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Introduction

T-lymphopenia (TLP) is a frequently observed condition in cancer patients, often exacerbated by conventional chemo/radiotherapy, which impairs the efficacy of subsequent immune checkpoint blockade (ICB) therapy. This study aimed to understand the impact of TLP on ICB responsiveness and explore potential therapeutic strategies to enhance antitumor immunity.





Methods

To investigate ICB responsiveness depending on the severity of TLP, first, we established TLP mouse models that mimic clinically observed mild and severe TLP through thymectomy and anti-Thy1-induced peripheral T cell depletion. T cell-replete mice and T-lymphopenic mice were inoculated with palpable or advanced tumors to evaluate the antitumor efficacy of anti-PD-1 therapy according to the severity of TLP. Additionally, by utilizing established murine models, we analyzed matched blood, tumor-draining lymph nodes (TDLNs), and tumor samples by flow cytometry to investigate the mechanisms by which ICB responsiveness is impaired under T-lymphopenic conditions. Finally, to evaluate the combination effect of anti-PD-1 and recombinant IL-7 cytokine therapy (rhIL-7-hyFc) in T-lymphopenic conditions, we administered anti-PD-1, rhIL-7-hyFc, or both to advanced tumor-bearing T-lymphopenic mice and subsequently analyzed tumor growth and survival rates.





Results

Using mouse models mimicking clinical TLP, we observed that the antitumor efficacy of anti-PD-1 therapy was severely impaired in TLP, depending on the degree of TLP and the immunogenicity of the tumors. TLP mice showed a significant reduction in systemic CD8 T cells but stable intratumoral CD8 T cell numbers, suggesting maintained tumor infiltration despite systemic downregulation. Crucially, TLP led to a shift in the composition of tumor-infiltrating lymphocytes, with a decrease in PD-1+ tumor-reactive CD8 T cells and an increase in PD-1− bystander cells. This reduction in PD-1+ cells was linked to impaired clonal expansion in tumor-draining lymph nodes. To counteract these effects, we introduced recombinant IL-7 cytokine therapy (rhIL-7-hyFc), which effectively restored systemic T cell counts, enhanced PD-1+ CD8 T cell proliferation within tumors, and increased the population of stem-like progenitor cells. The combination of rhIL-7-hyFc and anti-PD-1 therapy resulted in significant tumor regression and improved mouse survival.





Discussion

Our findings highlight the critical role of IL-7 in reshaping the CD8 T cell landscape to improve ICB efficacy in TLP conditions, proposing a sequential therapeutic approach: conventional therapy to reduce tumor burden and enhance immunogenicity, followed by IL-7 therapy to restore and rejuvenate CD8 T cells, culminating in effective ICB treatment.
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1 Introduction

Immune checkpoint blockades (ICB), such as anti-programmed cell death-1 (PD-1) and anti-programmed death ligand 1 (PD-L1), are widely used monoclonal antibodies to inhibit co-inhibitory signals by targeting the PD-1/PD-L1 axis (1, 2). While ICB therapy provides durable and long-term survival benefits over conventional therapies such as chemotherapy and radiotherapy (3), only a portion of solid cancer patients (~20%) experience the clinical benefits (4, 5). Therefore, a comprehensive analysis is necessary to identify factors limiting the responsiveness of cancer patients to improve the efficacy of ICB therapy.

CD8 T cells play a pivotal role in immune surveillance and antitumor immune responses (6). Indeed, a high abundance of CD8 tumor-infiltrating lymphocytes (TILs) correlates with favorable clinical outcomes in many cancer types (7, 8). However, persistent antigen exposure and immunosuppressive tumor microenvironment (TME) lead to CD8 T cell exhaustion, marked by increased expression of multiple co-inhibitory receptors, including PD-1, and progressive loss of effector functions (9, 10). Anti-PD-1 therapy aims to rejuvenate these exhausted PD-1+ CD8 T cells to enhance antitumor effects (11, 12). Thus, the presence of PD-1+ CD8 T cells in the TME is critical for the responsiveness to PD-1 blockade, as evidenced by clinical studies showing a strong correlation between PD-1+ CD8 TILs density and anti-PD-1 therapy response rates (13–16).

Lymphopenia is defined as a reduction in the blood lymphocyte count below the normal level (< 1000 cells/µl). In healthy humans, T cells constitute approximately 70% of peripheral blood lymphocytes, with B and NK cells accounting for 20% and 10%, respectively. Thus, severe and persistent lymphopenia often primarily manifests as T-cell lymphopenia (T-lymphopenia, TLP). TLP can occur in many cancer patients independently of prior treatment (17–21). Notably, due to the high radiosensitivity of lymphocytes, severe TLP is caused by chemo/radiotherapy (22), which is a standard of care treatment for solid cancer patients and occurs in approximately 40 to 90% of cancer patients with many different cancer types, including esophageal cancer, non–small cell lung cancer (NSCLC), and glioblastoma (GBM) (23–25). Furthermore, many studies have reported that moderate to severe TLP is associated with worse overall survival (24–28). More importantly, accumulating evidence suggests that cancer patients with lymphopenia respond poorly to ICB therapy (29–34). However, immunological mechanisms by which TLP contributes to the response to ICB therapy remain poorly elucidated. To develop a therapeutic strategy to further boost the efficacy of ICB therapy in cancer patients with TLP, a detailed analysis is essential to identify the underlying mechanisms responsible for low responsiveness to ICB therapy under T-lymphopenic conditions.

Interleukin−7 (IL−7), a member of the common γ-chain (γc) cytokines, is required for T cell development, survival, and homeostasis of mature T cells (35). Especially, IL-7 plays a crucial role in increasing T cell numbers during lymphopenic conditions by promoting homeostatic proliferation (36). Due to its advantageous effect as a T cell amplifier, exogenous IL-7 therapy has been extensively utilized in clinical trials to overcome TLP caused by viral infection (HIV, COVID-19, progressive multifocal leukoencephalopathy), idiopathic CD4 lymphocytopenia, and sepsis (NCT0047732, NCT02797431, NCT00839436, NCT03821038) (37–44). However, clinical use of IL-7 has been limited by its short in vivo half-life. To address this limitation, a hybrid Fc-fused recombinant human IL-7 (rhIL-7-hyFc, efineptakin alfa, NT-I7), a long-acting form of recombinant IL-7 fused with a stable hyFc fragment, was developed (45). Indeed, clinical studies reported a single dose of rhIL-7-hyFc induces sustained expansion of T cells in peripheral blood mononuclear cells (PBMCs) from healthy donors without adverse effects (NCT02860715) (46, 47). Moreover, a preclinical study revealed that rhIL-7-hyFc systemically expands CD8 T cells as well as enhances their tumor infiltration and significantly increases the number of PD-1+ CD8 TILs (48). The clinical and preclinical studies suggest the potential of rhIL-7-hyFc as a combination therapeutic drug with ICB therapy, where the abundance of PD-1+ CD8 T cells in the TME is important for successful antitumor efficacy.

Here, for the first time, we show a clear relationship between ICB efficacy and TLP in our T-lymphopenic mouse models mimicking clinical TLP. Furthermore, by utilizing established murine models, we analyzed matched blood and tumor samples to investigate the mechanisms by which ICB responsiveness is impaired under T-lymphopenic conditions and revealed that, despite a marked reduction in systemic CD8 T cells, a comparable intratumoral CD8 T cell count is maintained. Instead, a substantial decrease in PD-1+ tumor-reactive CD8 TILs, responders to PD-1 blockade, was observed in T-lymphopenic environments. Therefore, we propose rhIL-7-hyFc, a T cell amplifier, as a promising candidate to rescue a compromised antitumor efficacy of PD-1 blockade by restoring the number of PD-1+ tumor-reactive CD8 TILs in T-lymphopenic conditions.




2 Materials and methods



2.1 Mice

Seven-week-old female C57BL/6 (B6) mice were purchased from OrientBio Inc. (Seongnam‐si, Republic of Korea). All animals were maintained under specific pathogen-free (SPF) conditions in the animal facility at POSTECH Biotech Center. Animal care was performed in accordance with National Institutes of Health guidelines, and protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of POSTECH.




2.2 Cell lines

MC38, B6 colon adenocarcinoma cell line, was kindly provided by Y.C. Sung (Genexine, Inc., Seongnam‐si, Republic of Korea), and B16F10, B6 skin melanoma cell line, was purchased from ATCC® (Cat#CRL-6475™). MC38 and B16F10 were grown in Dulbecco’s modified Eagle’s Medium (DMEM) (Welgene, Cat#LM001-05) supplemented with 10% fetal bovine serum (FBS, GE Healthcare Life Sciences, Cat#SH30084.03) and 1× anti-anti (Gibco, Cat#15240). Cells were cultured in tissue-culture coated dishes (SPL), grown in at 37°C and 5% CO2 environment, and passaged when 70% confluent.




2.3 Mice thymectomy

Thymectomies were performed on eight-week-old mice under ketamine/xylazine anesthesia in aseptic conditions. After complete anesthesia, mice were fixed on the dissecting board, and their airways were opened by gently tilting the head backward using a rubber band. For sterilizing, the neck and upper chest area of the mouse were swabbed with 70% ethanol. A 1.5 to 2 cm midline longitudinal incision was made over the suprasternal notch. The first rib was cut using a scissor, and the chest was opened by extending forceps. After separating the strap muscles, the thymus was exposed, carefully gripped, and excised. The incision was promptly closed using an applier and clips for skin suturing. The entire procedure, from cutting the first rib to closing the skin, took less than 1 minute. Sham thymectomy involved a complete surgical procedure without thymic lobe removal. Thymectomized mice were allowed a six-week recovery period.




2.4 Tumor models

To establish mouse tumor models, the left flank or right thigh of the mice was shaved before inoculating tumor cells. For studies with a palpable tumor model, 1 × 105 MC38 cells were subcutaneously (s.c.) inoculated into the left flank of mice, and tumor-bearing mice were randomized 7 days after tumor inoculation. For the establishment of an advanced tumor model, mice were inoculated s.c. with 1 × 105 MC38 or B16F10 cells on the left flank or right thigh. MC38 tumor-bearing mice were randomized for even distribution between groups when the tumor reached 100 to 150 mm3 in the average volume. B16F10 tumor-bearing mice were randomized when the tumor reached 70 to 90 mm3 in the average volume. Tumors were measured three times a week using digital calipers. Tumor volume was calculated using the formula: length × width × width × 0.5, where length is the longest diameter, and width is the perpendicular diameter. Mice were euthanized when the longest diameter of the tumor exceeded 20 mm (for the MC38 tumor model) or the estimated tumor volume reached 2000 mm3 (for the B16F10 tumor model).




2.5 Drug treatment and local radiotherapy

STL mice were established by pretreating 200 µg of InVivoMab anti-mouse Thy1.2 (clone 30H12, Bio-X-Cell, Cat#BE0066) T cell depleting antibody intraperitoneally (i.p.) 7 days before thymectomy. Local radiotherapy was delivered when the average tumor volume of each group reached as described above. Tumor irradiation was performed using an X-RAD 320 irradiator (Precision X-Ray Inc., North Branford, CT, USA) operated at 320 KV with a 1 mm cooper filter delivering a 3.5 Gy/min. Mice were anesthetized using i.p. injection of ketamine/xylazine. Mice were placed in lead shielding jigs and exposed tumors received 12 Gy irradiation. Cisplatin (4 mg/kg) was injected once i.p. into mice simultaneously with local irradiation. Mice were treated with either 10 mg/kg of InVivoMAb anti-mouse PD-1 (clone 29F.1A12, Bio-X-Cell, Cat#BE0273) or 10 mg/kg of InVivoMAb rat IgG2a isotype control (clone 2A3, Bio-X-Cell, Cat#BE0089) i.p. with a total of 3 times (3 days interval as described on study design from each experiment). rhIL-7-hyFc and its formulation buffer were kindly supplied by NeoImmuneTech, Inc. (Rockville, USA) via the Research Institute of NeoImmuneTech (Pohang, Republic of Korea). rhIL-7-hyFc (5 mg/kg) or formulation buffer was administered via s.c. route 2 days after local irradiation.




2.6 Preparation of single-cell suspensions

For single-cell suspension preparation, tumors were harvested and weighed at indicated time points. Tumors were chopped and digested with 400 Mandl units Collagenase D (Roche, Cat#11088882001) and 200 µg/ml DNase I (Roche, Cat#11284932001) for 30 min at 37°C while rotating. Following incubation, tumor pieces were mechanically dissociated through a 70-µm cell strainer. Spleen and LNs were also collected and passed through a 40-µm cell strainer to obtain single cells. Red blood cell (RBC) lysis was performed using RBC lysis buffer (Sigma, Cat#R7757). PBMC were separated from the whole blood by RBC depletion with RBC lysis buffer for 5 minutes. The total blood cell number was counted using the VetScan HM2 hematology analyzer (Abaxis). All single-cell suspensions were resuspended in complete Iscove’s Modified Dulbecco’s Medium (cIMDM) (Welgene, Cat#LM004-01) supplemented with 10% FBS, 1× anti-anti, and 55 µM 2-mercaptoethanol (Gibco, Cat#21985).




2.7 Flow cytometry

Mononuclear cells were isolated from tumors, LNs, spleen, and PB, and after achieving single cells, all single-cell suspensions were maintained in cIMDM for flow cytometry analysis. After washing with DPBS, cells were stained with Ghost Dye™ Violet 510 (Tonbo, Cat#13-0870) in PBS following the manufacturer’s protocol. Cells were washed with FACS buffer (0.5% FBS plus 0.09% sodium azide in DPBS) and blocked with Fc block (purified anti-mouse CD16/32 antibody, clone 93, BioLegend, Cat#101302) for 10 minutes at 4°C to reduce nonspecific immunofluorescent staining. Surface staining was performed for 30 minutes at 4°C in FACS buffer using the primary fluorophore-conjugated antibodies. For nuclear or cytoplasmic staining, cells were fixed and permeabilized with Foxp3/Transcription factor staining buffer set (eBioscience, Cat#00-5523-00) according to the manufacturer’s instruction followed by surface marker antibody staining. Flow cytometric analysis was performed on a CytoFLEX LX (Beckman Coulter) and analyzed by FlowJo software (Treestar Inc. Ashland, OR, USA). The following antibodies were used for the flow cytometry analysis: BioLegend or eBiosciences/Invitrogen or BD Biosciences; or from Cell Signaling: anti-CD4 (clone RM4-5), CD8α(clone 53-6.7), CD11b (clone M1/70), CD44 (clone IM7), CD45 (clone 30-F11), CD45R/B220 (clone RA3-6B2), CD62L (clone MEL-14), CD107a/LAMP-1 (clone 1D4B), CD127/IL-7Rα (clone A7R34), CD183/CXCR3 (clone CXCR3-173), CD195/CCR5 (clone HM-CCR5), CD279/PD-1 (clone RMP1-30), CD366/Tim-3 (clone RMT3-23), Ly6G (clone 1A8), and TCRβ (clone H57-597). Antibodies used for the intracellular staining include TCF1/TCF7 (clone C63D9), Foxp3 (clone FJK-16s), GzmB (clone GB11), and Ki-67 (clone SolA15). For detection of tumor antigen-specific CD8 T cells, cells were incubated with a PE-conjugated H-Kb/KWPWFTTL dextramer (Immudex, Virum, Denmark) for 30 min before surface staining.




2.8 Cytokine production analysis

For intracellular cytokine staining, cells from tumor tissues were restimulated with 20 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma, Cat#P8139) and 1 µg/ml ionomycin (Sigma, Cat#I0634) for 4 hours in the presence of GolgiStop (BD Biosciences, Cat#554724) and GolgiPlug (BD Biosciences, Cat#555029). After staining for the dead cells and surface marker, the cells were fixed and permeabilized with Cytofix/Cytoperm™ solution (BD Biosciences, Cat#554722, for cytokine staining) according to the manufacturer’s instructions. The following antibodies were used to stain intracellular cytokine: TNF-α (clone MP6-XT212) and IFN-γ (clone XMG1.2).




2.9 Statistical analysis

Statistical analyses were performed using Prism 10 software (GraphPad Software). Data were expressed as means with the SEM. Unpaired t test was used for the comparisons between two groups with independent samples. One-way or two-way analysis of variance (ANOVA) was used for > 2 comparison groups. p value of 0.05 and below was considered significant (*: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001); ns, not significant.





3 Results



3.1 Establishment of T-lymphopenic mouse models

Lymphopenia can occur due to various factors; however, in cancer patients, it is primarily categorized into treatment-related lymphopenia and pretreatment lymphopenia. Treatment-related lymphopenia is caused by standard cancer therapies such as chemotherapy and radiation, which lead to a decrease in lymphocytes, whereas pretreatment lymphopenia naturally develops as the cancer progresses, independent of cancer treatment (Supplementary Tables S1, S2). Therefore, the lymphopenia experienced by many cancer patients often results from a combination of these two factors, with a notable persistence of lymphopenia for a significant period after cancer treatment, which profoundly affects the patient’s immune response. Given that approximately 70% of lymphocytes in human blood are T cells, which are essential for anticancer immune responses, it is reasonable that systemic lymphopenia leading to TLP correlates with the efficacy of ICB therapies, such as anti-PD-1 (Supplementary Table S3). Therefore, understanding the immunological mechanisms by which TLP contributes to the response to ICB therapy is essential. To address the challenge of overcoming TLP to enhance ICB efficacy, it is a priority to establish appropriate mouse models for experimentation.

As traditionally employed by many researchers, we induced TLP in young adult mice through thymectomy surgery (Figure 1A). Following the surgery, we tracked blood T cell counts and found that thymectomized mice exhibited a significant reduction in T cells compared to sham-operated mice starting at 4 weeks post-surgery, with chronic TLP persisting until 8 weeks (Figure 1B). Although B cell production in the bone marrow remained normal, resulting in only a slight reduction in the absolute lymphocyte count (ALC) compared to sham mice, there was a clear reduction in the T cell compartment. Notably, the CD4 subset showed a more pronounced decrease than the CD8 subset (Figure 1C).




Figure 1 | Establish a mouse model with T-lymphopenia. (A) Experimental scheme. Mild T-lymphopenic (MTL) mice were generated through thymectomy of 8-week-old C57BL/6 naïve mice. Severe T-lymphopenic (STL) mice were established by pretreating with T-cell depletion Ab (Thy1.2 mAb, 200 µg) through intraperitoneal (i.p.) injection one week before thymectomy. Thymectomized animals were allowed to recover for 6 weeks before peripheral lymphocyte profile analysis. (B) Peripheral blood (PB) was collected at 2, 4, 6, and 8 weeks post-sham or thymectomy surgery, and cells were analyzed by flow cytometry. Number of T cells at all time points studied (n = 5 per group). (C–E) Seven weeks after thymectomy, PB was collected from sham, MTL, and STL mice, and cells were analyzed by flow cytometry (n = 3-5 per group). (C) Number of total lymphocytes, total, CD8, and CD4 T cells. (D, E) Number and percentage of CD44−CD62L+ (Naïve T cells, TN), CD44+CD62L+ (Central memory T cells, TCM), and CD44+CD62L− (Effector memory T cells, TEM) CD8 (D) and CD4 (E) T cells. All the data are shown as means ± SEM and representative of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, unpaired two-tailed Student’s t-test at indicated time points (B) and one-way ANOVA with Bonferroni’s multiple comparison test for (C–E). ns, not significant. All icons were “created with Biorender.com”.



Thymectomized mice displayed about 40% of the blood T cell levels seen in sham mice, a condition maintained by homeostatic proliferation of existing peripheral T cells even in the absence of thymic output. To develop a more severe model of TLP, we adopted a strategy of administering an antibody against Thy-1 (CD90), a pan-T cell marker, one week prior to performing thymectomy, thereby reducing the number of peripheral T cells (Figure 1A). After a 7-week stabilization period, designed to allow the effects of treatment to normalize, we analyzed T cell profiles in the peripheral blood (PB), spleen, and lymph nodes (LN). This approach enabled us to produce T-lymphopenic mice with less than 20% of the blood T cell levels found in sham-operated mice (Figure 1C). In humans, mild lymphopenia (grades 1 and 2) is defined as ALCs ranging from the lower limit of normal to 500 cells/µL, representing a reduction to less than half of the normal ALC. Severe lymphopenia (grades 3 and 4) is characterized by ALCs of less than 500 cells/µL, indicating a reduction to less than one-third of the normal ALC (CTCAE ver.5.0). Given that the reduction in T cells observed in our T-lymphopenic mouse models parallels the grading seen in humans, we have designated these models as mild and severe T-lymphopenic (MTL and STL) mice, respectively.

In our T-lymphopenic mouse models, significant changes were observed in T cell composition as expected. In sham mice, naïve cells comprised approximately 80% of total T cells, similar to normal mice, with the remainder being central memory (CM) and effector memory (EM) T cells. However, in MTL mice, there was a decrease in the naïve subset and an increase in memory subsets, a pattern that was more pronounced in STL mice (Figures 1D, E). This trend was similar across both CD8 and CD4 subsets, with CD8 cells showing a greater shift towards the CM subset, while CD4 cells exhibited a more substantial increase in the EM subset. When converted to absolute cell numbers, a consistent decline in naive T cells was observed in both subsets, although the reduction in memory cells was relatively less pronounced (Figures 1D, E). The gradual decrease in T cell numbers and changes in composition observed in MTL and STL mice were similarly detected in secondary lymphoid organs, including the spleen and LNs (Supplementary Figures S1A, B), as well as in PB. For Foxp3+ regulatory T cells (Treg), an increase in percentage but a decrease in absolute number was noted, mirroring the trends seen in CD4 memory cells in T-lymphopenic mice (Supplementary Figure S1C).




3.2 T-lymphopenia determines ICB responsiveness depending on tumor immunogenicity

Subsequently, we evaluated the antitumor efficacy of anti-PD-1 therapy in T-lymphopenic mouse models. Considering the immunocompromised state of T-lymphopenic mice, we opted for the MC38 colon carcinoma graft model, known for its immunogenicity and responsiveness to anti-PD-1 treatment (49, 50). MC38 tumor cells were inoculated, and treatment with anti-PD-1 was initiated seven days later when tumors became palpable. The therapy was administered every three days, totaling three doses (Figure 2A, top). Under these protocols, sham mice exhibited significant antitumor responses. Notably, despite their T-lymphopenic condition, both MTL and STL mice also displayed antitumor responses similar to those of sham mice (Figure 2B).




Figure 2 | Antitumor efficacy of PD-1 blockade depends on tumor immunogenicity and T-lymphopenia severity. (A) Experimental scheme. Sham, MTL, and STL mouse models were established, and the antitumor efficacy of PD-1 blockade was evaluated in each mouse model in different tumor models. For studies with a palpable tumor model, 1 × 105 MC38 cells were subcutaneously (s.c.) inoculated into the left flank of sham (n = 7-8 per group), MTL (n = 7 per group), and STL (n = 9 per group) mice. Seven days after tumor inoculation, 10 mg/kg of anti-PD-1 or rat IgG2b isotype control was administered i.p. with a total of 3 times every 3 days. For studies with an advanced tumor model, 1 × 105 MC38 cells were s.c. inoculated into the left flank of sham (n = 9 per group), MTL (n = 5-6 per group), and STL (n = 8 per group) mice. When the average tumor volume reached 100 to 150 mm3, 10 mg/kg of anti-PD-1 or rat IgG2b isotype control was administered a total of 3 times every 3 days. For studies with an advanced tumor model with concurrent chemoradiotherapy (CCRT), 1 × 105 MC38 or B16F10 cells were s.c. inoculated into the right thigh of sham (n = 7-8 per group), MTL (n = 5-6 per group), and STL (n = 9 per group) mice. An advanced tumor model was established when the MC38 or B16F10 tumor reached an average volume of 100 to 150 mm3 or 70 to 90 mm3, respectively. When the average tumor volume was reached at the indicated average tumor volume of each tumor model, CCRT, involving local radiotherapy (12 Gy) and i.p. injection of cisplatin (4 mg/kg), was administered. Mice were treated with 10 mg/kg of anti-PD-1 or rat IgG2b isotype control i.p. with a total of 3 times every 3 days from 2 days after CCRT administration. (B–E) Tumor growth curves in mice with palpable MC38 tumors (B), advanced MC38 tumors (C), and CCRT-treated advanced tumors: MC38 (D) and B16F10 (E). For each type, curves are shown for sham (left), MTL (middle), and STL (right) mice. All the data are represented as means ± SEM and representative of two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001, two-way ANOVA with Bonferroni posttests (B–E). All icons were “created with Biorender.com”.



Next, we tested an advanced tumor model by inoculating MC38 cells and administering anti-PD-1 three times once the average tumor size reached approximately 100-150 mm3 (Figure 2A, middle). As previously reported, even the highly immunogenic MC38 tumors posed a significant challenge for treatment with anti-PD-1 therapy alone when the tumor burden is large (51, 52). Similarly, no antitumor efficacy was observed in either sham or T-lymphopenic mice harboring advanced MC38 tumors (Figure 2C). Therefore, we concluded that both the palpable and advanced MC38 models present challenges in assessing the responsiveness to ICB in the context of TLP, due to either excessively high or low tumor immunogenicity.

Consequently, we decided to enhance the immunogenicity of MC38 advanced tumors through anticancer treatment. Noting that clinical studies have shown lymphopenia to diminish responsiveness to ICB, we aimed to establish tumor conditions mimicking potential clinical scenarios. Thus, we chose concurrent chemoradiotherapy (CCRT), often used before or in conjunction with ICB in many cancer patients (53). This involved simultaneous tumor-localized irradiation (12 Gy) and intraperitoneal injection of cisplatin (4 mg/kg) on advanced MC38 tumors, followed by three doses of anti-PD-1 as part of our comprehensive treatment regimen (Figure 2A, bottom). In sham mice, CCRT temporarily slowed the growth of advanced tumors; however, growth resumed thereafter. Remarkably, subsequent treatment with anti-PD-1 significantly inhibited tumor growth. Under these conditions, the antitumor effect of anti-PD-1 was similar in MTL mice to that observed in sham mice, but was completely absent in STL mice (Figure 2D). These results suggest that the severity of TLP may determine ICB responsiveness when the TME is altered by conventional cancer therapies such as CCRT. Additionally, we tested the antitumor efficacy of the CCRT and anti-PD-1 combination in the B16F10 melanoma model, which is poorly immunogenic (50), similar to the advanced tumor setting. While the antitumor efficacy was statistically significant in sham mice, albeit lower than in the MC38 model, no antitumor response was observed in either MTL or STL mice (Figure 2E). This indicates that the impact of TLP on ICB responsiveness is more pronounced in conditions of low tumor intrinsic immunogenicity. In summary, our T-lymphopenic mouse models and experimental tumor conditions enable comparative studies of changes in ICB responsiveness due to TLP, closely resembling clinical settings.




3.3 Impact of T-lymphopenia on CD8 T cell dynamics in tumor microenvironments

The immunological properties of the TME are shaped by the contributions of various immune and non-immune cells, which can create either an immunostimulatory or immunosuppressive environment. However, the success of immunotherapies like ICB can largely be attributed to the quantity and functionality of tumor-killing CD8 T cells. Therefore, we investigated changes in CD8 TILs under conditions where TLP is a significant factor affecting ICB responsiveness, specifically in STL mice with advanced MC38 tumors treated with CCRT (Figure 3A). Initially, to confirm the persistence of TLP under these conditions, we measured CD8 T cells in the blood. The results showed a significant reduction in both ALC and total T cell numbers in STL mice, with CD8 T cells decreased to about one-third of those in sham mice, indicating severe TLP (Figure 3B). Surprisingly, when examining the distribution of CD8 T cells within the tumors, we found that their numbers in STL mice did not decrease compared to sham mice (Figure 3C). This suggests that despite the reduction of CD8 T cells in the blood, a comparable number of CD8 TILs had accumulated in the tumors of STL mice.




Figure 3 | Impact of T-lymphopenia on the dynamics of CD8 T cells. (A) Experimental scheme. Advanced MC38 tumor-bearing sham (n = 4 per group) and STL (n = 4 per group) mice were administered CCRT (D0). PB, TDLNs, and tumor tissues from sham and STL mice were harvested on 6, 9, and 12 days post-CCRT, and immune cells were analyzed by flow cytometry at indicated days (D6, D9, and D12). (B) Absolute numbers of total lymphocytes (left), T cells (middle), and CD8 T cells (right) in PB. (C) Percentage and cell count per milligram of the CD8 TILs. Representative flow cytometry plots for PD-1+ tumor-reactive (purple) and PD-1− bystander (orange) cells among CD8 TILs of sham and STL mice at day 12. PD-1+ and PD-1− cells were identified through additional staining with a PD-1 isotype control or by using the spleen as an internal control. Percentage of PD-1+ and PD-1− cells among CD8 TILs of sham and STL mice at indicated days. (D) Representative flow cytometry plots and percentage of TCM cells among CD8 TILs. (E) Absolute numbers and percentage of CD8 T cells or activated CD44+PD-1+ CD8 T cells in TDLNs. Representative flow cytometry plots displaying the percentage of CD44+PD-1+ CD8 T cells among CD8 T cells in TDLNs of sham and STL mice at day 9. (F) Flow cytometric analysis of GzmB (left) and CD107α (middle) expression among PD-1+ CD8 TILs. TNF-α+IFN-γ+ cells (right) among PD-1+ CD8 TILs were analyzed after ex vivo stimulation with PMA plus ionomycin. MFI; Mean Fluorescence Intensity. All the data are represented as means ± SEM and representative of two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, unpaired two-tailed Student’s t-test at the same time point (B–F). All icons were “created with Biorender.com”.



Next, we assessed the composition of CD8 TILs under conditions of TLP. Preliminary studies categorized CD8 TILs in MC38 tumors based on PD-1 expression into PD-1+ tumor-reactive and PD-1− bystander cells (54). Notably, in STL mice compared to sham mice, there was a decrease in PD-1+ CD8 TILs and an increase in PD-1− TILs (Figure 3C; Supplementary Figure S2A). Furthermore, the majority of PD-1− cells exhibited a CD44+CD62L+ TCM phenotype (54), which was more prevalent in the tumors of STL mice (Figure 3D). According to the tumor-immunity cycle, PD-1+ tumor-reactive CD8 T cells are initially primed in tumor-draining lymph nodes (TDLNs) by antigens, migrate through the bloodstream to the tumor, and undergo further differentiation (55). To investigate whether the decrease in PD-1+ CD8 TILs in STL mice was due to compromised priming and activation, we analyzed CD8 T cells in the TDLNs. While the frequency of CD44+PD-1+ CD8 T cells in TDLNs of STL mice was similar to or slightly higher than in sham mice, their absolute numbers were significantly reduced (Figure 3E). This indicates that although early activation of CD8 T cells in TDLNs occurs unimpeded in STL mice, the overall decrease in CD8 T cell numbers limits the efficient clonal amplification of tumor-reactive PD-1+ CD8 T cells.

Indeed, in sham mice, strong immunogenic cell death (ICD) driven by CCRT released tumor antigens into the TDLNs, progressively amplifying CD8 T cell numbers over time. However, in STL mice, no increase in CD8 T cells was observed in the TDLNs (Figure 3E). This raises the question: how can the increased presence of PD-1− CD8 TILs in the tumors of STL mice be explained? We found clues in the elevated expression of key chemokine receptors, specifically CXCR3 and CCR5, which facilitate tumor infiltration (56, 57). These receptors were upregulated on CD8 TCM cells in the TDLNs and blood of STL mice compared to their sham counterparts (Supplementary Figures S3A, B). Lastly, we examined whether the functionality of PD-1+ tumor-reactive CD8 TILs in STL mice was altered. Expression levels of granzyme B and CD107α, which are critical for the cytolytic function of PD-1+ CD8 TILs, showed no differences between STL and sham mice. Similarly, the profile of effector cytokines secreted after stimulation was comparable between the two groups (Figure 3F). Therefore, although the number of PD-1+ tumor-reactive CD8 TILs in STL mice is reduced, their functional capacity remains intact.

Summarizing our findings, TLP leads to a significant reduction in the clonal expansion of tumor-reactive CD8 T cells within the TDLNs, consequently resulting in a marked decrease in PD-1+ CD8 T cells within the tumor. However, chronic TLP also induces homeostatic proliferation of CD8 TCM cells, which express high levels of chemokine receptors that enhance tumor tropism, thereby increasing the number of PD-1− CD8 T cells within the tumor. Therefore, despite the total number of CD8 TILs in T-lymphopenic mice not decreasing, the reduction in tumor-specific CD8 TILs appears to diminish responsiveness to ICB therapies, such as anti-PD-1.




3.4 IL-7 cytokine therapy enhances PD-1+ CD8 TILs in T-lymphopenic mice

Our results indicate that enhancing tumor immunogenicity and increasing the population of deficient PD-1+ CD8 TILs are essential for improving the efficacy of anti-PD-1 therapy in a T-lymphopenic environment. To address this, we have introduced recombinant IL-7 cytokine therapy, which has been validated for amplifying CD8 T cells in both mice and humans. We, along with others, have previously demonstrated that the long-acting cytokine Fc-fused rhIL-7 (rhIL-7-hyFc; epineptakin-alfa) can enhance antitumor functions when combined with chemo/radiotherapy or with ICB and T cell engager (TCE) immunotherapy (48, 54). The principal mechanism involves the amplification and functional modulation of CD8 T cells following the administration of rhIL-7-hyFc.

Initially, we investigated how rhIL-7-hyFc administration affects CD8 T cell dynamics in STL mice with CCRT-treated advanced MC38 tumors compared to sham mice. In previous studies, we performed a dose-escalation study of rhIL-7-hyFc in a palpable MC38 tumor model and observed significant antitumor efficacy across doses ranging from 1.25 to 10 mg/kg (48). Given these previous results, we have chosen 1.25 and 5 mg/kg in sham and STL mouse models with CCRT-treated advanced tumors (Supplementary Figure S4A). Both models exhibited dramatic tumor regression with a single dose of 5 mg/kg, making it the optimal choice for this research (Supplementary Figure S4B). After determining the optimal dose, we examined the effects of rhIL-7-hyFc on systemic CD8 T cell dynamics in each mouse model. Following rhIL-7-hyFc treatment, we observed a significant increase in circulating CD8 T cells in both groups (Supplementary Figure S5A). However, at the peak of T cell expansion, the increase in T cell numbers was approximately twice as high in sham mice compared to STL mice. Post-treatment, the CD8 T cell composition was predominantly TCM cells; in sham mice, naïve T cells transitioned to TCM cells, whereas in STL mice, the already elevated TCM cells were further amplified (Supplementary Figure S5B). There was only a minimal increase in TEM cells in both groups following rhIL-7-hyFc treatment.

Subsequently, we investigated changes in CD8 T cell dynamics within tumors in STL mice followed by rhIL-7-hyFc administration (Figure 4A). Post-treatment, both sham and STL mice exhibited a significant increase in CD8 TILs (Figure 4B). However, by day 7, the peak of T cell expansion, STL mice had more CD8 TILs in their tumors than sham mice, a disparity that was even more pronounced during the contraction phase from days 10 to 14. This suggests that, unlike the amplification of circulating T cells, the increase in CD8 T cells within tumors was more significant in STL mice following rhIL-7-hyFc treatment. Intriguingly, upon analyzing the composition of CD8 TILs, rhIL-7-hyFc treatment led to a significantly higher increase in PD-1+ tumor-reactive CD8 TILs in STL mice compared to sham mice (Figure 4C). For PD-1− bystander TILs, both STL and sham mice demonstrated a similar pattern of increase, yet a more pronounced rise was noted in the contraction phase in STL mice (Figure 4D). Previous studies in T cell replete normal mice have shown that rhIL-7-hyFc administration results in a higher increase of PD-1− bystander CD8 T cells within tumors (48, 54). Therefore, the selective amplification of PD-1+ CD8 TILs in STL mice following rhIL-7-hyFc treatment can be seen as a characteristic outcome driven by changes in IL-7-responsive CD8 T cells in a T-lymphopenic environment.




Figure 4 | rhIL-7-hyFc treatment amplifies PD-1+ tumor-reactive CD8 TILs in T-lymphopenic condition. (A) Experimental scheme. Advanced MC38 tumor-bearing sham and STL mice were administered CCRT and treated with 5 mg/kg of rhIL-7-hyFc or buffer via s.c. route 2 days after CCRT administration. Tumor tissues were harvested on 4, 7, 10, and 14 days after rhIL-7-hyFc or buffer treatment, and immune cells were analyzed by flow cytometry at indicated days. (B–D) Number of total (B), PD-1+ (C), and PD-1− (D) CD8 TILs of sham and STL mice at indicated time points for indicated treatment groups. (E) Representative flow cytometry plots (top) displaying Ki67 expression in tumors for PD-1+ CD8 TILs of buffer or rhIL-7-hyFc-treated sham and STL mice. Bar graph (bottom) displaying Ki67 expression among PD-1+ CD8 TILs in buffer-treated versus rhIL-7-hyFc-treated sham and STL mice at day 9 (7 days after buffer or rhIL-7-hyFc treatment). (F) Representative histogram, percentage, and MFI displaying IL-7Rα expression among PD-1+ CD8 TILs of sham and STL mice at 6 days post-CCRT. All the data are represented as means ± SEM of pooled biologically independent samples from two independent experiments (n = 3-4 per group) for (B–E). */#P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, unpaired two-tailed Student’s t-test at the same time point (B–D, F) and one-way ANOVA with Bonferroni’s multiple comparison test (E). * Compares with buffer treated versus rhIL-7-hyFc-treated group within sham or STL mice (B–D), # compares with rhIL-7-hyFc-treated sham mice versus rhIL-7-hyFc-treated STL mice (C). ns, not significant. All icons were “created with Biorender.com”.



Since the origin of PD-1+ CD8 T cells within tumors is from TDLNs, we investigated whether rhIL-7-hyFc treatment led to a greater increase in PD-1+ CD8 T cells in TDLNs in STL mice compared to sham mice. However, the results showed that the number of both total and CD44+PD-1+ CD8 T cells were not higher in STL mice compared to sham mice (Supplementary Figure S6A). We also examined the expression of chemokine receptors involved in tumor trafficking, CXCR3 and CCR5, in CD44+PD-1+ CD8 T cells from TDLNs. While rhIL-7-hyFc treatment increased chemokine receptor expression in CD44+PD-1+ CD8 T cells in both groups, the levels of expression were similar between them (Supplementary Figure S6B). Thus, it is difficult to conclude that rhIL-7-hyFc treatment increases PD-1+ cells in TDLNs or enhances tumor tropism in STL mice. We then examined whether the proliferation of PD-1+ CD8 TILs within the tumor was enhanced by rhIL-7-hyFc treatment. In sham mice, neither the frequency nor the number of Ki67+ cells increased following rhIL-7-hyFc treatment; however, in STL mice, there was a clear increase in IL-7-induced proliferation (Figure 4E). We observed higher IL-7Rα expression on PD-1+ CD8 TILs in STL mice compared to sham mice (Figure 4F), suggesting that this may result in more potent IL-7-induced proliferative signaling in STL mice.




3.5 IL-7 cytokine therapy rescues the antitumor response of ICB in T-lymphopenic mice

Recent single-cell transcriptomic studies have revealed that PD-1+ CD8 T cells within tumors comprise heterogeneous subsets (54, 58). These subsets can largely be distinguished by the mutually exclusive expression patterns of the TCF-1 transcription factor, associated with stem-like characteristics, and the TIM-3 surface molecule, a marker of T cell exhaustion. Specifically, there are TCF-1+TIM-3− stem-like or progenitor exhausted T cells (TSL or TPEX) and TCF-1−TIM-3+ terminally differentiated or exhausted cells (TTD or TEX). The distinction of these CD8 subsets is crucial, reflecting not only phenotypic differences but also functional implications for antitumor immunity. TSL cells exhibit high proliferative capacity but lower cytotoxic function, while TTD cells possess high effector functions but diminished self-renewal activity. Importantly, anti-PD-1 therapy primarily targets TSL cells, promoting their differentiation into TTD cells, which enhances antitumor efficacy (58–60).

In STL mice, the administration of rhIL-7-hyFc led to a characteristic increase in PD-1+ CD8 TILs, prompting us to investigate changes in the subsets of PD-1+ cells. Our results showed that rhIL-7-hyFc treatment in STL mice increased TSL cells and decreased TTD cells within the PD-1+ CD8 TIL composition (Supplementary Figure S7A). In our experimental setup, a substantial fraction of the observed CD8 subset were TCF-1−TIM-3− cells, identified as intermediate cells (TINT) transitioning from TSL to TTD cells (61). Treatment with rhIL-7-hyFc also increased the frequency of this subset, similar to that observed in TSL cells. However, when analyzed in terms of absolute numbers of CD8 TILs, rhIL-7-hyFc treatment resulted in an increase across all subsets compared to the buffer control, with the most pronounced increase seen in the TCF-1+TIM-3− TSL subset (Supplementary Figure S7B). Therefore, it can be concluded that rhIL-7-hyFc administration in STL mice significantly enhanced the TIM-3− stem-like or intermediate subset. These results suggest that rhIL-7-hyFc preferentially amplified TSL cells, supporting previous findings that TCF-1+TIM-3− TSL cells express higher levels of IL-7Rα compared to TCF-1−TIM-3+ TTD cells (58, 59).

In summarizing our results, it appears that introducing rhIL-7-hyFc in a T-lymphopenic environment can induce an increase in PD-1+ CD8 TILs and enhance the antitumor efficacy of anti-PD-1 therapy. To experimentally validate this, we assessed tumor growth and mouse survival in STL mice with CCRT-treated advanced MC38 tumors, exploring the effects of additional treatments with either anti-PD-1 alone, rhIL-7-hyFc alone, or a combination of both. Consistent with the results shown in Figure 2, anti-PD-1 therapy alone did not inhibit the growth of advanced tumors in STL mice (Figures 5A, B). However, under the same conditions, rhIL-7-hyFc treatment alone demonstrated moderate antitumor efficacy, and the combination of rhIL-7-hyFc and anti-PD-1 dramatically inhibited tumor growth, nearly achieving complete regression. Similarly, long-term mouse survival was significantly enhanced only by the triple combination regimen of CCRT+rhIL-7-hyFc+anti-PD-1 in STL mice (Figure 5C). These findings suggest that IL-7 cytokine therapy can compensate for the deficiency of PD-1+ CD8 TILs caused by TLP and, by amplifying the TIM-3− subset sensitive to PD-1 blockade, optimize the antitumor efficacy of anti-PD-1 therapy.




Figure 5 | rhIL-7-hyFc optimizes the antitumor efficacy to anti-PD-1 therapy in T-lymphopenic mice. (A) Experimental scheme. Advanced MC38 tumor-bearing STL (n = 6 per group) mice were administered CCRT. rhIL-7-hyFc (5 mg/kg) or buffer was administered via s.c. route 2 days after CCRT administration. Rat IgG2b isotype (ISO) or anti-PD-1 (10 mg/kg) was administered i.p. with a total of 3 times every 3 days from 2 days after CCRT administration. (B, C) Tumor growth curves (B) and survival curves (C) in advanced MC38 tumor-bearing STL mice for indicated treatment groups. All the data are represented as means ± SEM and representative of three independent experiments. Statistical analysis was performed to compare the values between groups and the color of asterisks represents the comparison between corresponding color groups. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, two-way ANOVA with Bonferroni posttests (B) and log-rank (Mantel-Cox) test (C). ns, not significant.






3.6 Combination therapy with rhIL-7-hyFc and anti-PD-1 optimizes CD8 TIL potency in T-lymphopenic environments

We next explored the mechanisms behind the synergistic antitumor immune response of rhIL-7-hyFc and anti-PD-1 combination therapy in a T-lymphopenic environment by analyzing CD8 TILs. We selected day 12 for the TIL analysis, a point before significant differences in tumor growth emerged among the groups, each of which had received CCRT followed by additional interventions with rhIL-7-hyFc and anti-PD-1. Initially, both total and PD-1+ CD8 TIL counts were significantly increased in the groups treated with rhIL-7-hyFc alone or in combination with anti-PD-1, compared to the CCRT-only treated control group (Figure 6A). While there was an increase in PD-1+ CD8 TILs following anti-PD-1 treatment, it was not statistically significant. Consistent with previous reports, a substantial fraction of the PD-1+ CD8 TILs in the MC38 tumor consisted of epitope-specific CD8 T cells derived from the p15E endogenous retrovirus (62, 63). The numbers of p15E+ CD8 TILs increased in all treatment groups relative to the control group, with the highest numbers observed in the rhIL-7-hyFc and anti-PD-1 combination group (Figure 6B).




Figure 6 | Combination of anti-PD-1 and rhIL-7-hyFc expands PD-1+ CD8 TILs with enhanced polyfunctionality. (A–D) Advanced MC38 tumor-bearing STL mice were treated, as shown in Figure 5A. Tumor tissues were harvested 10 days after rhIL-7-hyFc treatment and CD8 TILs were analyzed by flow cytometry. (A) Numbers of total (left) and PD-1+ (right) CD8 TILs for indicated treatment groups. (B) Representative flow cytometry plots (left) and absolute number (right) of p15E+ tumor antigen-specific CD8 TILs for indicated treatment groups. (C) Representative flow cytometry plots (left), percentage (right, top), and absolute numbers (right, bottom) of TCF-1+TIM-3− (stem-like, TSL), TCF-1−TIM-3− (intermediate, TINT), and TCF-1−TIM-3+ (terminally differentiated, TTD) PD-1+ CD8 TILs. (D) Percentage (left) and absolute number (right) of CD107α+, TNF-α+IFN-γ+, and CD107α+TNF-α+IFN-γ+ cells among PD-1+ CD8 TILs after ex vivo stimulation with PMA plus ionomycin. All the data are represented as means ± SEM of pooled biologically independent samples from two independent experiments (n = 5-7 per group) for (A–D). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, one-way ANOVA with Bonferroni’s multiple comparison test. ns, not significant.



Next, we analyzed the distribution of CD8 TIL subsets in STL mice following therapy. Examination of PD-1+ CD8 TIL frequency revealed that rhIL-7-hyFc administration increased TCF-1+TIM-3− TSL and TCF-1−TIM-3− TINT cells compared to controls, while TCF-1−TIM-3+ TTD cells decreased (Figure 6C, top). In contrast, anti-PD-1 therapy resulted in an increase in TCF-1−TIM-3+ TTD cells, a decrease in TCF-1+TIM-3− TSL cells, and no change in TCF-1−TIM-3− TINT cells. Consequently, rhIL-7-hyFc appears to enhance the composition of early to mid-stage progenitor subsets in the differentiation trajectory of CD8 TILs, whereas anti-PD-1 therapy promotes the prevalence of later-stage differentiated cells. However, the combined treatment of rhIL-7-hyFc and anti-PD-1 did not further alter the composition of CD8 TILs beyond the effects observed with rhIL-7-hyFc alone. This finding indicates that, like the overall CD8 TIL numbers, the subset distribution in STL mice is predominantly influenced by rhIL-7-hyFc. Furthermore, the absolute numbers of CD8 TIL subsets reveal that rhIL-7-hyFc predominantly increases TSL and TINT cells, whereas anti-PD-1 preferentially boosts TTD cells (Figure 6C, bottom).

Lastly, we assessed the functionality of CD8 TILs. PD-1+ CD8 TILs expressing the cytotoxic molecule CD107α significantly increased in groups treated with either anti-PD-1 alone or in combination with rhIL-7-hyFc (Figure 6D). The absence of an increase in CD107α+ cells in the rhIL-7-hyFc-only group underscores the dependence of cytolytic function on anti-PD-1 therapy. Although all therapy groups showed enhanced secretion of the effector cytokines, TNF-α and IFN-γ, this effect was more pronounced with rhIL-7-hyFc. Intriguingly, the polyfunctional CD8 TILs, which display CD107α, TNF-α, and IFN-γ, were significantly more prevalent in the combination group, both in frequency and absolute number (Figure 6D). These findings highlight the complementary roles of rhIL-7-hyFc and anti-PD-1 therapy: rhIL-7-hyFc primarily augments effector cytokine secretion, while anti-PD-1 enhances cytolytic molecule expression, together promoting an increase in polyfunctional CD8 TILs in STL mice. Collectively, our results demonstrate that dual therapy with rhIL-7-hyFc and anti-PD-1 synergistically enhances both the quantity and polyfunctionality of CD8 TILs, thereby optimizing antitumor responses in T-lymphopenic environments.





4 Discussion

The Cancer-Immunity Cycle proposed by Chen and Mellman illustrates the various factors involved in antitumor immunity (55, 64). It also demonstrates that maintaining a sufficient number and function of CD8 CTLs throughout the entire T cell response, from priming to the effector phase, is crucial for a successful antitumor immune response. From this perspective, the observation that TLP in cancer patients hinders the proper development of an antitumor immunity is a reasonable conclusion. Numerous reports supporting the correlation between ICB responsiveness and TLP in various cancers further substantiate this notion (29–34, 65–68). Therefore, the aim of this study is to gain a fundamental understanding, through appropriate animal model experiments, of how TLP regulates antitumor immune responses, particularly the clonal expansion, tumor infiltration, and functions of CD8 T cells—areas that have been challenging to study in detail due to the limitations of clinical trials. Furthermore, this study aims to propose new immunotherapies that can significantly enhance ICB responsiveness by overcoming TLP.

In our study, the primary focus was to establish mouse models that demonstrate the relationship between TLP and the antitumor efficacy of ICB. Our TLP models have the following characteristics: First, the combination of thymectomy surgery and anti-Thy1-induced peripheral T cell depletion allows for the specific regulation of T cell numbers without disturbing other immune cells. This approach does not affect the development of B and myeloid-lineage cells, enabling the creation of mild and severe TLP similar to clinical grades. Second, considering that most cancer patients are aged (69), our model replicates the condition observed in many such patients, where thymic involution leads to a significant decrease in thymic output, compensated by homeostatic proliferation of T cells (70–72). Moreover, this model closely resembles the TLP experienced by many cancer patients during treatment, as it allows for the maintenance of chronic TLP throughout the entire experimental process (27, 73, 74). Third, our model closely mimics the changes in T cell composition seen in cancer patients; specifically, it shows a decrease in the naïve subset and an increase in the memory subset. Considering that most preclinical studies use young adult mice with a predominance of naïve cells, our model more accurately represents the T cell composition of aged patients undergoing anticancer therapy. Therefore, we believe that our TLP mouse model is significant as it simultaneously replicates both the reduction in T cell numbers and the changes in T cell composition observed in lymphopenic patients receiving clinical treatments (75).

Our animal model study suggests several critical points regarding the relationship between TLP and the antitumor efficacy of ICB. In the context of TLP, ICB responsiveness is influenced by tumor burden and the immunogenicity of the tumor. When the tumor burden is low (palpable model in this study), even severe TLP can still result in sufficient ICB responsiveness. This indicates that although the number of T cells is significantly reduced, the functionality of CD8 T cells remains largely intact, preventing a critical defect in the T cell response to tumors. Conversely, when the tumor burden is high (advanced model) but combined with treatments that can boost immunogenicity, such as CCRT, TLP becomes a decisive factor for ICB responsiveness. In this scenario, the immunogenicity of the tumor is determined by the intrinsic properties of the tumor cells combined with the immunosuppressive TME that develops as the tumor grows. Thus, in such cases, a sufficient number of T cells capable of responding to tumor antigens is necessary to induce an effective antitumor immune response via ICB. Additionally, the immunogenicity of tumors can be enhanced by cancer treatments. The CCRT we used is known to enhance tumor immunogenicity by releasing tumor antigens through immunogenic cell death and activating innate immunity pathways such as the cGAS-STING pathway (76, 77). However, our results indicate that even if the immunogenicity of the tumor is increased through treatments, the antitumor efficacy of ICB is limited if there are not enough CD8 T cells due to TLP. This limitation is particularly critical in cases where the intrinsic immunogenicity of the tumor is low, such as B16F10 compared to MC38, where TLP can act as a more significant factor.

The analysis of systemic versus tumoral CD8 T cell dynamics in the context of TLP offers intriguing insights. Contrary to expectations, despite a significant decrease in systemic CD8 T cells during TLP, the number of intratumoral CD8 T cells remained stable. This observation suggests that if continuous infiltration of T cells into the tumor is possible, the number of T cells within the tumor can be maintained, even with a reduction in systemic T cell frequency. However, a critical issue in TLP is the substantial alteration in the composition of CD8 T cells infiltrating the tumor. Specifically, there is a marked decrease in the influx of PD-1+ tumor-reactive CD8 T cells, which are replaced by PD-1− bystander cells. Our study demonstrated that the primary cause for the reduction of PD-1+ CD8 T cells during TLP is the absolute decrease in the number of CD8 T cells within the TDLNs, where clonal amplification of CD8 T cells responding to tumor antigens is initiated. Consequently, the reduction of PD-1+ tumor-reactive CD8 T cells explains the decreased ICB responsiveness in the context of TLP.

To overcome this challenge, we demonstrated that recombinant IL-7 cytokine therapy could serve as an effective solution. Administration of rhIL-7-hyFc, a clinically validated T-cell amplifier, altered CD8 T cell dynamics under TLP conditions in the following ways. Firstly, it restored the reduced number of systemic T cells through the amplification of peripheral T cells. Notably, it increased the number of PD-1+ T cells in the TDLNs, likely by aiding the priming process of tumor antigens exposed through CCRT. A more significant finding was that rhIL-7-hyFc markedly increased the proliferation of PD-1+ CD8 T cells within the tumor. The proliferated PD-1+ cells predominantly belonged to the TIM-3− stem-like progenitor populations. The reason rhIL-7-hyFc acts primarily on this subset is twofold: stem-like populations express higher levels of IL-7Rα  (58, 59), and IL-7R signaling, unlike that of the effector cytokine IL-2, mainly affects T cell persistence and homeostasis (78). This has critical implications for ICB efficacy since the major CD8 T cells targeted by anti-PD-1 are the PD-1+TIM-3− cells amplified by rhIL-7-hyFc (58–61, 79). Thus, the administration of rhIL-7-hyFc in the context of TLP not only restores T cell numbers but also modifies the composition of intratumoral CD8 T cells to enhance responsiveness to ICB. Furthermore, the addition of anti-PD-1 enhances the polyfunctionality of CD8 TILs, leading to more effective tumor control.

Extensive research is underway to apply rhIL-7-hyFc to cancer patients experiencing treatment-related lymphopenia (TRL), such as those with GBM, a prototypical immune-cold tumor. Standard treatments like radiotherapy (RT) and temozolomide (TMZ) often induce severe, prolonged lymphopenia, which affects approximately 40% of GBM patients and is associated with worse survival outcomes (27, 80). Given IL-7’s role in T cell homeostasis, IL-7-mediated immunotherapy may be particularly effective under lymphopenic conditions. Notably, Campian et al. showed that rhIL-7-hyFc administration under RT/TMZ-induced lymphopenia improved survival in GBM murine models by expanding CD8 TILs with enhanced effector function (81). These findings highlight rhIL-7-hyFc as a promising therapeutic strategy for GBM, currently being evaluated in a phase I/II trial (NCT03687957). Despite the promising therapeutic effects of rhIL-7-hyFc under TLP conditions, careful consideration is required for its clinical application. As rhIL-7-hyFc induces a robust expansion of effector T cells without expansion of Tregs, there exists a potential risk of autoimmune disease development in certain individuals (47, 82, 83). To address this concern, clinical trials should carefully select appropriate patient cohorts and conduct dose-escalation studies to optimize dosing regimens that maximize T cell amplification without adverse drug reactions and potential side effects. With these precautions, IL-7 therapy is expected to provide maximal therapeutic benefits while minimizing potential risks, making it a viable option for clinical use in cancer patients with TLP.

In summary, our study suggests that for effective ICB therapy in the context of TLP, it is crucial to first introduce anticancer treatments, like CCRT, that increase tumor immunogenicity by considering the tumor burden and inherent immunogenicity. Additionally, it proposes the necessity of therapies that amplify the reduced systemic T cells and induce a tumor-reactive composition of CD8 T cells within the tumor, ensuring an adequate stem-like subset highly responsive to anti-PD-1. Therefore, we propose that the most effective immunotherapy for TLP would involve a sequence starting with conventional therapy to reduce tumor burden and enhance immunogenicity, followed by the establishment of an appropriate CD8 T cell landscape within the tumor using rhIL-7-hyFc treatment, and finally, the application of ICB to achieve superior effector functions of CD8 T cells.



4.1 Limitation of the study

Although the TLP mouse model used in this study closely mimics the T cell dynamics observed in clinical patients compared to normal mice, it is challenging to fully capture the diverse aspects of TLP as it occurs in humans. Future research efforts should aim to incorporate these elements into the TLP model, particularly age-associated immunosenescence, to better represent the immune environment of many aged cancer patients. While this study primarily focused on the effects of rhIL-7-hyFc on CD8 T cells, it is likely that rhIL-7-hyFc also influences various immune cells, including CD4 T cells and myeloid cells within tumors. To fully elucidate the mechanisms underlying the antitumor responses mediated by rhIL-7-hyFc, future studies employing single-cell-based approaches to comprehensively analyze immune cell dynamics within the TME are necessary. In clinical settings, the correlation between TLP and anticancer treatment has primarily been explored through retrospective studies. Therefore, the most critical step forward is to conduct prospective clinical studies that longitudinally analyze CD8 T cell dynamics in TLP patients under conventional treatment followed by combination therapy with IL-7 and ICB, as suggested by our findings.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by Institutional Animal Care and Use Committees of the POSTECH (POSTECH-2022-0034). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

YK: Conceptualization, Investigation, Methodology, Project administration, Validation, Visualization, Writing – original draft, Writing – review & editing. DC: Conceptualization, Funding acquisition, Methodology, Project administration, Writing – review & editing. DM: Investigation, Validation, Writing – review & editing. KL: Investigation, Validation, Writing – review & editing. YO: Investigation, Validation, Writing – review & editing. JY: Investigation, Validation, Writing – review & editing. SJ: Investigation, Validation, Writing – review & editing. UP: Investigation, Validation, Writing – review & editing. SI: Writing – review & editing. SY: Funding acquisition, Methodology, Project administration, Writing – review & editing. SL: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Technology Innovation Program (20020231) of the Ministry of Trade, Industry & Energy, the National Research Foundation (NRF) funded by the Korean government (MSIT: RS-2023-00225255), the BK21 FOUR funded by the Ministry of Education (4120200313623), the Microbiome Core Research Support Center of Korea Basic Science Institute (KBSI) (2021R1A6C101A390), and by Research Institute of NeoImmuneTech, Inc. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.




Acknowledgments

We thank SongA Lim and Mi Ok Lee for excellent technical assistance and Han Wook Park and Saet‐byeol Jo for their help in establishing the TLP mouse models.





Conflict of interest

DC, S-KI and SY are employees of the Research Institute of NeoImmuneTech, Inc., which supports the supply of rhIL-7-hyFc and its formulation buffer.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1477171/full#supplementary-material




References

1. Ribas, A, and Wolchok, JD. Cancer immunotherapy using checkpoint blockade. Science. (2018) 359:1350–5. doi: 10.1126/science.aar4060

2. Bagchi, S, Yuan, R, and Engleman, EG. Immune checkpoint inhibitors for the treatment of cancer: clinical impact and mechanisms of response and resistance. Annu Rev Pathol. (2021) 16:223–49. doi: 10.1146/annurev-pathol-042020-042741

3. Dammeijer, F, Lau, SP, van Eijck, CHJ, van der Burg, SH, and Aerts, J. Rationally combining immunotherapies to improve efficacy of immune checkpoint blockade in solid tumors. Cytokine Growth Factor Rev. (2017) 36:5–15. doi: 10.1016/j.cytogfr.2017.06.011

4. Zhao, B, Zhao, H, and Zhao, J. Efficacy of PD-1/PD-L1 blockade monotherapy in clinical trials. Ther Adv Med Oncol. (2020) 12:1758835920937612. doi: 10.1177/1758835920937612

5. Hirsch, L, Zitvogel, L, Eggermont, A, and Marabelle, A. PD-Loma: a cancer entity with a shared sensitivity to the PD-1/PD-L1 pathway blockade. Br J Cancer. (2019) 120:3–5. doi: 10.1038/s41416-018-0294-4

6. Martinez-Lostao, L, Anel, A, and Pardo, J. How do cytotoxic lymphocytes kill cancer cells? Clin Cancer Res. (2015) 21:5047–56. doi: 10.1158/1078-0432.CCR-15-0685

7. Bruni, D, Angell, HK, and Galon, J. The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat Rev Cancer. (2020) 20:662–80. doi: 10.1038/s41568-020-0285-7

8. Fridman, WH, Pages, F, Sautes-Fridman, C, and Galon, J. The immune contexture in human tumours: impact on clinical outcome. Nat Rev Cancer. (2012) 12:298–306. doi: 10.1038/nrc3245

9. Wherry, EJ. T cell exhaustion. Nat Immunol. (2011) 12:492–9. doi: 10.1038/ni.2035

10. McLane, LM, Abdel-Hakeem, MS, and Wherry, EJ. CD8 T cell exhaustion during chronic viral infection and cancer. Annu Rev Immunol. (2019) 37:457–95. doi: 10.1146/annurev-immunol-041015-055318

11. Waldman, AD, Fritz, JM, and Lenardo, MJ. A guide to cancer immunotherapy: from T cell basic science to clinical practice. Nat Rev Immunol. (2020) 20:651–68. doi: 10.1038/s41577-020-0306-5

12. Topalian, SL, Drake, CG, and Pardoll, DM. Immune checkpoint blockade: a common denominator approach to cancer therapy. Cancer Cell. (2015) 27:450–61. doi: 10.1016/j.ccell.2015.03.001

13. Hummelink, K, van der Noort, V, Muller, M, Schouten, RD, Lalezari, F, Peters, D, et al. PD-1T TILs as a predictive biomarker for clinical benefit to PD-1 blockade in patients with advanced NSCLC. Clin Cancer Res. (2022) 28:4893–906. doi: 10.1158/1078-0432.CCR-22-0992

14. Kumagai, S, Togashi, Y, Kamada, T, Sugiyama, E, Nishinakamura, H, Takeuchi, Y, et al. The PD-1 expression balance between effector and regulatory T cells predicts the clinical efficacy of PD-1 blockade therapies. Nat Immunol. (2020) 21:1346–58. doi: 10.1038/s41590-020-0769-3

15. Thommen, DS, Koelzer, VH, Herzig, P, Roller, A, Trefny, M, Dimeloe, S, et al. A transcriptionally and functionally distinct PD-1(+) CD8(+) T cell pool with predictive potential in non-small-cell lung cancer treated with PD-1 blockade. Nat Med. (2018) 24:994–1004. doi: 10.1038/s41591-018-0057-z

16. Yeong, J, Lim, JCT, Lee, B, Li, H, Ong, CCH, Thike, AA, et al. Prognostic value of CD8 + PD-1+ immune infiltrates and PDCD1 gene expression in triple negative breast cancer. J Immunother Cancer. (2019) 7:34. doi: 10.1186/s40425-019-0499-y

17. Feng, JF, Liu, JS, and Huang, Y. Lymphopenia predicts poor prognosis in patients with esophageal squamous cell carcinoma. Med (Baltimore). (2014) 93:e257. doi: 10.1097/MD.0000000000000257

18. Kou, F, Lu, Z, Li, J, Zhang, X, Lu, M, Zhou, J, et al. Pretreatment lymphopenia is an easily detectable predictive and prognostic marker in patients with metastatic esophagus squamous cell carcinoma receiving first-line chemotherapy. Cancer Med. (2016) 5:778–86. doi: 10.1002/cam4.2016.5.issue-5

19. Zhou, XL, Zhu, WG, Zhu, ZJ, Wang, WW, Deng, X, Tao, WJ, et al. Lymphopenia in esophageal squamous cell carcinoma: relationship to malnutrition, various disease parameters, and response to concurrent chemoradiotherapy. Oncologist. (2019) 24:e677–e86. doi: 10.1634/theoncologist.2018-0723

20. Onal, C, Yildirim, BA, Guler, OC, and Mertsoylu, H. The utility of pretreatment and posttreatment lymphopenia in cervical squamous cell carcinoma patients treated with definitive chemoradiotherapy. Int J Gynecol Cancer. (2018) 28:1553–9. doi: 10.1097/IGC.0000000000001345

21. Ray-Coquard, I, Cropet, C, Van Glabbeke, M, Sebban, C, Le Cesne, A, Judson, I, et al. Lymphopenia as a prognostic factor for overall survival in advanced carcinomas, sarcomas, and lymphomas. Cancer Res. (2009) 69:5383–91. doi: 10.1158/0008-5472.CAN-08-3845

22. Paganetti, H. A review on lymphocyte radiosensitivity and its impact on radiotherapy. Front Oncol. (2023) 13:1201500. doi: 10.3389/fonc.2023.1201500

23. Venkatesulu, BP, Mallick, S, Lin, SH, and Krishnan, S. A systematic review of the influence of radiation-induced lymphopenia on survival outcomes in solid tumors. Crit Rev Oncol Hematol. (2018) 123:42–51. doi: 10.1016/j.critrevonc.2018.01.003

24. Dai, D, Tian, Q, Yu, G, Shui, Y, Jiang, H, and Wei, Q. Severe radiation-induced lymphopenia affects the outcomes of esophageal cancer: A comprehensive systematic review and meta-analysis. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14123024

25. Damen, PJJ, Kroese, TE, van Hillegersberg, R, Schuit, E, Peters, M, Verhoeff, JJC, et al. The influence of severe radiation-induced lymphopenia on overall survival in solid tumors: A systematic review and meta-analysis. Int J Radiat Oncol Biol Phys. (2021) 111:936–48. doi: 10.1016/j.ijrobp.2021.07.1695

26. Menetrier-Caux, C, Ray-Coquard, I, Blay, JY, and Caux, C. Lymphopenia in Cancer Patients and its Effects on Response to Immunotherapy: an opportunity for combination with Cytokines? J Immunother Cancer. (2019) 7:85. doi: 10.1186/s40425-019-0549-5

27. Grossman, SA, Ellsworth, S, Campian, J, Wild, AT, Herman, JM, Laheru, D, et al. Survival in patients with severe lymphopenia following treatment with radiation and chemotherapy for newly diagnosed solid tumors. J Natl Compr Canc Netw. (2015) 13:1225–31. doi: 10.6004/jnccn.2015.0151

28. Dai, D, Tian, Q, Shui, Y, Li, J, and Wei, Q. The impact of radiation induced lymphopenia in the prognosis of head and neck cancer: A systematic review and meta-analysis. Radiother Oncol. (2022) 168:28–36. doi: 10.1016/j.radonc.2022.01.003

29. Jing, W, Xu, T, Wu, L, Lopez, PB, Grassberger, C, Ellsworth, SG, et al. Severe radiation-induced lymphopenia attenuates the benefit of durvalumab after concurrent chemoradiotherapy for NSCLC. JTO Clin Res Rep. (2022) 3:100391. doi: 10.1016/j.jtocrr.2022.100391

30. Friedes, C, Chakrabarti, T, Olson, S, Prichett, L, Brahmer, JR, Forde, PM, et al. Association of severe lymphopenia and disease progression in unresectable locally advanced non-small cell lung cancer treated with definitive chemoradiation and immunotherapy. Lung Cancer. (2021) 154:36–43. doi: 10.1016/j.lungcan.2021.01.022

31. Ottonello, S, Genova, C, Cossu, I, Fontana, V, Rijavec, E, Rossi, G, et al. Association between response to nivolumab treatment and peripheral blood lymphocyte subsets in patients with non-small cell lung cancer. Front Immunol. (2020) 11:125. doi: 10.3389/fimmu.2020.00125

32. Ho, WJ, Yarchoan, M, Hopkins, A, Mehra, R, Grossman, S, and Kang, H. Association between pretreatment lymphocyte count and response to PD1 inhibitors in head and neck squamous cell carcinomas. J Immunother Cancer. (2018) 6:84. doi: 10.1186/s40425-018-0395-x

33. Park, JC, Durbeck, J, and Clark, JR. Predictive value of peripheral lymphocyte counts for immune checkpoint inhibitor efficacy in advanced head and neck squamous cell carcinoma. Mol Clin Oncol. (2020) 13:87. doi: 10.3892/mco.2020.2157

34. Yin, T, Wang, P, Yu, J, and Teng, F. Treatment-related lymphopenia impairs the treatment response of anti-PD-1 therapy in esophageal squamous cell carcinoma. Int Immunopharmacol. (2022) 106:108623. doi: 10.1016/j.intimp.2022.108623

35. Mackall, CL, Fry, TJ, and Gress, RE. Harnessing the biology of IL-7 for therapeutic application. Nat Rev Immunol. (2011) 11:330–42. doi: 10.1038/nri2970

36. Surh, CD, and Sprent, J. Homeostasis of naive and memory T cells. Immunity. (2008) 29:848–62. doi: 10.1016/j.immuni.2008.11.002

37. Levy, Y, Lacabaratz, C, Weiss, L, Viard, JP, Goujard, C, Lelievre, JD, et al. Enhanced T cell recovery in HIV-1-infected adults through IL-7 treatment. J Clin Invest. (2009) 119:997–1007. doi: 10.1172/JCI38052

38. Levy, Y, Sereti, I, Tambussi, G, Routy, JP, Lelievre, JD, Delfraissy, JF, et al. Effects of recombinant human interleukin 7 on T-cell recovery and thymic output in HIV-infected patients receiving antiretroviral therapy: results of a phase I/IIa randomized, placebo-controlled, multicenter study. Clin Infect Dis. (2012) 55:291–300. doi: 10.1093/cid/cis383

39. Laterre, PF, Francois, B, Collienne, C, Hantson, P, Jeannet, R, Remy, KE, et al. Association of interleukin 7 immunotherapy with lymphocyte counts among patients with severe coronavirus disease 2019 (COVID-19). JAMA Netw Open. (2020) 3:e2016485. doi: 10.1001/jamanetworkopen.2020.16485

40. Miskin, DP, Chalkias, SG, Dang, X, Bord, E, Batson, S, and Koralnik, IJ. Interleukin-7 treatment of PML in a patient with idiopathic lymphocytopenia. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e213. doi: 10.1212/NXI.0000000000000213

41. Sheikh, V, Porter, BO, DerSimonian, R, Kovacs, SB, Thompson, WL, Perez-Diez, A, et al. Administration of interleukin-7 increases CD4 T cells in idiopathic CD4 lymphocytopenia. Blood. (2016) 127:977–88. doi: 10.1182/blood-2015-05-645077

42. Francois, B, Jeannet, R, Daix, T, Walton, AH, Shotwell, MS, Unsinger, J, et al. Interleukin-7 restores lymphocytes in septic shock: the IRIS-7 randomized clinical trial. JCI Insight. (2018) 3. doi: 10.1172/jci.insight.98960

43. Daix, T, Mathonnet, A, Brakenridge, S, Dequin, PF, Mira, JP, Berbille, F, et al. Intravenously administered interleukin-7 to reverse lymphopenia in patients with septic shock: a double-blind, randomized, placebo-controlled trial. Ann Intensive Care. (2023) 13:17. doi: 10.1186/s13613-023-01109-w

44. Park, JH, Lee, SW, Choi, D, Lee, C, and Sung, YC. Harnessing the power of IL-7 to boost T cell immunity in experimental and clinical immunotherapies. Immune Netw. (2024) 24:e9. doi: 10.4110/in.2024.24.e9

45. Lim, JY, Kim, NA, Lim, DG, Eun, CY, Choi, D, and Jeong, SH. Biophysical stability of hyFc fusion protein with regards to buffers and various excipients. Int J Biol Macromol. (2016) 86:622–9. doi: 10.1016/j.ijbiomac.2016.02.006

46. Lee, SW, Choi, D, Heo, M, Shin, EC, Park, SH, Kim, SJ, et al. hIL-7-hyFc, A long-acting IL-7, increased absolute lymphocyte count in healthy subjects. Clin Transl Sci. (2020) 13:1161–9. doi: 10.1111/cts.12800

47. Kim, S, Lee, SW, Koh, JY, Choi, D, Heo, M, Chung, JY, et al. A single administration of hIL-7-hyFc induces long-lasting T-cell expansion with maintained effector functions. Blood Adv. (2022) 6:6093–107. doi: 10.1182/bloodadvances.2021006591

48. Kim, JH, Kim, YM, Choi, D, Jo, SB, Park, HW, Hong, SW, et al. Hybrid Fc-fused interleukin-7 induces an inflamed tumor microenvironment and improves the efficacy of cancer immunotherapy. Clin Transl Immunol. (2020) 9:e1168. doi: 10.1002/cti2.1168

49. Lai, JZ, Zhu, YY, Liu, Y, Zhou, LL, Hu, L, Chen, L, et al. Abscopal effects of local radiotherapy are dependent on tumor immunogenicity. Front Oncol. (2021) 11:690188. doi: 10.3389/fonc.2021.690188

50. Zhong, W, Myers, JS, Wang, F, Wang, K, Lucas, J, Rosfjord, E, et al. Comparison of the molecular and cellular phenotypes of common mouse syngeneic models with human tumors. BMC Genomics. (2020) 21:2. doi: 10.1186/s12864-019-6344-3

51. Kim, SI, Cassella, CR, and Byrne, KT. Tumor burden and immunotherapy: impact on immune infiltration and therapeutic outcomes. Front Immunol. (2020) 11:629722. doi: 10.3389/fimmu.2020.629722

52. Zhang, L, Wang, IM, Solban, N, Cristescu, R, Zeng, G, and Long, B. Comprehensive investigation of T and B cell receptor repertoires in an MC38 tumor model following murine anti−PD−1 administration. Mol Med Rep. (2020) 22:975–85. doi: 10.3892/mmr.2020.11169

53. Upadhaya, S, Neftelinov, ST, Hodge, J, and Campbell, J. Challenges and opportunities in the PD1/PDL1 inhibitor clinical trial landscape. Nat Rev Drug Discovery. (2022) 21:482–3. doi: 10.1038/d41573-022-00030-4

54. Lee, KJ, Choi, D, Tae, N, Song, HW, Kang, YW, Lee, M, et al. IL-7-primed bystander CD8 tumor-infiltrating lymphocytes optimize the antitumor efficacy of T cell engager immunotherapy. Cell Rep Med. (2024) 5:101567. doi: 10.1016/j.xcrm.2024.101567

55. Mellman, I, Chen, DS, Powles, T, and Turley, SJ. The cancer-immunity cycle: Indication, genotype, and immunotype. Immunity. (2023) 56:2188–205. doi: 10.1016/j.immuni.2023.09.011

56. Dangaj, D, Bruand, M, Grimm, AJ, Ronet, C, Barras, D, Duttagupta, PA, et al. Cooperation between constitutive and inducible chemokines enables T cell engraftment and immune attack in solid tumors. Cancer Cell. (2019) 35:885–+. doi: 10.1016/j.ccell.2019.05.004

57. Chow, MT, Ozga, AJ, Servis, RL, Frederick, DT, Lo, JA, Fisher, DE, et al. Intratumoral activity of the CXCR3 chemokine system is required for the efficacy of anti-PD-1 therapy. Immunity. (2019) 50:1498–512 e5. doi: 10.1016/j.immuni.2019.04.010

58. Miller, BC, Sen, DR, Al Abosy, R, Bi, K, Virkud, YV, LaFleur, MW, et al. Subsets of exhausted CD8(+) T cells differentially mediate tumor control and respond to checkpoint blockade. Nat Immunol. (2019) 20:326–36. doi: 10.1038/s41590-019-0312-6

59. Siddiqui, I, Schaeuble, K, Chennupati, V, Fuertes Marraco, SA, Calderon-Copete, S, Pais Ferreira, D, et al. Intratumoral tcf1(+)PD-1(+)CD8(+) T cells with stem-like properties promote tumor control in response to vaccination and checkpoint blockade immunotherapy. Immunity. (2019) 50:195–211 e10. doi: 10.1016/j.immuni.2018.12.021

60. Sade-Feldman, M, Yizhak, K, Bjorgaard, SL, Ray, JP, de Boer, CG, Jenkins, RW, et al. Defining T cell states associated with response to checkpoint immunotherapy in melanoma. Cell. (2018) 175:998–1013 e20. doi: 10.1016/j.cell.2018.10.038

61. Lee, M, Im, SK, Baek, S, Ji, M, Kim, M, Lee, EJ, et al. rhIL-7-hyFc and hIL-2/TCB2c combination promotes an immune-stimulatory tumor microenvironment that improves antitumor efficacy of checkpoint inhibitors. J Immunother Cancer. (2024) 12. doi: 10.1136/jitc-2023-008001

62. Shields, NJ, Peyroux, EM, Ferguson, AL, Steain, M, Neumann, S, and Young, SL. Late-stage MC38 tumours recapitulate features of human colorectal cancer - implications for appropriate timepoint selection in preclinical studies. Front Immunol. (2023) 14:1152035. doi: 10.3389/fimmu.2023.1152035

63. Ye, X, Waite, JC, Dhanik, A, Gupta, N, Zhong, M, Adler, C, et al. Endogenous retroviral proteins provide an immunodominant but not requisite antigen in a murine immunotherapy tumor model. Oncoimmunology. (2020) 9:1758602. doi: 10.1080/2162402X.2020.1758602

64. Giles, JR, Globig, AM, Kaech, SM, and Wherry, EJ. CD8(+) T cells in the cancer-immunity cycle. Immunity. (2023) 56:2231–53. doi: 10.1016/j.immuni.2023.09.005

65. Cho, Y, Park, S, Byun, HK, Lee, CG, Cho, J, Hong, MH, et al. Impact of treatment-related lymphopenia on immunotherapy for advanced non-small cell lung cancer. Int J Radiat Oncol Biol Phys. (2019) 105:1065–73. doi: 10.1016/j.ijrobp.2019.08.047

66. Pike, LRG, Bang, A, Mahal, BA, Taylor, A, Krishnan, M, Spektor, A, et al. The impact of radiation therapy on lymphocyte count and survival in metastatic cancer patients receiving PD-1 immune checkpoint inhibitors. Int J Radiat Oncol Biol Phys. (2019) 103:142–51. doi: 10.1016/j.ijrobp.2018.09.010

67. Tomsitz, D, Schlaak, M, Zierold, S, Pesch, G, Schulz, TU, Muller, G, et al. Development of lymphopenia during therapy with immune checkpoint inhibitors is associated with poor outcome in metastatic cutaneous melanoma. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14133282

68. Li, S, Zou, J, Liu, C, Jiao, X, Gong, J, Li, J, et al. Baseline derived neutrophil-to-lymphocyte ratio as a prognostic biomarker for non-colorectal gastrointestinal cancer patients treated with immune checkpoint blockade. Clin Immunol. (2020) 212:108345. doi: 10.1016/j.clim.2020.108345

69. Laconi, E, Marongiu, F, and DeGregori, J. Cancer as a disease of old age:changing mutational and microenvironmental landscapes. Br J Cancer. (2020) 122(7):943–52.

70. Mittelbrunn, M, and Kroemer, G. Hallmarks of T cell aging. Nat Immunol. (2021) 22:687–98. doi: 10.1038/s41590-021-00927-z

71. Nikolich-Zugich, J. Ageing and life-long maintenance of T-cell subsets in the face of latent persistent infections. Nat Rev Immunol. (2008) 8:512–22. doi: 10.1038/nri2318

72. Li, M, Yao, D, Zeng, X, Kasakovski, D, Zhang, Y, Chen, S, et al. Age related human T cell subset evolution and senescence. Immun Ageing. (2019) 16:24. doi: 10.1186/s12979-019-0165-8

73. Deng, W, Xu, C, Liu, A, van Rossum, PSN, Deng, W, Liao, Z, et al. The relationship of lymphocyte recovery and prognosis of esophageal cancer patients with severe radiation-induced lymphopenia after chemoradiation therapy. Radiother Oncol. (2019) 133:9–15. doi: 10.1016/j.radonc.2018.12.002

74. Zhao, Q, Chen, G, Ye, L, Shi, S, Du, S, Zeng, Z, et al. Treatment-duration is related to changes in peripheral lymphocyte counts during definitive radiotherapy for unresectable stage III NSCLC. Radiat Oncol. (2019) 14:86. doi: 10.1186/s13014-019-1287-z

75. Ghosh, S, Huang, J, Inkman, M, Zhang, J, Thotala, S, Tikhonova, E, et al. Radiation-induced circulating myeloid-derived suppressor cells induce systemic lymphopenia after chemoradiotherapy in patients with glioblastoma. Sci Transl Med. (2023) 15:eabn6758. doi: 10.1126/scitranslmed.abn6758

76. McLaughlin, M, Patin, EC, Pedersen, M, Wilkins, A, Dillon, MT, Melcher, AA, et al. Inflammatory microenvironment remodelling by tumour cells after radiotherapy. Nat Rev Cancer. (2020) 20:203–17. doi: 10.1038/s41568-020-0246-1

77. Spiotto, M, Fu, YX, and Weichselbaum, RR. The intersection of radiotherapy and immunotherapy: mechanisms and clinical implications. Sci Immunol. (2016) 1. doi: 10.1126/sciimmunol.aag1266

78. Raeber, ME, Sahin, D, and Boyman, O. Interleukin-2-based therapies in cancer. Sci Transl Med. (2022) 14:eabo5409. doi: 10.1126/scitranslmed.abo5409

79. Im, SJ, Hashimoto, M, Gerner, MY, Lee, J, Kissick, HT, Burger, MC, et al. Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature. (2016) 537:417–21. doi: 10.1038/nature19330

80. Grossman, SA, Ye, X, Lesser, G, Sloan, A, Carraway, H, Desideri, S, et al. Immunosuppression in patients with high-grade gliomas treated with radiation and temozolomide. Clin Cancer Res. (2011) 17:5473–80. doi: 10.1158/1078-0432.CCR-11-0774

81. Campian, JL, Ghosh, S, Kapoor, V, Yan, R, Thotala, S, Jash, A, et al. Long-acting recombinant human interleukin-7, NT-I7, increases cytotoxic CD8 T cells and enhances survival in mouse glioma models. Clin Cancer Res. (2022) 28:1229–39. doi: 10.1158/1078-0432.CCR-21-0947

82. Kim, GM, Kim, S, Lee, MA, Byun, M-S, Choi, D, Yang, SH, et al. GX-I7(rhIL-7-hyFc, efineptakin alfa), a long-acting IL-7, safely and effectively increased peripheral CD8+ and CD4+ T cells and TILs in patients with solid tumors. (2024). doi: 10.1101/2024.02.12.23299638

83. Meyer, A, Parmar, PJ, and Shahrara, S. Significance of IL-7 and IL-7R in RA and autoimmunity. Autoimmun Rev. (2022) 21:103120. doi: 10.1016/j.autrev.2022.103120




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


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


OEBPS/Images/fimmu.2024.1477171_cover.jpg
’ frontiers | Frontiersin Immunology

Enabling immune checkpoint blockade
efficacy in T-lymphopenia by restoring CD8
T cell dynamics with IL-7 cytokine therapy





OEBPS/Images/fimmu-15-1477171-g001.jpg
Total T cell

*%

*kk %

Sham

.\./“\1 Thymectomy

4 6 8

Weeks after thymectomy

Sham
[ Mild T-Lymphopenic mice (MTL)
Bl Severe T-Lymphopenic mice (STL)

Surgery 5

(Sham or Thymectomy) |
-

200 pg/head ISOTYPE Lymphocyte profile analysis % iy
Anti-Thy1.2, i.p. PB, Spleen, LN [0}

or Anti-Thy1.2, i.p ( pleen ) 2 5lsem

IS

22
Stabilization duration —

O 14

e 7 Weeks after Surgery ®)

(8 weeks) 0 2‘
C Total T cell CD8 T cell CD4 T cell
. * *kkk *kkk *kkk

5 1 2800+ *kkk  kk 2 1200 kk kK 1 15001 "

3 4 = 24001 21000+ 2 1200{ &

PN G 20001 G 800 o 5

- 3 9 1600- O Q9 900

X E £ 600 S

o 24 g 1200+ g g 600+

<1 = %9 : =] T 300 -
7 ] i 0 O 2004 0] 4

Selll& o NIRRT
0- 0 0 0
D CD8 Ty CD8 Ty CD8 Ty
*kkk

900+ 300+ 60 ns 9 1004

1 *kkk ek 1 0.0809 - 6

= 750+ 22504 — o = O g

— — — (@] o [

® 600+ © 200+ 1o O 409 1

Q @) o] Q o 604

£ 450 £ 150 g ° o)

35 3 J

< 3004 < 100+ <204 |+ S_) 40

— — = (o)

@ 150+ Q504 @ o 20+

O fo) @) @) X

0 0 0 0
E CD4 T, CD4 Ty, CD4 Tey
*kkk - *kk 150 - 2 1004

_, 12007 wess S | % oos2 . o)

= 10001 © =2 — = (9]

o — 601 © - o [

@ 8004 |5 ] o @ 100 <

o} Qo o =

E 6001 £ 40- E o a

g 400 g g 50 @

3 3 2] 3 | S

o 2 é o g © 2

0 @ 0 0 0 L

L
Sham M

TL STL





OEBPS/Images/fimmu-15-1477171-g006.jpg
A B

DAY 12 CD8 TILs PD-1* CD8 TILs Esledion EBET R p15E* CD8 TILs
(+d10) . diedion — rhiL-7-hyFc
—_— ISO rhiL-7-hyFc Anti-PD-1 + Anti-PD-1
*kk k *kk
207 —r—r— Jon a0 [for a0 [far ato |3o11 Q1o 8
i Jo46 172 ({147 130 |{290 168 []156 209
15 ° @ 6

Cells
(x 103/mg of tumor)
Cells
(x 103/mg of tumor)
S

W do12 Q9 Q9 Q9
5 -2) i18.4 63.9 493 415 2
o T T T v T T T v e T T v
0 = iy — > 0
-o— Buffer + ISO - Buffer + Anti-PD-1

-~ rhiL-7-hyFc + ISO -e- rhIL-7-hyFc + Anti-PD-1

C TCF-1*TIM3- TCF-1-TIM-3- TCF-1-TIM-3*
Gated on PD-1* CD8 T cells Ts) (Tint) (To)
1ISO rhlL-7-hyFc k%) . » 0.0610
J ] © 30 —ir— 100
ja1 Q2 |Jot Q2
827 558 |117.8 10.0 '(_) * P a6 -e- Buffer + ISO
] ] [ee) -e- rhilL-7-hyFc + ISO
Qv - 60
1 . O i -o- Buffer + Anti-PD-1
+
i i 10 - 40 -o- rhiL-7-hyFc + Anti-PD-1
o4 a3 [jo4 Q3 o
1167 694 |]224 49.8 [a 20
. S R il
rhiL-7-hyFc ° 0 0
+ Anti-PD-1 2 * ol
k%  kk  kk * 0.0794 0.0556
= 209 —r—r— 79 —r—r— 7
=) e ° 6
£ 16 6
=12 4 . 5
2% X . 4
Q o3
(@] g : .. ° 3
2 o4 1 : 1
x
_ > =
3 0.0 0 0

D
0 120 20 i
- 1
3 5 :
100 o 18
= £ 12
0 80 2 — e
(@] 0 = H
(@] = O 9 ° "
& 60 0 o ° —
— O € °
1 ~ 6 L] [J
D <0 % o o L]
o — 3 P o ° [ 4 : °
5 20 X I d
X o0

CD107a” TNFa'IFNy*  CD107a*TNFa'IFNy* CD107a” TNFa*IFNy*  CD107a*TNFa'IFNy*

-~ Buffer + ISO - rhiL-7-hyFc + ISO -e- Buffer + Anti-PD-1 -@- rhlL-7-hyFc + Anti-PD-1





OEBPS/Images/fimmu-15-1477171-g004.jpg
A Buffer /
rhiL-7-hyFc
MC38
Inoculation CCRT
>N \){4%
Anti-Thy1.2 -15 0 2
Sham STL
B 6.77x
pa® 15 25 ok
o o) U
.g.‘w g 56 7.10x
— =10 e
I o
o
8 E.
0%
x ’
0 -
d4 d7 d10 d14 d4 d7
w8
5
41
aJs]
O o4
+ E
TG 2
O ~
o x
0 &3 L il
d4 d7 d10 d14 d4 d7
Days after drug treatment
D 17.56x
*
W, . 15 -
=228
; 2 - 0.0533 ® 9.42x
— *kkk
Q o’ .
O o N
. E 4 5
E ‘S ) 0.0565
o x
0

d4 d7 d10 d14 d4

E Gated on PD-1+ CD8 TILs (DAY9, +7d)

Sham STL
3 Kie7+
67.4
i
3 K67+
625
N~
© |
N

Ki67+
51.1

Ki67+
738

Jajyng

o4Ay-2-1ud

Days after drug treatment

Ki67* (%)
PD-1* CD8 TILs

100

(o3
o

D
o

Flow Cytometry analysis

6
(+4d) (+7d) (+10d) (+14d)

-
—o-
-
—o-

(TDLN, Tumor)

9

12

16

Sham

0.1273

STL

Ki67* PD-1" CD8 TlLs

Days after CCRT
(Days after drug treatment)

Buffer
rhiL-7-hyFc

Buffer
rhiL-7-hyFc

F Gated on PD-1* CD8 TiLs

IL-7Ra" (%)

PD-1" CD8 TiLs
S & 3 3
°
|*
°

(x 10%/mg of tumor)

=
(o2}

=
N

o

S

o

Comp-FL4-A :: CD127 Y585-PE-A

15000

IL-7Ra MFI

Sham STL
*
xE Sham
[ ]
STL
oo

10000

5000

Sham STL

—=-
—o-
-o-
—o-

Buffer
rhiL-7-hyFc

Buffer
rhiL-7-hyFc





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Enabling immune checkpoint blockade efficacy in T-lymphopenia by restoring CD8 T cell dynamics with IL-7 cytokine therapy

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Mice

          



          		

            2.2 Cell lines

          



          		

            2.3 Mice thymectomy

          



          		

            2.4 Tumor models

          



          		

            2.5 Drug treatment and local radiotherapy

          



          		

            2.6 Preparation of single-cell suspensions

          



          		

            2.7 Flow cytometry

          



          		

            2.8 Cytokine production analysis

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Establishment of T-lymphopenic mouse models

          



          		

            3.2 T-lymphopenia determines ICB responsiveness depending on tumor immunogenicity

          



          		

            3.3 Impact of T-lymphopenia on CD8 T cell dynamics in tumor microenvironments

          



          		

            3.4 IL-7 cytokine therapy enhances PD-1+ CD8 TILs in T-lymphopenic mice

          



          		

            3.5 IL-7 cytokine therapy rescues the antitumor response of ICB in T-lymphopenic mice

          



          		

            3.6 Combination therapy with rhIL-7-hyFc and anti-PD-1 optimizes CD8 TIL potency in T-lymphopenic environments

          



        



        



        		

          4 Discussion

        

          		

            4.1 Limitation of the study

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1477171-g002.jpg
Surgery
(Sham or Thymectomy)

200 pg/head ISOTYPE
or Anti-Thy1.2, i.p.

C57BL/6
(8 weeks)
“’E 2000
< - IS0
- €
© = 1500-{ -e- Anti-PD-1
a o0
® E
o 3 1000
o S
O 5 50
= E
)
= 0 5 10 15 20 25
A~ 2500
— E
b o] £ -©- ISO
o £ 2000 )
¥ -~ Anti-PD-1
% 8 1500
2 3
< Q1000
<] [
8 g 500
= |:_3 0
0 5 10 15
oy A~ 1500
'g E & IS0
~ -o- Anti-PD-1
O 0 1000
or E
03 32
=9 > 50
| -
8 o
>
T €
< ,3_’ 0
0 5 10 15 20 25 30 35
E —~
. 2000
= E
¥ € & 1SO
O ~— 15001 -e Anti-PD-1
50 o
E + E
b 8 % 1000
=
mg2 2
§ 5 500
g 5
S g 0

0 5

10 15 20 25

<

Sham

Stabilization duration 9 ' 5 X

7 Mild T-Lymphopenic
Weeks (ML)

R

Anti-Thy1.2

Severe T-Lymphopenic
(STL)

3000 -~ Anti-PD-1

1000

Tumor volume (mm?3)

0 5 10 15 20 25
Days after 1st treatment

)

®_ 2000

1500- -o- Anti-PD-1

-
o
o
o

500

Tumor volume (mm

o

0 5 10 15
Days after 15t treatment

n
o
o
L

1500- -o- Anti-PD-1

-
o
o
o

500 +++

0 5 10 15 20 25 30 35
Days after CCRT

Tumor volume (mm3)
{ o

1000
- 180

-o- Anti-PD-1

AL

(2]
o
o

ns

[o2}
= 4
o

N
o
o

200

Tumor volume (mm?3)
o

0 5
Days after CCRT

10 15 20 25

Tumor volume (mm3)

MC38 inoculation  1SO / Anti-PD-1

|

-7 0 3 6 Days
MC38 inoculation  I1SO / Anti-PD-1
-15 0 3 6 Days

MC38 or B16F10

inoculation CCRT IS0/ Anti-PD-1

AR

8 Days

-15 0 2 5

Palpable tumor model

Advanced tumor model

Advanced tumor model
with CCRT treatment

* CCRT : Cisplatin 4 mg/kg + 12Gy Local irradiation

o IS0 Sham
-~ Anti-PD-1

MTL

$d ¢ ¢4

SIL

0 5 10 15 20 25

w
=
o
o

- SO
-o- Anti-PD-1

N
o=
o
o

1000

Tumor volume (mm3)

o

10 15

)

_ 1500

- IS0
-0~ Anti-PD-1

o
o
o

ns

500

A/

0 5 10 15 20 25 30 35

Tumor volume (mm
o

- SO
-o- Anti-PD-1

(o]
o
o

ns

(2]
o
o

400

AR

200

Tumor volume (mm3)
o

0 5

10 15 20 25

ISO
Anti-PD-1

1ISO
Anti-PD-1

1ISO
Anti-PD-1





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1477171-g005.jpg
s

Tumor growth following

| rhiL-7-hyFc
MC38 ISOTYPE /

Inoculation CCRT Anti-PD-1

!5 -15 0 2

* CCRT : Cisplatin 4 mg/kg + 12Gy Local irradiation

Anti-Thy1.2
STL

—~ 3000 4000

e

E 3000

© 2000

e ns

S 2000

o)

z 1000 *kkk

= R 1000

g xkx 0.0877
*kkk

— 0 ’ 0

0T5 1015202530354045
TTT Days after CCRT

0

5 8  Days

Buffer
+1SO

10 20 30 40 O

(@)

100

~
[}

Survival (%)

30 40 50 60

Days after CCRT

rhiL-7-hyFc Buffer
+1S0O + Anti-PD-1

10 20 30 40 0 10 20 30 40 O
Days after CCRT

_._
*% a
*
_._
00781 ¥
70 80
rhiL-7-hyFc  _o
+ Anti-PD-1
_._
_._
_._

10 20 30 40

Buffer + 1ISO
rhiL-7-hyFc + 1ISO
Buffer + Anti-PD-1
rhiL-7-hyFc + Anti-PD-1

Buffer + 1ISO
rhiL-7-hyFc + 1ISO
Buffer + Anti-PD-1
rhiL-7-hyFc + Anti-PD-1





OEBPS/Images/fimmu-15-1477171-g003.jpg
MC38
Inoculation

-+

Flow Cytometry analysis
(PB, TDLN, Tumor)

CCRT

%_¢_¢_¢_¢_¢_>

Anti-Thy1.2 Days after CCRT
Sham
B CD8 T cell
1500
. B - —I wa00 -e- Sham
— *x 3 3 *
m<' 6 y l E = 900 §. oo & STL
R 3
x 4 3 E €
= . =} >
(@) o---& c c
z° ) Ko
O (@
D6 D9 D12 D6 D9 D12 D6 D9 D12
Days after CCRT
c CD8 TiLs Gated on CD8 TILs F’TD-1+ chs 1”—8 PD|_317 ?Dg TiLs
umor-reactive stander
e o — Sham STL ( ) (B )
0’:“ w8 ns 547 ns & 70 ** 1007 0.1061
.b. g l e ns 1 DAY12 1 DAY12 1 60 -3 9 &
+ 6 D % 23 i\)\__; = 50 00071 / = 80 l\\
0 nmEI g 2 6 l ] Rad 1/ p--% N
a4 FoN 0 5?2 o, 3 O 30 l’ / 8 60 N o---3
(@] 3 © g A\ w— “— R
5 2 S NS o C 209 S 40 g---3
° b 5 X 10 3 L
°© X0 0 20
D6 D9 D12 D6 D9 D12 D6 D9 D12 D6 D9 D12
Days after CCRT Days after CCRT
D Sham STL CD8 Ty
70+ 0.0732 -e- Sham
A6 B -e- STL
; 50 l
Qo 0+
< N
w— 30 N
[S)
L 20 5
D6 D9 D12
Days after CCRT
E CD8 T cells Sham STL CD44+*PD-1+* CD8 T cells
SO —
: “{; % 200 *i* VC) 2.5 . *g* % 4 . -e- Sham
N T ~ — B
) = 150 o X 20 ;___L—— o 3 e- STL
= - # = — * .27\ 00582
[} 5__-5 o 15 0 e N
2 100 Qo 829 5...3 )
IS € 10 5 TS
> = 5---5—-_ Y= 1 ®
= B Zos S -
© [ X
O o O 00 0
D6 D9 D12 D6 D9 D12 D6 D9 D12
Days after CCRT Days after CCRT
F GzmB* CD107a* Effector cytokines
n
:I (2]
9 - 60 o = 70
}:_, 80 ns 59 e ns @ . 14000 ns ~F
70 & _ o — o)
] ns - o 4 LL 12000 Qa 60
o ns Y ns /) +_ 40 = > O
O 60 2 = S 5 ns = ns o =,
+ PP b m 3 ‘iy a) ns S = 10000 R L« 50
) 522 IS o 5. = ns L/ A
2 f 8] 37 3 207 & a s o e
4 2 E O 8o 5, =y 40
[e] 5 = <
X 30 5 0 8 30
D6 D9 D12 D6 D9 D12 = D6 D9 D12 D6 D9 D12 D6 D9 D12
(=)

Days after CCRT

Days after CCRT

Days after CCRT





