling Pathways. BsAbs can reduce the progression of tumors by targeting the molecules of signaling pathways involved in angiogenesis, metastasis, and proliferation. In this regard, there are several BsAbs such as YM101 (35–37), MCLA-128 (zenocutuzumab) (38, 39), BI 836880 (40, 41), vanucizumab (42), ABT-165 (43), OMP-305B83 (navixizumab) (44, 45), TR009 (ABL001) (46), and EMB01 (47, 48). For instance, YM101 has the ability to specifically bind to transforming growth factor-beta (TGF-β) and PD-L1. Results from in vitro experiments demonstrated that YM101 effectively inhibited the biological impacts of TGF-β and the PD-1/PD-L1 pathways, which includes the activation of Smad signaling, induction of epithelial-mesenchymal transition, and immunosuppressive activities (35). Furthermore, MCLA-128 targets VEGF and angiopoietin-2 (4).




3 Mechanism of action of bispecific anti-CTLA-4 antibodies

BsAbs that target CTLA-4 are a novel class of immunotherapies that are being developed to improve the effectiveness and safety of immune checkpoint blockade in cancer treatment. The mechanism of action of bispecific anti-CTLA-4 antibodies involves, for instance, the simultaneous binding of CTLA-4 on Tregs and co-stimulatory receptor such as OX-40 on Teff (49). The dual engagement of these two molecules helps to modulate the balance between immune activation and suppression, which is important for achieving an optimal anti-tumor response. For instance, by binding to CTLA-4 on Tregs, ATOR-1015 can selectively deplete or down-regulate these cells (49), which are known to play a role in suppressing immune responses and promoting tumor growth. At the same time, by binding to OX-40 on Teff, ATOR-1015 can enhance T cell activation and proliferation, leading to increased colon, pancreatic, and bladder tumor cell killing (49, 50).

BsAbs targeting both CTLA-4 and another molecule, such as PD-1 (17, 51) or PD-L1 (52), enhance the immune response against cancer by blocking two separate immune checkpoints that can inhibit anti-tumor immunity. By targeting both CTLA-4 and PD-1, these bispecific antibodies can simultaneously promote activation and proliferation of T cells, reduce regulatory T cell function, and enhance the killing of tumor cells by cytotoxic T lymphocytes. The combination of these effects allows for a more robust and sustained anti-tumor response (4, 20).




4 Anti-CTLA-4 antibody and combinational therapies

There is a compelling strategy regarding combinational using the anti-CTLA-4 mAbs with other therapies against poorly immunogenic tumors (53). Wei et al. (54) demonstrated that contrary to either monotherapy, CTLA-4/PD-1 dual immune checkpoint blockade is sufficient to stimulate specific cellular responses. Anti-CTLA-4 and anti-PD-1 inhibition considerably improves responses in pre-clinical tumor models, leading to much higher Teff-to-suppressor cells (myeloid-derived suppressor cell and Treg) ratios and the generation of pro-inflammatory cytokines including interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) (55). Combinational therapy ipilimumab plus nivolumab led to enhance the effectiveness of treatment in melanoma (56), renal cell carcinoma (57), colorectal cancer (58) compared with monotherapy. In melanoma, the combination of PD-1 and CTLA-4 blockade was linked to specific cellular immune responses, including a dramatic increase in cytokine production, an increase in T cell frequency, and a decrease in circulating B cells (59, 60).




5 Pre-clinical rationale for using bispecific antibodies targeting CTLA-4

The currently known BsAbs are fragment-based, symmetric, asymmetric or Bi-specific T cell engagers (BiTEs). These forms determine their half-life, immunogenicity, target selectivity, and production complexity (61). Contrary to the explosive success of dual immune checkpoint blockade for treating cancers, two major hurdles persist. First, immune-related adverse events (irAEs) were observed by combination ICIs such as ipilimumab and nivolumab (62). Second, compared to BsAbs, there is an MHC restriction of the TCR when using ICIs, leading to immune escape (63). A promising strategy to overcome these hurdles is simultaneously co-blockade of two cancer antigens, for example, CTLA-4 and PD-1, preferentially in the TME by BsAbs, restricting immune responses specific to the tumor site. Thus, it can be expected that immune-mediated toxicity toward normal tissues is reduced (12).

Immunotherapies for cancer, such as the blockade of CTLA-4 and PD-1, often result in severe autoimmunity as a side effect (64, 65). Overall, there is a tendency for the efficacy of anti-tumor responses to be associated with the occurrence of autoimmune diseases, particularly when a systemic approach is taken to deplete Tregs (66). A promising strategy to elicit potent anti-tumor immune responses while minimizing the risk of inducing detrimental autoimmune reactions might be to selectively engage effector Tregs in the TME using BsAbs. This approach has the potential to preserve the pool of naive Tregs in non-tumor tissues, which are essential for maintaining immune tolerance and preventing autoimmunity. In other words, it is desirable to avoid Treg depletion in normal tissues while targeting immune checkpoint pathways in the TME. One potential advantage of using BsAbs is that they can be designed to selectively bind to cells expressing both PD-1 and CTLA-4, which are mainly tumor-infiltrating lymphocytes (TILs). Thus, by selectively targeting TILs, BsAbs may spare Tregs in normal tissues and avoid the potential adverse effects associated with their systemic depletion.

On the one hand, the possibility that anti-tumor reactive T cells will be inadequate in quantity or malfunctioning and anergic are two key issues with chimeric antigen receptor (CAR) T cell treatment that are addressed by BsAbs. On the other hand, increased tumor-reactive T cell frequency is the ultimate goal of BsAbs. In order to accomplish this, T cells and tumor cells are connected effectively via BsAbs in an intercellular space name immunological synapse. Their activation occurs without the need for co-stimulation, peptide antigen presentation, and major histocompatibility complex (MHC) class 1/2 (61, 67). All in all, the aforementioned basic concepts provide a rationale for using BsAbs.

There are some BsAbs, which have been described in pre-clinical (Table 1) and clinical investigation (Table 2). These include XmAb20717 (Vudalimab), MEDI5752, AK104, MGD019, KN046, and ATOR-1015. According to preliminary results, XmAb20717, which targets CTLA-4 and PD-1 simultaneously, was well-tolerated in patients with advanced cancer and had complete and partial responses in various tumor types. T cell population changes in the tumor and surrounding tissues were consistent with effective dual checkpoint inhibition (21). In pre-clinical studies, using another BsAb targeting CTLA-4 and PD-1 named MEDI5752 was associated with lower cytotoxicity and equivalent activity to anti-PD-1 and anti-CTLA-4 antibodies, providing an improved therapeutic index (22). In the following, we will elaborate on the clinical trials of BsAbs targeting CTLA-4 (Table 2).


Table 1 | Pre-clinical status of BsAbs targeting CTLA-4.




Table 2 | BsAbs targeting CTLA-4 in clinical development.






6 Current landscape and clinical trials

The landscape of clinical anti-CTLA-4 BsAbs immunotherapy continues to progress promptly. Recently, there have been numerous illustrations of these BsAbs in clinical and pre-clinical phases. Rudimentary findings revealed positive clinical outcomes, which can be classified into three categories, including i) Anti-tumor immune responses, ii) Immune-related toxicities, and iii) TME (Figure 2). The following sections summarize the current landscape and the clinical trials.




Figure 2 | BsAbs targeting CTLA-4 at a view of cross-talk between immune and cancer cells. ATOR-1015 can simultaneously target CTLA-4 and OX-40 on regulatory T cell and effector T cell, respectively, resulting in effector T-cell stimulation and improved cancer immunity. INV322 binds to CD25 and CTLA-4, which restricts the function of regulatory T cells in the tumor microenvironment. CTLA-4 and PD-L1 are recognized by KN046, eventually preventing T-cell exhaustion and inducing apoptosis in tumor cells. BsAbs such as XmAb20717, AK104, MEDI5752, and MGD019 inhibit PD-1 and CTLA-4, revitalizing tumor-specific cytotoxic T lymphocytes. Positive and negative symbols indicate stimulatory and inhibitory role of markers, respectively. ↑, Increase; ↓, Decrease.





6.1 CTLA-4×PD-1 BsAbs

XmAb20717. XmAb20717 is a heterodimeric antibody composed of two different protein subunits, designed with a modified Fc domain that prevents interactions with Fc-gamma receptor (FcγR). Additionally, the incorporation of Xtend™ technology enhances its pharmacokinetic properties to promote a longer half-life (21). A human clinical trial is investigating the effects of XmAb20717 (NCT03517488). Patients with advanced solid tumors, including melanoma, renal cell carcinoma, non-small cell lung cancer (NSCLC), castration-resistant prostate cancer, are enrolled in phase 1 multiple doses, ascending dose escalation clinical trial to determine the pharmacokinetic (PK), maximum-tolerated dose, safety, and tolerability.

MEDI5752. MEDI5752 is a fully human monovalent bispecific human IgG1 mAb with an engineered Fc domain designed to suppress the PD-1 pathway and provide regulated CTLA-4 inhibition, favoring greater blocking of PD-1+ activated T cells. The variable domains of an anti-PD-1 mAb and tremelimumab (an anti-CTLA-4 mAb) were combined to generate this BsAb. The engineering of the IgG1 constant heavy chains also diminished the Fc-mediated immune effector functions. The higher anti-tumor activity was stimulated by MEDI5752, which was found to accelerate PD-1 internalization and degradation and to accumulate preferentially in tumors. MEDI5752 could fully saturate CTLA-4 on cells expressing PD-1 and CTLA-4 at lower doses than those needed to fully saturate CTLA-4 on cells that did not express PD-1 (51). A phase 1, first-time-in-human, multicenter, open-label, dose-escalation and dose-expansion clinical trial was designed to evaluate the safety, tolerability, efficacy, PK, and immunogenicity of MEDI5752 in participants with advanced solid tumors, when administered as a single agent or combined with chemotherapeutic drugs (NCT03530397).

AK104. PD-1 and CTLA-4 are concurrently targeted by the humanized IgG1 tetrameric BsAb known as AK104. Indeed, AK104 is an IgG1 scaffold Fc-engineered humanized antibody. Early research revealed that AK104 has promising anti-tumor effectiveness in liver cancer and a better safety profile than co-administering anti-PD-1 and anti-CTLA-4 mAbs (17). A phase 2, global, multicenter, open-label, single-arm study evaluated the efficacy, safety, tolerability, PK, and immunogenicity of AK104 monotherapy in adult subjects with previously treated recurrent or metastatic cervical carcinoma (NCT04380805).

MGD019. Berezhnoy et al. (18) have developed a BsAb in the IgG4 isotype known as MGD019 using a dual-affinity re-targeting antibody (DART) platform. This BsAb consists of an engineered tetravalent CTLA-4/PD-1 molecule. Two variable fragments with their variable heavy chain components switch to form a DART molecule (68). The PD-1 and CTLA-4 binding domains are derived from retifanlimab and human mAb 4B6, respectively (18). Compared to bi-single domain antibodies, this novel structure enables greater conformational flexibility during antigen-antibody recognition (18). To prevent the potential depletion of Teff and Tregs, MGD019 carries Fc mutations, which cause the lack of Fc-mediated effector function and limit the ability to trigger ADCC. Innovative approaches include modulating the Fc effector domain or directing the immune response preferentially toward TME, which may improve therapy efficacy and minimize immune-mediated damage (27, 69). Despite increasing human T cell activation in vitro, MGD019 did not exhibit any Fc-mediated effector activity. MGD019 showed promising therapeutic efficacy with acceptable safety in patients with advanced solid tumor cancer, including ovarian, breast, lung, colon cancer, who had had much pre-treatment and was well-tolerated in cynomolgus monkeys. Notably, in animals treated with MGD019, no alterations were observed in either the tissue-resident or circulating Treg populations (18).




6.2 CTLA-4×PD-L1 BsAb

KN046. KN046 (also known as alphamab), a unique humanized bispecific single domain Fc fusion protein antibody, can simultaneously inhibit the PD-1/PD-L1 pathway and the CTLA-4 pathway. Thus, it reinvigorates the immunological responses of exhausted T lymphocytes to the tumor. The findings of both pre-clinical and clinical testing with KN046 have shown good effectiveness, accompanied by decreased levels of systemic toxicity. KN046 is now being evaluated in several clinical studies in phase 1 and 2 as either a single agent or as part of combination regimens in tumor types and stages (52, 70). In patients with HER2-positive gastrointestinal tumors, preliminary efficacy and safety results of KN026 (a BsAb targeting two distinct HER2 epitopes) and KN046 have been reported. In both treatment-naive and extensively pretreated HER2-positive gastrointestinal cancers, KN026 combined with KN046 demonstrated the potential to improve clinical benefit to the current standard of care (71). A phase 2 clinical trial of KN046 was investigated in patients with metastatic NSCLC who failed first-line treatment. Results showed that KN046 was a successful second-line therapy for advanced NSCLC and was well-tolerated. In both squamous and non-squamous NSCLC, KN046 demonstrated a potential overall survival improvement (19). KN046 and Nab-paclitaxel showed safety, tolerability, and efficacy results in patients with metastatic triple-negative breast cancer (72).




6.3 CTLA-4×OX40 BsAb

ATOR-1015. An improved form of the Ig-like V-type domain of human CD86 was linked to an agonistic OX40 antibody, and eventually, a BsAb in the IgG1 form known as ATOR-1015 was generated. This BsAb simultaneously targets CTLA-4 and OX40. OX40, or CD134, is a powerful immunological co-stimulatory molecule that can be induced on activated CD4+ and CD8+ T cells. In vitro, ATOR-1015 stimulated T lymphocyte activation and Treg reduction. Many syngeneic tumor models, such as those of bladder, colon, and pancreatic cancer, responded well to treatment with ATOR-1015, which slowed tumor development and increased survival. It is further shown that ATOR-1015 increases the response to PD-1 blockade and generates tumor-specific and long-term immunological memory. Additionally, ATOR-1015 is localized to the tumor site, enhancing the frequency and activation of CD8+ T lymphocytes while decreasing the frequency of Tregs (49). A phase 1 clinical trial investigated the safety and tolerability of ATOR-1015 when administered as repeated intravenous infusions to patients with advanced and refractory solid malignancies (NCT03782467).




6.4 CTLA-4×GITR BsAb

A receptor called glucocorticoid-induced TNFR family-related gene (GITR) promotes T lymphocyte activation against tumor cells. A patent known as WO2018091739 employs a BsAb targeting CTLA-4 and GITR to treat colon carcinoma. This BsAb has a basic structure that includes two binding sites for GITR, which are formed by the antigen-binding sites of both the heavy and light chains. In addition, there are two binding sites for CTLA-4, which are created by a CTLA-4 binding domain that is connected to the kappa constant region of the light chain through a linker at the carboxyl end (73). BsAb triggered Teff and tumor inhibition in colon carcinoma-bearing mice (73). However, no clinical studies still demonstrate using this BsAb to treat cancer patients.




6.5 CTLA-4×CD25 BsAb

In the clinic, targeting Tregs has shown promise, but current strategies are constrained by on-target, off-tumor stimulation of autoimmune-related toxicities linked to global Treg blocking. To limit these toxicities, a BsAb known as INV322 was engineered to engage the Tregs of TME preferentially. It is created using Invenra’s B-Body® platform, which is fully human in origin, and has a wild-type IgG1 structure that enables Fc-gamma-mediated effector function (74). INV322 targets CD25 and CTLA-4 on Tregs with lower-affinity monovalent interactions, supporting the selective blockade of tumor-restricted Tregs function and depletion by Fc-mediated clearance. In vivo, the development of anti-tumor memory cells, tumor-protective activity, Treg depletion, and a rise in the Teff: Treg ratio inside the TME were associated with INV323 treatment (74).





7 Conclusion, challenges, and future directions

Over the past three decades, there has been a significant evolution from the simple development and modification of mAbs without any further engineering to more complex antibody derivatives in a wide range of shapes and sizes, particularly BsAbs (75). Researchers’ interest in BsAb technology has grown significantly over time due to its outstanding potential for clinical applications. This development has established a strong basis for BsAb-based cancer immunotherapy. BsAbs are a novel approach to the fight against cancer. Overall, BsAbs have represented a significant advancement in improving clinical results. BsAbs might play a fascinating function in treating cancer. IrAEs caused by combining ICIs like ipilimumab and nivolumab remain a significant obstacle despite the tremendous success of treating cancers. BsAbs are a viable strategy to overcome this obstacle because the simultaneous co-blockade of two cancer antigens, such as CTLA-4 and PD-1, primarily in the TME by BsAbs may restrict immune responses, particularly to the tumor site. Thus, healthy cells and tissues are not damaged.

Although BsAbs are well positioned as a safe immunotherapy, outstanding questions remain open. Elucidating the significant parameters that determine anti-CTLA-4 BsAbs potency and persistence will be essential as the field progresses to evolving strategies to address obstacles specific to each type of cancer. Remarkably, as the field of cancer immunotherapy, particularly BsAbs, continues to innovate rapidly, it is important to consider potential safety risks linked to BsAbs in humans, as concerns associated with possible off-target effects might be very relevant. Establishing multidisciplinary approaches to sketch a holistic path to the clinical translation of anti-CTLA-4 BsAbs will also be crucial.

Nevertheless, despite the advantages discussed above, there are still several challenges and obstacles, such as immunogenicity and chain mispairing issues in the commercial production and development of anti-CTLA-4 BsAbs. More specifically, it takes time and funds to manufacture BsAbs. Obtaining the necessary products necessitates using suitable, secure, and economical cell line manufacturing processes and analytical and purifying techniques (76). Furthermore, before patients may benefit from anti-CTLA-4 BsAbs, some post-antibody production problems, such as degradation, aggregation, denaturation, fragmentation, and oxidation of BsAbs, must be addressed (76). Further clinical trials are necessary to investigate the most effective dose and mode of administration that can result in controlled release formulations, lower systemic adverse effects, and greater concentrations in target tissues. Besides, the unavoidable negative consequences on healthy organs such as neurotoxicity or other intricate aspects, such as an immunotolerant cancer stroma, disrupted neovasculature, and insufficient penetration of BsAbs, make BsAbs targeting solid tumors deserving of additional study (77, 78). Notably, the suppressive TME, which restricts T cell activation and causes immunological insufficiency (79), is a significant barrier to anti-CTLA-4 BsAbs in advanced solid tumors. Thus, there is a genuine eagerness for the continuing investigations of anti-CTLA-4 BsAbs in solid tumors, which are predicted to provide positive outcomes soon, even if developing these BsAbs from bench to bedside may take a long time and involve a huge endeavor.
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Characteristics

Univariate analysis

Multivariate analysis

Cumulative recurrence

HR (95%Cl)

Age, years (>58 vs <58) 0.823 (0.612-
1.106)
Sex (male vs female) 1.174 (0.865-
1.504)
Hepatolithiasis (positive vs negative) 1.923 (0.979-
3.777)
HBV infection (positive vs negative) 1(0.715-1.399)
Liver cirrhosis (positive vs negative) 1.173 (0.839-
1.640)

Tumor differentiation (IlI/IV vs I/1l) 1.283 (0.95-1.731)

Tumor size (>5 vs <5) 1.420 (1.053-
1.913)
Tumor number (multiple vs single) 1.719 (1.219-
2.425)
Lymph node metastasis (positive vs 2.183 (1.500-
negative) 3.177)
Microvascular invasion (positive vs negative) 1.294 (0.847-
1.977)

Nerve invasion (positive vs negative) 1.906 (1.055-3.44)

TILs™*®3 (high vs low) 1.365 (1.016-
1.835)
TumorCTA4 (high vs low) 1.296 (0.963-
1.745)
TILsC™ (high vs low) 1.393 (1.036-
1.873)
Tumor™ " (high vs low) 1.655 (1.219-
2.247)
Tumor™ 1 /TILsC™A (G Il vs G IV) 1.683 (1.210-
2.341)

P
value

196

.302

.058

.999

.350

104

.021

.002

<.001

233

.033

.039

.088

.028

.001

.002

os

HR (95%Cl)

0.894 (0.677-1.18)
1.187 (0.89-1.583)

3.932 (2.308-
6.713)
0.885 (0.649-
1.205)
1224 (0.896-
1.670)
1.174 (0.884-
1.559)
1.585 (1.195-
2.102)
1510 (1.090-
2.092)
2.419 (1.709-
3.424)
1.341 (0.899-
2.002)
2.766 (1.669-
4.582)
1.383 (1.047-
1.828)
1.125 (0.852-
1.485)
1617 (1.222-
2.141)
1.394 (1.04-1.867)

1.806 (1.319-
2.472)

P
value

429

239

<.001

436

204

267

.013

<.001

150

<.001

.023

407

.001

026

<.001

HR (95%Cl)

NA
NA
NA
NA
NA
NA

1.264 (0.930-
1.717)
1.638 (1.156-
2.322)
1.839 (1.234-
2.741)
NA

1.459 (0.795-
2677)
1.116 (0.819-
1.521)
NA

NA
NA

1.566 (1.110-
2210)

Cumulative recurrence

P
value

NA

NA

NA

NA

NA

NA

134

.006

.003

NA

222

487

NA

NA

NA

.01

os

HR (95%CI)

NA
NA

4.326 (2.497-
7.494)
NA

NA
NA

1.399 (1.049-
1.864)
1.604 (1.147-
2.244)
1.973 (1.364-
2.853)
NA

2.358 (1.394-
3.988)
1.116 (0.831-
1.499)
NA

NA
NA

1.587 (1.141-
2.206)

value

NA

NA

<.001

NA

NA

NA

022

.006

<.001

NA

.001

467

NA

NA

NA

006

Cox proportional hazards regression model. OS, overall survival; NA, not applicable; HBV, hepatitis B virus; TILsSFOXP3, density of FOXP3+ TILs; TILsSCTLA-4, density of CTLA-4+ TILs;
TumorCTLA-4, expression level of CTLA-4+ tumor cells; TumorPD-L1, expression level of PD-L1+ tumor cells; G |, Patients with TumorPD-L1 High plus TILsCTLA-4 High; G I, Patients
with TumorPD-L1 High plus TILsCTLA-4 Low; G Ill, Patients with TumorPD-L1 Low plus TILsCTLA-4 High; G IV, Patients with TumorPD-L1 Low plus TILsCTLA-4 Low; 95%Cl, 95%

confidence interval: HR, Hazard ratio.
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Features TiLsCA4¢

Low High P value
Age (v)
<568 72 67 484
>58 72 79
Sex
Female 56 58 884
Male 88 88
Hepatolithiasis
Negative 138 136 317
Positive 6 10
HBV infection
Negative 40 37 639
Positive 104 109
Liver cirrhosis
Negative 106 108 944
Positive 38 38
ALT(UL)
<75 136 135 496
>75 8 11
AFP (ng/mL)
<20 127 128 891
>20 17 18
CA19-9(U/L)
<37 89 65 003
>37 55 81
Tumor size(cm)
<5 78 58 014
>5 66 88
Tumor number
Single 116 110 284
Multiple 28 36
Tumor differentiation
) 92 85 322
v 52 61
Lymph node metastasis
Negative 128 115 .019
Positive 16 31
Nerve invasion
Negative 137 136
Positive 7 10 471
Microvascular invasion
Negative 131 122
Positive 13 24 .059
TNM stage
7] 121 108
I 23 38 .036

HBV, hepatitis B virus; ALT, Alanine aminotransferase; AFP, alpha-fetoprotein; CA19-9,
Carbohydrate antigen 19-9; TILsCT™A  the density of CTLA-4* TiLs.
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Results

Examination
Indicators Normal person Patient
Mass - ~ 12,6 x 7.6 cm
Chest CT plain scan + enhanced scan (Figure 1A, B, 05 March 2022) Truncated bronchi - +
Pulmonary artery Normal Localized thinning
Cranial MRI plain scan + enhanced scan (06 March 2022) | Signal shadow Normal Abnormal

Cauliflower-like neoplasm -
Tracheoscopy (09 March 2022)

Bronchial tubes of the bilateral lobes Normal Normal
‘ Tumor markers (03 March 2022) CEA <5 ng/ml (+) 6 mg/ml
‘ CA125 0-35 U/ml 88.18 U/ml
cytokeratin 0.10-4 ng/ml 12.91 ng/ml
NSE <13 pg/ml 33.72 ng/ml
‘ Blood routine
‘ Biochemistry analysis
Coagulation function
Normal
Echocardiography
Electrocardiogram
‘Whole-body bone scintigraphy
‘ CK5/6 <10% (-) +
CK7 - =
Ki-67 - +, (50%-60%)
Napsin A - =
Pathological findings
P40 = +
TTEF-1 - -
P63 & "
bacteria Normal
Cancer area = Less extensive
Chest CT (Figure 3A, B, 22 May 2022),
Mass = More extensive
‘ 13-item nucleic acid test (lavage fluid) MTB +
‘ Acid-fast bacillus stain (tracheoscopy lavage solution) Acid-fast bacillus - +

CT enhanced scan (19 August 2022) Mass - Less extensive
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AUS melanoma population i metastatic melanon

Log(CTLA4) <-591 vs 2-591 <-5.76 vs 2-5.76 <-5.93 vs 2-5.93
95% ClI 95% Cl 95% ClI
Stage (II1+ vs. 0-11) 7.94 354 -17.81 <0.001 - - - - = =
Log(CTLA4) 0.53 0.27 - 1.06 0.074 0.29 0.07 - 1.17 0.082 045 0.2 - 1.02 0.057
Sex (males vs. females) 244 0.99 - 6.05 0.053 532 0.98 - 28.88 0.053 212 0.71 - 6.28 0.177

Age (years) 0.99 0.97 - 1.02 0.566 092 0.87 - 0.98 0.012 1.00 0.98 - 1.03 0.867
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Name Main findings Reference

MEDI5752  CTLA-4 + 1. High saturation of CTLA-4 on PD-1" tumor cells by MEDI5752. (22)
PD-1 Inhibition of CTLA-4 on TILs while sparing peripheral T cell populations and reducing toxicity.
MEDI5752 induces internalisation and subsequent degradation of PD-1 by tethering CTLA-4 to PD-1.

L

MGDO019 CTLA-4 +

. Combinatorial blockade of PD-1 and CTLA-4 via single molecule. (18)

PD-1 2. MGDO019 is well-tolerated in non-human primates.
3. Increasing in the count of Ki67*CD8" and ICOS'CD4" T cells upon MGD019 administration.
ATOR- CTLA-4 + 1. ATOR-1015 activates T cells and reduces Tregs in vitro. (49)
1015 0X40 2. In various preclinical models, ATOR-1015 reduces tumor growth and improves survival, including in bladder, colon,

and pancreas cancer models.
3. ATOR-1015 generates long-term tumor-specific immunological memory and enhances response to PD-1 inhibition.
4. ATOR-1015 targets the tumor area, where it boosts the number and activation of CD8" T-cells and decreases Tregs.

CTLA-4, Cytotoxic T-lymphocyte-associated protein 4; PD-1, Programmed cell death protein 1; Treg, Regulatory T cell; TIL, Tumor-infiltrating lymphocyte; ICOS, Inducible T-cell costimulator.
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Status/
Phase
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Developed by

NCT
identifier

Humanized
BsAb/XmAb
technology

XmAb20717
(Vudalimab)

Fully human
BsAb (a
monovalent
bispecific
human IgG,
mAb with an
engineered Fc
domain)

MEDI5752

IgG, scaffold
Fc-engineered
humanized

antibody
AK104

(Cadonilimab)

a tetravalent
bispecific (2 x
2) Fe-bearing
based on
DART
platform

MGDO019

Humanized
bispecific
KNO46 single do'main
Fc fusion
protein

antibody

Human IgG,

ATOR-1015 BsAb

-Melanoma
-Breast carcinoma
-HCC
-Renal cell

CTLA-4 carcinoma

-Cols 1
oo Colorecta

carcinoma
-non-small-cell
lung carcinoma
- Cervical cancer
-Mesothelioma

Advanced solid
tumors

Renal cell
carcinoma

CTLA-4
+ PD-1

Metastatic NSCLC

Cervical cancer

Recurrent or
metastatic cervical
CTLA-4
+ PD-1

cancer

Nasopharyngeal
carcinoma

Advanced MSI-H/
dMMR gastric

carcinoma and
colorectal cancer

-Gastric
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-Advanced solid

tumors

-Gastroesophageal
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Adenocarcinoma

HCC

Liver cancer

NSCLC

NSCLC

Advanced or
metastatic solid
tumors

-NSCLC
-Prostate cancer
CTLA-4 metastatic
+ PD-1 -Cutaneous
melanoma

-Colorectal cancer

NSCLC

Stage IV NSCLC

HER2 positive
solid tumor

TNBC

CTLA-4
+ PD-L1 Esophageal
squamous cell

carcinoma

Advanced
gastrointestinal
tumors

HCC

Locally advanced
and metastatic
pancreatic cancer

Squamous NSCLC

Thymic carcinoma

Thymic carcinoma

CTLA-4
+ 0X40

-Solid Tumor
-Neoplasms

regimen

Combinational
therapy: Pemetrexed,
Carboplatin,
Pembrolizumab,
Paclitaxel

Combinational
therapy: Axitinib,
Lenvatinib

Combinational
therapy:
Durvalumab,
Danvatirsen,
Oleclumab,
Pemetrexed,
Carboplatin,
Gemcitabine,
Cisplatin, Nab-
paclitaxel, AZD2936

MT

Combinational
therapy:
Bevacizumab,
Padlitaxel, Cisplatin
or Carboplatin

MT

Combinational
therapy: Oxaliplatin,
Capecitabine

Combinational
therapy: Lenvatinib

Combinational
therapy: Lenvatinib

Combinational
therapy: Anlotinib

Combinational
therapy: Anlotinib

Combinational
therapy: AK119
(anti-CD73)

Combinational
therapy: Lorigerlimab

Combinational
therapy: Paclitaxel,
Pemetrexed,
Carboplatin

MT

Combinational
therapy: KN026
(anti-HER2)

Combinational
therapy: Nab-
paclitaxel

Combinational
therapy: Donafenib
Tosilate

Combinational
therapy: Lenvatinib

Combinational
therapy:
Gemcitabine,
Albumin-Paclitaxel,

Oxaliplatin,
Irinotecan,

Leucovorin,
Fluorouracil

MT

MT

Active, not
recruiting/I

Recruiting/
1

Recruiting/
1

Active, not
recruiting/T

Completed/
s

Active, not
recruiting/
)i

Completed/
1

Not yet
recruiting/
I

Active, not
recruiting/
L

Active, not
recruiting/
i

Recruiting/
LI

Active, not
recruiting/
L

Not yet
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Recruiting/
1
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Unknown/
n
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287
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149
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52
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55
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482

29

66

33

Xencor

MedImmune

MedImmune

AstraZeneca

Akeso

Akeso

Akeso

Peking University

Akeso

Akeso

Akeso

Akeso

Chinese PLA
General Hospital

Akeso

MacroGenics

Jiangsu Alphamab
Biopharmaceuticals

Jiangsu Alphamab
Biopharmaceuticals

Peking University

Jiangsu Alphamab
Biopharmaceuticals

Jiangsu Alphamab
Biopharmaceuticals

Suzhou Zelgen
Biopharmaceuticals

Peking University
Cancer Hospital &
Institute

Changhai Hospital

Jiangsu Alphamab
Biopharmaceuticals

Weill Medical
College of Cornell
University

Jiangsu Alphamab
Biopharmaceuticals

Alligator
Bioscience AB

NCT03517488

NCT03530397

NCT04522323

NCT03819465

NCT04380805

NCT04868708

NCT04220307

NCT04556253

NCT03852251

NCT04728321

NCT04444167

NCT04646330

NCT04544644

NCT04572152

NCT03761017

NCT04054531

NCT03838848

NCT04040699

NCT03872791

NCT03925870

NCT04612712

NCT04542837

NCT04324307

NCT04474119

NCT04925947

NCT04469725

NCT03782467

mAb, Monoclonal antibody; BsAb, Bispecific antibody; Fe, Fragment crystallizable region; CTLA-4, T-lymphocyte-associated protein 4; PD-1, Programmed cell death protein 1; NSCLC, Non-

small cell lung cancer; HCC, Hepatocellular carcinoma; TNBC, Triple-negative breast cancer; MT, Monotherapy; DART, Dual affinity retargeting.
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# Study

1 Exercise to
Boost Response
to ICI

2 Exercise as a
Supportive
Measure for
Patients
Undergoing ICI

3 Low-moderate
Intensity
Pedaling During
Immunotherapy
Administration

4 Combined
Aerobic and
Resistance
Exercise
Training in
Metastatic Renal
Cell Carcinoma

5 i-Move

Tumor

Cutaneous
melanoma,
cutaneous
squamous
cell
carcinoma,
Merkel cell
carcinoma

Melanoma

Skin, kidney,
bladder

cancer

Renal cell
carcinoma

Melanoma

Intervention

30 minutes arm ergometer/pedal
ergometer/treadmill exercise up
to 12 times and 12 months prior
to each administration of
standard of care checkpoint
blockade immunotherapy across
all cycles

60 minutes group, machine
based resistance and endurance
exercise (moderate-to-high-
intensity), 2 times a week for 12
weeks

30 minutes on a pedal ergometer
(low-moderate intensity)
concurrent to ICI infusion for
maximum 12 weeks

12 weeks home based, combined
aerobic and resistance exercise
training plan

12-week semi-supervised
individualized exercises:
moderate intensity aerobic
exercise (walking and cycling,
20-45 min, 3-5 times a week),
resistance training exercises (2-3
times a week) and stretching

N

32

40

10

16

30

Primary (1) and secondary (2) outcomes

1: Feasibility of the exercise intervention
2: Tumor Immunological Biomarkers

1: Feasibility of the exercise intervention

2: Quality of life (EORTC QLQ-C30, version 3.0),
fatigue (MFI), sleep Quality (PSQI), depression (CES-
D), physical Activity (SQUASH), cardiopulmonary
fitness (maximal aerobic capacity (VO,peak) via a
maximal incremental cycling test), muscle strength
(isometric and isokinetic with the Isomed 2000®
diagnostic module), pain (BPI)

1: Feasibility of pedaling measured by the number of
completed pedaling sessions and the ability of patients
to meet pedaling intensity goals.

2: Quality of life scores (Quality of Life Questionnaire -
Core 30), treatment response biomarkers (checkpoint
inhibitors, functional T and B cell subsets, pro and anti-
inflammatory monocyte subsets, and soluble
inflammatory mediators), CT-derived sarcopenia rates

1: Feasibility of the exercise intervention
2: Change in Health Related Quality of Life (FACT-G),
the incidence of grade 3-5 toxicities as per CTCAE 5.0

1: Feasibility of the exercise intervention

2: Fatigue (FACIT F), functioning (PROMIS),
symptoms (Edmonton Symptom Assessment Scale),
quality of life (SF-36), adherence (Godin Leisure-time
Physical Activity Questionnaire), physical fitness and
functioning (30's chair stand test, the 6 min walk test,
the arm curl test and the Australia-modified Karnofsky
Performance Scale)

Location

Moffitt
Cancer
Center
Tampa,
Florida, USA

Heidelberg
University
Clinic,
Heidelberg,
DE

Rush
University
Medical
Center,
Chicago,
Tllinois, USA

Johns
Hopkins,
University/
Sidney
Kimmel
Cancer
Center,
Baltimore,
Maryland,
USA

Peter
MacCallum
Cancer
Centre,
Melbourne,
Australia

ID

NCT05358938

NCT03171064

NCT04127318

NCT05103722

ACTRN
12619000952145

EORTC QLQ-C30, European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire C30; MFI, Multidimensional Fatigue Inventory; PSQI, Pittsburgh Sleep
Quality Index; CES-D, Center for Epidemiological Studies Depression Scale; SQUASH, Short QUestionnaire to ASsess Health-enhancing Physical Activity; BPI, Brief Pain Inventory;
FACT-G, Functional Assessment of Cancer Therapy - General; CICAE 5.0, Common Terminology Criteria for Adverse Events 5.0; FACIT F, Functional assessment of chronic illness

therapy-fatigue; PROMIS, Patient-Reported Outcomes Measurement Information System V2.0; SF-36, Short Form 36 Health Survey Questionnaire.
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NCT Number Drug Type Drug Stage ORR DCR mPFS moS TRAEs First Posted Status

(%) (%) (months) (months) (%) (year)
Monotherapy
NCT01658878 48/214  Anti-PD-1 Nivolumab Phase 15/20 58/64 3.4/4.0 15.0/NR 250 2012 Active,
12 not
recruiting
NCT02576509 743 Anti-PD-1 Nivolumab Phase NA NA NA 16.4 49.6 2015 Active,
3 not
recruiting
NCT02702414 104 Anti-PD-1 Pembrolizumab Phase 17.0 62.0 49 12.9 25.0 2016 Active,
2 not
recruiting
NCT02702401 413 Anti-PD-1 Pembrolizumab Phase 18.3 62.2 3.0 13.9 52.7 2016 Completed
3
NCTO01693562 40 Anti-PD-L1 Durvalumab Phase 10.3 33.0 NA 13.2 20.0 2012 Completed
1/2
NCT03389126 30 Anti-PD-L1 Avelumab Phase 100 73.3 4.4 14.2 19.4 2018 Completed
2
NCT01008358 21 Anti CTLA-4 Tremelimumab Phase NA 76.4 6.5 8.2 45 2009 Completed
2
NCT01853618 32 Anti CTLA-4 Tremelimumab Phase NA NA 74 12.3 13.0 2013 Completed
1
ICls Combinations
NCTO01658878 148 Anti-PD-1 + Anti Nivolumab + Phase 31.0 49.0 NA 22.8 241 2012 Active,
CTLA-4 Ipilimumab 1/2 not
recruiting
NCT03222076 27 Anti-PD-1 + Anti Nivolumab + Phase NA NA 19.5 NA 43.0% 2017 Active,
CTLA-4 Ipilimumab 2 not
recruiting
NCT02519348 332 Anti-PD-L1 + Anti  Durvalumab + Phase 240 NA 22 18.7 37.8 2015 Active,
CTLA-4 Tremelimumab 1/2 not
recruiting
ICIs combined with Anti-angiogenesis
NCT03006926 104 Anti-PD-1 Pembrolizumab + Phase 46.0 NA 9.3 22.0 67.0 2016 Active,
+ TKIs Lenvatinib 1 not
recruiting
NCT03299946 15 Anti-PD-1 Nivolumab + Phase NA NA NA NA NA 2017 Active,
+ TKis Cabozantinib 1 not
recruiting
NCT03755791 740 Anti-PD-L1 Atezolizumab + Phase NA NA NA NA NA 2018 Recruiting
+ TKls Cabozantinib 3
NCT03794440 595 PD-1 inhibitor Sintilimab + IBI305 Phase NA NA 46 NR 14.0 2019 Active,
+ Anti-VEGF 2/3 not
recruiting
NCT02715531 223 Anti-PD-L1 Atezolizumab + Phase 20.0 NA 56 NR 5.0 2016 Completed
+ Anti-VEGF Bevacizumab 1
NCT03434379 501 Anti-PD-L1 Atezolizumab + Phase 273 NA 6.8 NR 61.1 2018 Active,
+ Anti-VEGF Bevacizumab 3 not
recruiting

ICls, immune checkpoints inhibitors; ORR, objective response rate; DCR, disease control rate; mPFS, median progression free survival; mOS, median overall survival; TRAEs, treatment-
related adverse events; PD-1, programmed cell death-1; PD-L1, programmed cell death ligand 1; CTLA4, cytotoxic T-lymphocyte-associated protein 4; TKIs, tyrosine kinase inhibitors;
VEGF, vascular endothelial growth factor; NR, not reached; NA, not available.
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Demographic and clinical characteristics Melanoma patients

Age, years 57.3 + 36.1
Sex, no. female/male 18/12
Average disease duration (months) 362
Recruiting clinic

- Oncology 9

- Dermatology 22

- Plastic surgery g

Average Breslow thickness (range mm) 2.0 (0-10.0)
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