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Abstract

Immune-checkpoint blockade enhances antitumor responses against cancers. One cancer type that 

is sensitive to checkpoint blockade is squamous cell carcinoma of the head and neck (SCCHN), 

which we use here to study limitations of this treatment modality. We observed that CD8+ tumor 

infiltrating lymphocytes (TIL) in SCCHN and melanoma express excess immune checkpoints 

components PD-1 and Tim-3 and are also CD27−/CD28−, a phenotype we previously associated 

with immune dysfunction and suppression. In ex vivo experiments, patients’ CD8+ TILs with this 

phenotype suppressed proliferation of autologous peripheral blood T cells. Similar phenotype and 

function of TILs was observed in the TC-1 mouse tumor model. Treatment of TC-1 tumors with 

anti-PD-1 or anti-Tim-3 slowed tumor growth in vivo and reversed the suppressive function of 

multi-checkpoint+ CD8+ TIL. Similarly, treatment of both human and mouse PD-1+ Tim-3+ CD8+ 

TILs with anti-checkpoint antibodies ex vivo reversed their suppressive function. These 

suppressive CD8+ TILs from mice and humans expressed ligands for PD-1 and Tim-3 and exerted 

their suppressive function via IL10 and close contact. To model therapeutic strategies, we 

combined anti-PD-1 blockade with IL7 cytokine therapy or with transfer of antigen specific T 

cells. Both strategies resulted in synergistic antitumor effects and reduced suppressor cell function. 

These findings enhance our understanding of checkpoint blockade in cancer treatment and identify 

strategies to promote synergistic activities in the context of other immunotherapies.

Introduction

Tumor-infiltrating CD8+ T cells in human and mouse cancers express excess checkpoint 

inhibitor proteins, signaling molecules that inhibit T-cell function and negatively regulate 

normal T-cell responses (1,2). In mice, blocking checkpoint proteins, such as programmed 
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death receptor 1 (PD-1) and T-cell immunoglobulin and mucin protein 3 (Tim-3), enhances 

antitumor CD8+ T-cell responses and slows tumor growth(3,4). With the increased 

application of combination strategies for cancer therapy (over 800 current clinical trials 

include some form of PD-1 inhibitor), a more complete understanding of the biology of 

checkpoint inhibitors is critical (5).

Squamous cell carcinoma of the head and neck (SCCHN) is one of the deadliest human 

cancers, with few treatment options once a patient has failed conventional therapies(6). The 

rise of HPV+ variants has led to an increased incidence of SCCHN among younger and non-

smoking patients (7). As metastatic SCCHN of both types continues to present a treatment 

challenge, there is increased interest in the use of immunotherapies to augment existing 

treatments (8,9). Although anti-PD-1 therapies have are FDA approved for SCCHN, their 

effects are modest compared to those in melanoma and other cancers (10,11). Thus, SCCHN 

is a challenging setting in which to develop a broadly applicable immunotherapy.

We and others observed that SCCHN tumor cells can convert normal CD8+ T cells from 

cytotoxic effectors to inhibitors of antitumor immunity (12–14). We showed that cell lines 

derived from SCCHN induce CD8+ T cells to become suppressor cells and lose expression 

of CD27 and CD28 (12). We found that the loss of CD27 and CD28 expression was a 

common occurrence in SCCHN patients’ peripheral blood lymphocytes (13). We abrogated 

the tumor induced T-cell changes by treatment of tumor-exposed T cells with interleukin-7 

(IL7) cytokine (13).

Here, we demonstrate that loss of CD27 and CD28 expression in patient derived CD8+ TILs 

from both HPV+ and HPV− SCCHN (as well as melanoma) is accompanied by de novo 

expression of multiple checkpoint proteins, particularly PD-1 and Tim-3. We show that 

CD8+ T cells isolated from a murine HPV-E6 and E7 expressing squamous cell carcinoma 

(SCC) have a similar phenotype. Unexpanded and untreated human and mouse PD-1+ 

Tim-3+ CD8+ T cells obtained from tumors suppressed the proliferative capacity of normal 

autologous T cells. Antibody blockade of PD-1 and Tim-3 slowed tumor growth in 

association with enhanced CD8+ T-cell proliferation and function. Despite continued 

expression of immune checkpoint proteins, the suppressive activities of the tumor associated 

CD8+ cells are abrogated following treatment with anti-checkpoint antibodies. When 

checkpoint-inhibitor treatment was combined with IL7 cytokine therapy or adoptive transfer 

of E7-specific CD8+ T cells, we observed synergistic antitumor effects. This synergy was 

associated with reduced PD-1+ Tim-3+ CD8+ T-cell suppressor activity. In a model of 

adoptive T-cell therapy, we show that without checkpoint inhibition, transferred cells 

themselves become suppressive. We demonstrate that blockade of PD-1 can prevent 

suppression by PD-1+ Tim-3+ CD8+ T cells isolated from mouse and human tumor tissues. 

Mouse and human suppressive CD8+ T cells express the ligands for PD-1 and Tim-3 and 

mediate suppression through a mechanism that requires IL10 and close contact. Thus, in 

addition to augmenting T-cell antitumor effector function, checkpoint inhibitors also block 

the generation of CD8+ suppressive cells that are otherwise enriched in the tumor 

microenvironment.

Pfannenstiel et al. Page 2

Cancer Immunol Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Mice:

Six to 8-week old C57BL6 mice were purchased from the National Cancer Institute 

(Frederick, MD). HPV-E7 TCRβ transgenic mice have been described previously and were 

obtained from the laboratory of Graham R. Leggatt (University of Queensland, St. Lucia, 

Australia)(15). HPV-E7 TCRβ Thy1.1 mice were generated by breeding HPV-E7 TCRβ 
mice with C57BL/6 CD90.1 congenic mice (strain B6.PL-Thy1a/CyJ, Stock #000406) 

(Jackson Laboratories) and then crossing the resulting progeny until all mice were 

homozygous for Thy1.1 and hemizygous for the HPV-E7 TCRβ transgene. Expression of 

the congenic marker was verified by flow cytometric staining of blood lymphocytes using 

anti-CD90.1 and anti-CD90.2 antibodies. Presence of the TCRβ transgene was verified by 

PCR using the following primers: Forward- 

5’ATCTGCAGATCAGTGCTCATCCCACTATG; Reverse- 

5’ATCCGCGGCCACTCTGCTAAGGTT TTCTG and by flow cytometry for TCR vβ12. 

PCR reaction conditions have been described previously (15). All animals were housed in 

the Biological Resources Unit of the Cleveland Clinic Lerner Research Institute under 

protocols approved by the institutional animal care and use committee in accordance with 

NIH Office of Laboratory Animal Welfare guidelines.

Cell Lines:

The murine TC-1 tumor cell line has been previously described (16) and was a generous gift 

from Dr. T.C. Wu (Johns Hopkins University) and was obtained circa 2012 and cultures 

derived from early aliquots were passaged no more than three times prior to use. While cells 

were not authenticated in the past year, mycoplasma contamination was routinely tested 

using the MycoAlert™ kit according to the manufacturer’s protocol (Lonza, Basel, 

Switzerland). Cells were maintained in RPMI with 10% Fetal Bovine Serum, 10 mmol/L 

HEPES, 1 mmol/L sodium pyruvate, 2 mmol/L nonessential amino acids and 100u/ml 

penicillin/streptomycin in an incubator containing 10% CO2.

Antibodies, flow cytometry, and cell sorting:

Fluorescently conjugated, anti-mouse antibodies were purchased from Biolegend (San 

Diego, CA) (CD3-PerCP, CD8 FITC, CD8 APC, PD-1 FITC, Tim-3 PE, Lag3 APC, CD90.1 

PerCP, PD-L1 PerCP, Galectin-9 FITC). Fluorescently conjugated, anti-human antibodies 

were purchased from Biolegend (CD3-PerCP, CD8 APCcy7, CD4 PEcy7, Tim3 Brilliant 

Violet 421, Tim-3 PE, PD-L1 PerCP, Galectin-9 FITC) or from eBioscience (PD-1 PE, 

eFluor710). Prior to staining, all cells were treated with anti-FcγIII/CD16 from Biolegend 

according to the manufacturer’s recommended protocol (human/mouse TrueStain FCX). 

Antibody staining was performed in phosphate-buffered saline with 0.1% fetal bovine serum 

or bovine serum albumin. Data were collected on FACS Calibur or LSR II instruments and 

analyzed with the FlowJo data analysis software (FlowJo Inc, Salem OR). Anti-PD-1 used in 
vivo was purified from hybridoma supernatant (clone G4, hamster IgG) which was a kind 

gift from Dr. Lieping Chen (Yale University) and has been previously demonstrated to 

inhibit PD-1 in vivo(17). Anti-Tim-3 was a generous gift of Costim Pharmaceuticals, Inc 

(clone 5D12, mouse IgG1) and is specific for all isoforms of mouse Tim-3 and has been 
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demonstrated to inhibit Tim-3 signaling in vivo(18). For blockade of human PD-1 and 

Tim-3, we used Nivolumab anti-PD-1 (Bristol-Meyers Squibb) and anti-Tim-3 clone F38–

2E2 (Biolegend). Anti-cytokine antibodies used in vivo (anti-IL10, anti-IL6, and anti-TGFβ) 

for both mouse and human were purchased from R&D systems. For experiments utilizing 

sorted cells, labeled cells were sorted by the Cleveland Clinic Flow Cytometry Core using a 

FACS Aria II sorter into chilled-media containing tubes in a laminar flow hood. Ungated 

plots of sorted cells for each figure appear in Supplementary Fig. S1.

Patient PBL and Tumor Samples:

Matched peripheral blood lymphocytes (PBLs) and tumor specimens were obtained from 

patients with melanoma or head and neck squamous cell carcinoma. PBLs were obtained by 

venipuncture and isolated by centrifugation over a Ficoll-Hypaque gradient (GE Healthcare) 

and cryopreserved until further analysis or use. After surgical resection, tumor specimens 

were rinsed with antibiotic-containing media and minced with crossed scalpels under sterile 

conditions. Enzymatic digestion was then used to dissociate tumor tissue using 1500 u/ml 

collagenase IV (Gibco/Life Technologies), 1000 u/ml hyaluronidase (Sigma), and 0.05 

mu/ml DNAse IV (Calbiochem) in RPMI for several hours at 37°C followed by mechanical 

agitation. The resulting single-cell suspensions were separated from debris by centrifugation 

over a Ficoll-Hypaque gradient followed by cryopreservation until further analysis.

Mouse tumor implantation, T-cell adoptive transfer, and TIL isolation:

For tumor growth experiments, 150,000 TC-1 tumor cells were implanted subcutaneously in 

100 µl sterile saline and tumor growth was monitored by measuring tumor diameter with 

calipers every third day for the duration of the experiment. For IL7 treatment studies, 7 μg/

dose of rhIL7 was injected i.p. every 24 hours for seven days starting on day 7 after tumor 

implantation. For antibody treatment, anti-PD-1 and/or anti-Tim-3 were injected at 100μg/

dose i.p. starting seven days after tumor implantation and continuing every third day for the 

duration of the experiment. Studies were concluded when control-group tumor growth 

exceeded veterinary end-points, typically 20–30 days after implantation, and all mice were 

sacrificed for analysis. Tumor-infiltrating lymphocytes were isolated by disruption of tumor 

tissue first by mincing with crossed scalpels under sterile conditions followed by enzymatic 

digestion as described above. Live cells were isolated from debris by centrifugation over a 

Ficoll gradient prior to staining for flow cytometry or cryopreservation for further analysis. 

CD8+ T lymphocytes were purified from tumor digests first by positive magnetic-bead 

isolation using anti-CD8a magnetic beads (Miltenyi Biotec) followed by cell sorting on a 

FACS Aria II cell sorter by the Cleveland Clinic flow cytometry core. Cells were collected 

into culture media and used immediately in suppression or functional assays.

In vitro suppression and function assays:

In vitro suppression assays were performed per previously-described conditions. U-bottom 

or V-bottom plates were coated with human or mouse anti-CD3 and anti-CD28 (10µg/ml 

and 5µg/ml in phosphate-buffered saline [PBS], respectively) for 3–5 hours at 37°C followed 

by washing out unbound antibody with PBS. Responder T cells were bulk CD3+ T cells 

isolated from human patient PBMC or mouse splenocytes by negative magnetic bead 

selection using the species-appropriate kit per manufacturer’s protocol (Miltenyi Biotec). 
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Each well contained 5×104 to 1×105 responder T cells and equal or fewer numbers of the 

appropriate suppressor CD8+ cell population. At least three replicate wells were set up per 

experimental group per experiment. To measure proliferation, 72 hours after incubation, 1 

µCi of 3H-labeled thymidine (GE Healthcare) was added per well and incubated for a further 

18–20 hours. Cells were then harvested onto filters and remaining radioactivity was 

measured with a Microbeta Trilux counter (Perkin-Elmer). For experiments where CFSE 

dilution was used as a readout, responders were labeled with 0.05–0.1 µM 

carboxyfluorescein succinimidyl ester (CFSE) (CellTrace kit, Life Technologies) per the 

manufacturer’s protocol. Proliferation was measured by signal dilution on a flow cytometer. 

For BrdU incorporation, cells were pulsed with 10 µM BrdU for the final 24 hours of 

culture. Permeabilization, DNAse treatment, and staining was accomplished using the 

eBioscience BrdU staining kit for flow cytometry according to the manufacturer’s protocol. 

For transwell assays, 96-well transwell plates (Milipore) with 0.4 µM pore sizes were used 

to separate sorted suppressor cells from responders. To assess function of sorted TIL 

populations (between 5 × 104 and 1 × 105 cells per well), cells were stimulated with either 

plate-bound CD3/CD28 (coated at 10 µg/ml and 5 µg/ml respectively) or irradiated TC-1 

tumor cells (at a 1:1 ratio) for 12 hours in the presence of GolgiStop™ (BD Pharmingen) 

using the recommended conditions followed by intracellular cytokine staining using the cell 

fixation/permeablilization kit (BD Biosciences) and staining with anti-interferon γ antibody 

(eBioscience) and readout on a flow cytometer.

Study approval:

All human tissue was obtained at the Cleveland Clinic under a protocol approved by the 

institutional review board with written informed consent obtained from each patient.

Statistics:

Means of all groups were compared for statistical differences by Student t test or a One-Way 

Analysis of Variance (ANOVA). A Bonferroni t test was used, following the ANOVA, to 

understand the statistical difference between two groups, when more than two groups were 

compared. Data was presented as means ± SD. Significance levels were set to P < 0.05.

Results

CD8+ Suppressor TILs in the human tumor microenvironment.

Patients with tumors have increased numbers of CD27−/CD28− CD8+ T cells in the 

periphery and in the tumor microenvironment (14,19). The CD8+ T cells in the tumor 

microenvironment express multiple immune checkpoint proteins, including PD-1 and Tim-3 

(1–4). We investigated whether these populations are actually the same dysfunctional T 

cells. Fifteen freshly-obtained tumor specimens (eight HPV-positive or -negative head and 

neck tumors, and seven melanoma tumors) were dissociated into tumor cell/ T-cell 

suspensions, stained for surface marker expression and analyzed by flow cytometry (20). 

Figure 1A summarizes the expression of CD27, CD28, PD-1, and Tim-3 by the CD8+ T 

cells from SCCHN and melanoma patients. Memory marker staining of these cells can be 

found in Supplementary Fig. S2A and show that the majority are of a CCR7− CD45RA− 

effector/memory phenotype. Tumor-derived CD8+ cells express less CD27 and CD28 and 
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more PD-1 and Tim-3 than peripheral blood lymphocytes from the same patients (Fig. 1B). 

Tumor-derived T cells from these patients included overlapping populations of CD27− 

CD28− and multi-checkpoint+ expressing cells (Fig. 1C), thus these two independently 

characterized tumor-associated T-cell populations are predominantly one and the same.

When normal human T cells are cocultured in vitro with a variety of individual human tumor 

cell lines, the lymphocytes lose their CD27 and CD28 expression, become dysfunctional, 

and acquire the capacity to suppress effector T cells (12,13). CD28− CD8+ T-cells isolated 

from various cancers are suppressive, as well (14). Here we tested whether isolated tumor-

infiltrating CD8+ T cells from patients could also act as suppressor cells. We purified CD27− 

CD28− CD8+ cells (Fig. 1D) or PD-1+ Tim-3+ CD8+ T cells (Fig. 1E) from human SCCHN 

tumors by automated cell sorting, then used the cells in a suppression assay with CD3+ 

responder T cells isolated from the peripheral blood of the same patients. Thus the tumor-

derived CD8+ TILs were suppressive even when incubated at suppressor to responder ratios 

as low as 1:5. We performed similar suppression studies using PD-1+ Tim-3+ CD8+ TILs 

and proliferation was assessed by CFSE dilution or BrdU uptake (Fig. 1F). Suppression of 

responder T cells was observed at lower ratios similar to tritium-uptake studies. Thus CD8+ 

patient TILs, which are both CD27−-CD28− and PD-1+ Tim-3+, are similarly suppressive. 

Given that suppressive dysfunctional T cells can be induced by tumor lines in vitro in the 

absence of antigen recognition, our results imply that tumor-derived factors alone can 

stimulate expression of immune checkpoint proteins and reduce T-cell function.

A mouse model of CD8+ TIL suppression in SCCHN.

The TC-1 tumor cell line served as our murine model of SCC to further assess the role of 

CD8+ TIL-mediated suppression. These cells were created by expressing human papilloma 

virus (HPV) E6 and E7 proteins in mouse cells, which drives a carcinogenesis process 

similar to human SCCHN (21). Unlike human T cells, which lose CD27and CD28 

expression in the tumor microenvironment or when exposed to SCCHN tumors in vitro, 

mouse cells do not. However, both human and murine CD8+ T cells are induced to elevate 

expression of PD-1 after co-incubation with their species-specific tumor cell line when 

separated by a transwell insert and in the absence of any activation (Fig. 2A). Murine CD8+ 

T cells cocultured with TC-1 become as suppressive as tumor-exposed human T cells, 

rendering them capable of inhibiting the proliferation of normal, syngeneic T cells incubated 

on anti-CD3/anti-CD28-coated plates or with allogeneic stimulator cells (Fig. 2B)(12). 

Similar results were obtained using murine tumor cell lines B16 and EL4, indicating that this 

phenomenon is not specific to TC-1 cells. Analogous results were observed when we 

characterized the murine CD8+ TILs purified from TC-1 tumors. Tumor tissue isolated from 

TC-1-bearing mice was dissociated and the expression of checkpoint proteins by murine 

TILs was assessed by flow cytometry. Murine CD8+ T cells infiltrating TC-1 tumors 

overexpressed PD-1 and Tim-3 with most of the CD8+ TILs expressing both markers (Fig. 

2C). Memory marker expression by these cells was also assessed and found the majority to 

be CD44+ CD62L–, a phenotype associated with memory/effector cells (Supplementary Fig. 

S2B). We next assessed the ability of CD8+ TILs from mouse tumors to suppress the 

function of normal CD8+ T cells using ex vivo coculture assays. The majority of CD8+ TILs 

sorted from TC-1 tumor digests were PD-1+ Tim-3+ and able to suppress the proliferation of 
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naïve, syngeneic responder T cells (Fig. 2D). As in our previous ex vivo human suppression 

studies, we observed significant suppression of responder T cells using CFSE dilution and 

BrdU uptake (Fig. 2E). The CD8+ TILs fell into three distinct populations with respect to 

PD-1 and Tim-3 expression (PD-1− Tim-3−, PD-1+ Tim-3−, and PD-1+ Tim-3+) (Fig. 2F). 

When the three purified populations were compared following FACS sorting, only the PD-1+ 

Tim-3+ CD8+ T cells could inhibit T-cell function, whether measured by 3H-thymidine 

uptake, CFSE dilution, or BrdU uptake (Fig. 2F, G). Because the number of cells available 

from unexpanded human specimen TILs (even from large tumors) is so limited, we were 

unable to perform the parallel experiments with this precious resource.

Checkpoint inhibitor blockade decreased suppression by TILs and enhanced antitumor 
immunity.

Signaling through checkpoint proteins inhibits T-cell function, and antibodies that bind to 

and block these negative regulators drive clinical responses (22,23). We assessed PD-1+ 

Tim-3+ CD8+ T-cell suppressive abilities using PD-1 and Tim-3 blocking antibodies. We 

show that in vitro anti-PD-1 treatment significantly blocked the suppressive effects of these 

TILs in ex vivo coculture suppression assays (Fig. 3A). With the same treatment in vivo, 
antibody blockade of PD-1 and Tim-3 each significantly slowed TC-1 tumor growth as 

compared to no treatment or an IgG control (Fig. 3B). Neither antibody treatment affected 

the percentage of PD-1+ and/or Tim-3+ expressing TILs (Fig. 3C). These antibodies in other 

mouse tumor models promote CD8+ T-cell interferon-gamma (IFNγ) production and 

cytotoxic activity, leading to an enhanced antitumor effect (24–26). We similarly found that 

blockade of either PD-1 or Tim-3 caused CD8+ TILs to produce more IFNγ when re-

stimulated with either anti-CD3/CD28 or irradiated TC-1 tumor cells (Fig. 3D). Checkpoint 

blockade antibodies significantly reduced the suppressive potential of PD-1+ Tim-3+ CD8+ 

TILs sorted from treated mice (Fig. 3E). These data suggest that the ability of checkpoint 

inhibitor blockade to augment antitumor immune responses results from both the 

enhancement of CD8+ T-cell function and by blocking the development of suppressive 

function. That the reversal of suppression occurred after in vivo use of the antibodies further 

suggests a benefit of checkpoint inhibition lies in preventing the development of suppressive 

function rather than blocking an already developed suppressive function.

IL7 treatment synergizes with checkpoint-inhibitor blockade.

Although checkpoint inhibitors have revolutionized cancer therapy, therapies build on 

combination strategies bring added potential. In our in vitro model of tumor-induced T-cell 

dysfunction, IL7 protected human T cells from CD27 and CD28 loss and induction of 

suppression abilities (13). Having observed that antibody checkpoint-inhibitor blockade 

could also reduce the suppressive ability of PD-1+ Tim-3+ CD8+ TIL, we combined these 

two treatment strategies to determine if a synergistic effect took place. In our previous study, 

we observed that in the peripheral blood of cancer patients, loss of CD27 and CD28 

expression was accompanied by the loss of CD127 (IL7rα). Therefore we assessed the 

expression of CD127 on CD8+ TILs present in human tumors. Indeed, we observed that 

expression of PD-1 and Tim-3 on human tumor TIL specimens was accompanied by the lack 

of CD127. (Fig. 4A). Likewise, CD8+ TILs isolated from TC-1 tumors demonstrate a similar 

pattern, in which gain of PD-1 and Tim-3 expression associates with the loss of CD127. 
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(Fig. 4B). Together, these data indicate that multi-checkpoint expressing CD8+ T-cell 

populations also lack CD127 expression in both mouse and human tumors. Before 

embarking on a combination strategy, we analyzed CD127 expression on CD8+ TILs from 

the antibody blockade experiments in Fig. 3 and found significantly increased expression of 

CD127 on antibody-treated T cells (Fig. 4C). We then combined IL7 treatment with anti-

PD-1 therapy and observed an additive effect in our in vivo TC-1 tumor model. Similar to 

earlier mouse studies, anti-PD-1 blockade was also initiated on day 7 The combination of 

IL7 with anti-PD-1 treatment resulted in a significant reduction in tumor growth as 

compared to each treatment alone (Fig. 4D). Anti-PD-1 treatment alone was more effective 

than IL7 cytokine treatment alone. At the conclusion of the experiment, expression of PD-1 

and Tim-3 on CD8+ TILs was assessed by flow cytometry. Like our previous antibody 

blockade studies, CD8+ TILs in all treatment groups displayed elevated expression of both 

PD-1 and Tim-3 similar to control TC-1 tumors (Fig. 4E). Also similar to previous studies 

using antibody blockade alone, PD-1+ Tim3+ CD8+ TILs from treatment groups receiving 

anti-PD-1 displayed greater IFNγ production upon restimulation and significantly reduced 

suppressive ability when used in ex vivo suppression assays (Fig. 4F-G). Although the 

combination of IL7 and anti-PD-1 resulted in the greatest delay in tumor growth in vivo, the 

combination’s improvement over anti-PD-1 alone was not observed in ex vivo analyses. 

These findings are likely due to other immune-promoting activities of IL7 that were not 

assessed or were transient, but that are promoted by anti-PD-1 up-regulating the IL7 

receptor.

Adoptive T-cell transfer synergizes with checkpoint-inhibitor blockade.

Another combinational strategy under investigation is checkpoint inhibition with various 

types of adoptive immune cell transfer, such as antigen-specific T cells. To develop a model 

of adoptive T-cell therapy in SCCHN, we obtained mice engineered to express a TCR-β 
chain that recognizes the HPV E7 epitope presented by H2-Db (E7-T). These transgenic 

TCR-β chains combine with random endogenous α-chains to form a repertoire of T cells 

with varying avidities towards the E7 epitope (Supplementary Fig. S3A) (15). We then bred 

a Thy1.1 congenic marker onto these E7-TCRβ transgenic T cells to facilitate the tracking of 

these cells after adoptive transfer and verified that they are able to lyse TC-1 tumor cells in 

an in vitro assay (Supplementary Fig. S3B). We next adoptively transferred increasing 

numbers of these E7-T cells in mice bearing TC-1 showing a dose response as larger 

numbers of antigen specific T cells resulted in greater abrogation of tumor growth 

(Supplementary Fig. S3C). Memory marker staining of E7-T cells used in adoptive transfer 

experiments can be found in Supplementary Fig. S3D. Clinical trials using antigen specific 

T cells as a monotherapy resulted in modest clinical effects in patients.(27–29) Thus we 

chose for adoptive T cell therapy a number of cells that produced measurable but mild 

antitumor responses, which was 1×106 cells.

When we combined adoptive transfer of the E7-T cells together with anti-PD-1, we found 

that the combination synergized to inhibit tumor growth (Fig. 5A). When excised and 

digested CD8+ TILs from treated tumors were stained for the Thy 1.1 congenic marker, 

those from mice treated with anti-PD-1 were found to contain a greater percentage of the 

transferred E7-T CD8+ cells than tumors from mice that were injected with IgG control 

Pfannenstiel et al. Page 8

Cancer Immunol Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibodies (Fig. 5B). Endogenous TILs (CD8+/Thy1.1−) from both treatment groups 

displayed high PD-1 and Tim-3 expression comparable to the IgG control. (Fig. 5C). Also 

similar to endogenous cells, a higher percentage of Thy 1.1+ CD8+ TILs in PD-1 treated 

mice produced IFNγ upon ex vivo restimulation with anti-CD3/CD28 (Fig. 5D). Likewise, 

we found that transferred (Thy1.1 expressing) PD-1+ Tim-3+ CD8+ T cells from TC-1 

tumors underwent a similar conversion to suppressor T cell (Fig. 5E). Thus, checkpoint 

blockade maintains CD8+ T-cell function and enhances antigen-specific T-cell infiltration 

into the tumor microenvironment, both of which enhance antitumor effects.

Ex vivo blockade of checkpoint inhibitors reduces suppressive function of patient CD8+ 

TIL.

We then examined whether the treatment with checkpoint blockade could reduce the 

suppressive function of human tumor-derived CD8+ suppressive T cells ex vivo. PD-1+ 

Tim-3+ CD8+ TILs were sorted and purified from either human SCCHN or melanoma 

tumors, and, without expansion or treatment, were incubated with autologous responder 

PBMC T cells. These cocultures were treated with combinations of anti-human-PD-1 and 

anti-Tim-3 blocking antibodies. As in the mouse model, we found that blockade of these two 

checkpoint inhibitors reduced the suppressive function of the human PD-1+ Tim-3+ CD8+ 

TILs, whereas the IgG control antibodies had no effect (Fig. 6A-B). Similar suppression 

results were observed when responder proliferation was assessed by CFSE dilution and 

BrdU incorporation (Fig. 6C). As part of these studies, we also assessed the expression of 

PD-1 and Tim-3 on the responder T cells from mice and humans used in these studies and 

found very low baseline expression on these cells, suggesting that the initial benefit of in 
vitro blockade would come from blocking the PD-1 and Tim-3 on the suppressor T cells 

(Supplementary Fig. S4). Along with the similar data using mouse TIL, these results 

indicate that checkpoint blockade reduced the suppressive ability of PD-1+ Tim-3+ CD8+ 

TIL. However, the relationship between the beneficial effects of blocking CD8+ TIL 

checkpoint molecules ex vivo to any clinically therapeutic advantage remains to be studied. 

Finally, our data suggest that these PD-1+ Tim-3+ positive CD8+ T cells continue to be 

suppressive without active tumor interaction.

CD8+ TILs express ligands for PD-1 and Tim-3

Since we observed that antibody blockade (ex vivo) of PD-1 and to a lesser extent Tim-3 

could reduce the suppressive function of CD8+ T cells, we wanted to know if the suppressive 

CD8+ T cells were the source of checkpoint ligand expression. Although expression of the 

ligands for PD-1 and Tim-3 (primarily PD-L1 and galectin-9, respectively) are known on 

non-CD8+ T-cell immune populations within the tumor microenviroment, such as CD4+ 

Treg, various macrophage and dendritic cell populations, and the tumor cells themselves 

(staining for TC-1 tumors can be found in Supplementary Fig. S5), the ex vivo suppression 

assays do not contain these cells.(24,30,31) We assessed expression of PD-L1 and galectin-9 

with PD-1 and Tim-3 expression on CD8+ T cells from both spleen and dissociated TC-1 

tumors of C57BL/6 mice (Fig. 7A-C). Tumor-resident CD8+ cells highly expressed PD-L1 

regardless of PD-1 expression, whereas normal spleen CD8+ T cells had low expression of 

PD-L1 even on PD-1+ or Tim-3+ cells Galectin-9 expression positively correlated with both 

PD-1 and Tim-3 expression. The association between galectin-9 and Tim-3 expression was 

Pfannenstiel et al. Page 9

Cancer Immunol Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also observed in the spleen. We then performed similar studies on TILs from dissociated 

human tumor tissue specimens and normal donor PBMCs (Fig. 7D-F). Like tumor-resident 

CD8+ T cells in murine tumors, human CD8+ TILs highly expressed of PD-L1 on both 

PD-1+ and Tim-3+ T cells. However, human CD8+ TILs had a much smaller population that 

expressed galectin-9, though most cells that expressed this ligand were also PD-1+ and 

Tim-3+. PBMCs did not show the correlation between checkpoints and their respective 

ligands seen in TILs. In this the human and murine tumors differ, consistent with the fact 

that anti-Tim-3 treatment was only effective in the murine ex vivo experiments. We did not 

observe significant PD-L2 staining on either mouse or human T cells. Together these data 

indicate that suppressive tumor-resident CD8+ T cells also express the ligands to checkpoint 

markers such as PD-1 and Tim-3, suggesting that signaling through these receptors may be 

initiated by a variety of cell types, including the T cells themselves. Whether autocrine 

signaling through these receptors on the suppressive CD8+ TILs, or paracrine signaling to 

nearby effector CD8+ T cells, plays a key role in their development or function remains 

incompletely understood, however our previous data on blockade of these receptors in ex 
vivo suppression studies suggests that this signaling route may be physiologically relevant.

CD8+ TILs exert suppressive function through a mechanism involving IL10 and cell contact

We sought to determine a mechanism by which CD8+ TILs exert their suppressive effect on 

nearby T cells. To determine whether neutralizing antibodies to common regulatory 

cytokines could reduce or reverse the suppressive effect we observe in ex vivo suppression 

assays, we added blocking antibodies (10ug/ml) against IL6, IL10, and TGFβ to the 

suppression assays using PD-1+ Tim-3+ TILs FACS-sorted from TC-1 tumors (Fig. 8A). Of 

the tested antibodies, we found that only neutralization of IL10 led to a significant 

restoration of the proliferation of responder T cells, as measured by CFSE dilution or BrdU 

incorporation. Similar results were obtained with PD-1+ Tim-3+ TILs sorted from human 

tumors (Fig. 8B ). Intracellular cytokine staining of stimulated PD-1+ Tim-3+ CD8+ T cells 

found production of IL10 by these cells (Supplementary Fig. S6). These data suggest that 

IL10 secretion by CD8+ TILs mediates the suppressive effect of these cells. Previous studies 

on both CD4+ and CD8+ suppressive T-cell populations have found that cell to cell contact is 

important for the suppressive effect.(32,33) Indeed, our previous work with in vitro–derived, 

tumor-induced suppressive T cells found that cell contact was required, as the separation of 

responders and suppressors via transwell inserts prevented the suppression of responder 

proliferation.(12) To this end we conducted suppressive assays using transwell inserts to 

separate sorted PD-1+ Tim-3+ CD8+ T cells from responder T cells seeded in antibody-

coated plates (Fig. 8C). In assays using both mouse and human T cells, we found that 

physical separation prevented suppression. Together these data suggest that the suppression 

mediated by PD-1+ Tim-3+ CD8+ TILs requires both IL10 and cell-contact.

Discussion

CD8+ regulatory cells are part of the immunosuppressive network of the tumor 

microenvironment (34). CD8+ TILs can lose cytotoxic function and become capable of 

suppressing other T cells in ex vivo assays, and greater numbers of CD8+ TILs correlate 

with disease progression and worse prognosis(14,35,36). Work from our lab suggests that 
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soluble, tumor-derived factors induce dysfunction in CD8+ T cells (12,13). Here we 

correlate PD-1 and Tim-3 to CD27/CD28 loss in and suppression of CD8+ T cells in the 

context of cancer. We show that in human and mouse models CD8+ suppressor function is 

abrogated by blocking PD-1 and Tim-3.

Here we combined anti-PD-1 with IL7, a cytokine we previously showed could help T cells 

resist dysfunction (13). As a single agent, IL7 has shown activity in mouse tumor models, 

though in human patients, only a slight overall clinical benefit was observed (37–39). That 

IL7 and anti-PD-1 affect different receptors and have distinct effects argues for their 

combination in the clinic. Indeed, these two therapies synergize in a sepsis model of 

immunosuppression (40).

Our data in adoptive T-cell therapy shows the value of blocking CD8+ suppressor 

development. We show that TCR transgenic CD8+ T-cells that should act as antitumor 

agents indeed become enriched in the tumor but also develop the dysfunctional and 

suppressive features of native TIL. This may explain why treating patients with interventions 

intended to boost T-cell function, such as antigen specific T-cell therapy or vaccines 

designed to expand cytotoxic cells, may not eliminate solid tumors (41,42). In fact, PD-1 

expression or CD27 and CD28 loss have negative effects on transferred T cells (43,44). Our 

findings now suggest that checkpoint-inhibitor blockade could optimize adoptive-cell 

therapy regimens by both maintaining T-cell cytotoxic function and preventing acquisition of 

immunosuppressive characteristics.

We found that PD-1/Tim-3 checkpoint positive CD8+ T cells from both mouse and human 

tumors expressed excess PD-L1. The same T cells also expressed excess galectin-9, though 

not at the same level in human tumors. It is possible that this phenomenon likely varies from 

patient to patient. The fact that blocking Tim-3 was only effective for preventing suppressive 

function in vivo suggests that there is a required threshold of expression of galectin-9. In the 

tumor microenvironment, where galectin-9 expression is abundant, this threshold would be 

reached, rendering anti-Tim-3 therapy more effective (4,24,45). An alternative explanation is 

that there are other less characterized ligands for Tim-3 that may not be expressed by 

CD8+PD-1+Tim-3+ cells such as phosphatidylserine, a known Tim-3 ligand highly 

expressed on tumor cells (46).

Our data with in vitro treatment with anti-PD-1 of mouse and human TILs may explain why 

PD-L1 expression is not always observed on the cancer cells of patients who respond to this 

type of therapy (47). Here the PD-1/PD-L1 interaction responsible for regulating the 

antitumor T-cell response would be mediated by PD-L1+ TIL. Thus the use of PD-L1 

expression by tumor cells as a clinical biomarker to identify patients for anti-PD-1 therapy 

may exclude some patients who would nonetheless respond to anti-PD-1 therapy (48–50).

Using neutralizing antibodies, we found that PD-1+ Tim3+ CD8+ TILs from both mouse and 

human tumor tissues exert their suppressive function via the production of IL10 and require 

cell contact. The cytokine IL10 regulates cytotoxic T-cell responses in cancer(51,52). IL10 

producing CD8+ T cells are negative regulators of T-cell responses, particularly in 

autoimmune, viral infection models and in tumor microenvironments(33,53,54). IL10 also 
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plays a role in immune stimulation, as it is required for helper-T-cell function and in some 

cases with positive antitumor immune responses (53,55). Conversely, PD-1 signaling 

potentiates expression of the IL10 receptor by tumor-associated CD8+ T cells, which 

downregulates their cytotoxic activity (53). Thus, while exogenous super-physiologic 

administration of IL10 may augment immune function, blocking it at the tumor/local level 

could reduce suppression mediated by CD8+ TILs and other regulatory cells. Our 

observation that CD8+ TIL–mediated suppression requires both IL10 and cell contact 

suggests that this effect may be limited to the immediate microenvironment around the 

suppressive cells, perhaps even requiring trans-presentation similar to IL15. In this case, 

suppression occurs either in addition to, or in concert with PD-L1/PD-1 signaling, as shown 

by the lack of baseline PD-1 and Tim-3 on the responder cells used in our suppression 

studies.

In our TC-1 mouse tumor model, we found expression of PD-1 and Tim-3 ligands on tumor 

cells under both in vitro and in vivo growth conditions. These observations suggest that 

signaling through these receptors in the tumor microenvironment involves interaction with 

both immune and tumor cells. In addition to enhanced checkpoint-ligand expression, studies 

from our lab revealed that tumor-derived exosomes drive generation of PD-1+ CD8+ 

suppressor cells (56). Together, these observations suggest that the presence and function of 

CD8+ suppressive TILs is a consequence of a network of signals. The relative contribution 

of each of these components is the subject of ongoing study by our group.

In summary, our data reveal a tumor-induced CD8+ T-cell suppressor population that is a 

target of modern checkpoint-based immunotherapy. The determination that these suppressor 

cells are CD8+ CD27− CD28− multi-checkpoint inhibitor+ not only reconciles data from 

studies of immune effector dysfunction, but also increases our understanding of how 

checkpoint blockade mediates its effects. Our results from patients’ samples were only made 

possible by collaborative efforts to obtain large volume tumors, which yielded enough TILs 

to do functional assays without expanding T cells. The conclusions from this work not only 

provide insight into targets of checkpoint blockade, but also suggest the value of combining 

of this form of immunotherapy with other strategies to optimize clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD8+ dysfunctional T cells in the human tumor microenvironment.
Tumor tissue was dissociated and indicated surface markers were stained. PBMCs were 

isolated from matching patient whole blood. A. Marker expression from eight SCCHN and 

seven melanoma patients. Error bars represent standard deviation. *P < 0.05 for expression 

of each marker (or group) as compared to the PBMC group using a student’s T test. B. 
Representative flow cytometry stains of indicated patient SCCHN or melanoma tumors and 

PBMC. Plots are gated on CD3+ and CD8+ cells. C. Human tumor tissues from A. were 

gated on CD27 & CD28 expression and the PD-1+ Tim-3+ expression of these populations 

are represented (middle) with a representative dot plot (left) of a SCCHN patient used in 
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panel A. CD27− CD28− CD8+ cells from the same patients were assessed for PD-1 and 

Tim-3 (right). Error bars indicate standard deviation. *P < 0.05 for the CD27+/CD28+ group 

vs. the CD27−/CD28− group for each marker. D. CD3+ CD8+ PD-1+ Tim-3+ and CD3+ 

CD8+ CD27− CD28− cells were sorted from SCCHN tissue. Dot plots demonstrate gating to 

exclude tumor cells. Plots of ungated purified cells can be found in Supplementary Fig. S1A. 

Purified cells were then used in an in vitro suppression assays with autologous T cells. 

Proliferation was determined by 3H-thymidine incorporation. Ratios indicate the number of 

suppressors to responders. Resp. = responders alone. Controls are using equivalent numbers 

of responder cells alone. E. CD3+ CD8+ PD-1+ Tim-3+ cells were sorted from SCCHN 

tumor tissue and used in ex vivo suppression assays. Ungated plots of sorted cells can be 

found in Supplementary Fig. S1B. Indicated data are representative of at least three 

independent experiments. Error bars represent SD of replicate wells for each condition. *P 
<0.05 for the responders as compared to each experimental group using a student’s t test.
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Figure 2. Development of an animal model of CD8+ TIL suppression in SCCHN.
A. CD8+ T cells purified from normal human donor PBMCs or from mouse splenocytes 

were incubated with equal numbers of TU167 (a human cell line) or TC-1 (a mouse cell 

line) for six hours. Cells were separated by transwell inserts. T cells were then washed and 

cultured for five days followed by staining for CD8, CD28, and PD-1 (for human cells) or 

CD8, Tim3, and PD-1 expression (for mouse cells). B. CD8+ T cells were purified from 

mouse splenocytes and incubated with TC-1 tumor either directly or separated by a transwell 

insert for six hours. Cells were then separated and cultured for five days followed by use in 

in vitro suppression assays. Cells were stimulated with either anti-CD3/CD28 (top) or 
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allogeneic splenocytes (bottom). Proliferation was assessed by 3H-thymidine incorporation. 

C. TC-1 tumors isolated from C57BL/6 mice were dissociated and stained for expression of 

CD3, CD8, and the indicated markers. Dot plots are gate on CD3+ CD8+ cells. Bar graphs 

represent at least 10 separate tumor samples. Error bars represent SD. D. CD3+ CD8+ cells 

were purified from dissociated TC-1 tumors using magnetic bead positive selection followed 

by use as suppressor cells in in vitro suppression assays. Ungated plots of sorted cells can be 

found in Supplementary Fig. S1C. Cells were incubated for 72h. E. In similar studys, 

responders were labeled with CFSE. Bar graph indicates percent suppression and 

incorporates three independent experiments. Histograms are representative. F. CD3+ CD8+ 

TILs from dissociated TC-1 tumors were sorted by PD-1 and Tim-3 expression into three 

groups as indicated. Plots of sorted cells can be found in Supplementary Fig. S1D. Purified 

cells were then used in in vitro suppression assays and proliferation was used to calculate 

percent suppression. G. Responders from F. were also labeled with CFSE and BrdU. Error 

bars represent standard deviation of replicate wells. Data is representative of at least three 

independent experiments. **P <0.01 for indicated population as compared to responders 

alone using a student’s t test.
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Figure 3. Blockade of checkpoint inhibitor proteins in vivo inhibits the suppressive function of 
CD8+ TILs and enhances antitumor immunity.
A. PD-1+ Tim-3+ CD8+ T cells were sorted from dissociated TC-1 tumors and used in ex 
vivo suppression assays. Antibodies against PD-1, Tim-3, or both were added to the 

cocultures. Proliferation was assessed via CFSE dilution or BrdU incorporation. CFSE 

dilution was used to determine percent suppression. B. TC-1 tumor cells were implanted s.c. 

into mice (n=10 per group). Five days later treatment groups received 100μg of the indicated 

antibodies i.p. Injections were repeated every three days thereafter. *P <0.05 for the 

combination group vs. others at the indicated time points using ANOVA analysis. C. At the 
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conclusion of the study, expression of PD-1 and Tim-3 on CD8+ TILs was assessed by flow 

cytometry (n = 10 tumors per group). For comparison, splenocytes from non-tumor-bearing 

mice were stained with a similar panel. D. CD8+ TILs were purified from tumor digests 

using magnetic beads and stimulated in vitro as indicated for 12 hours (N = 10 per group, 

representative of three independent studies). Cells were then stained for interferon-γ 
expression. E. CD8+ PD-1+ Tim-3+ TILs were sorted from tumors as and used in in vitro 
suppression assays. Data are reported as the percent suppression as compared to responders 

alone. Error bars indicate standard deviation. *P <0.05 for the indicated treatment groups vs 

IgG control using a Student t test.

Pfannenstiel et al. Page 22

Cancer Immunol Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Treatment with IL7 synergizes with anti-PD-1 blockade to enhance antitumor immune 
responses.
A. Tumor tissue from two HNSCC and one melanoma patient were stained for expression of 

CD127, PD-1, and Tim-3 on CD3+ CD8+ T cells. Graphs indicate the percentage of CD127 

on tumor-resident T cells in twelve HNSCC and melanoma patients or normal donor PBMC. 

B. Expression of CD127 on CD8+ TILs from TC-1 tumors. Graphs indicate the percentage 

of PD-1, Tim-3, and CD127+ cells in six tumors. C. Expression of CD127 was assessed on 

CD8+ TILs from tumors treated with the indicated antibodies or combinations as used in 

Fig. 3. Similar staining of splenocyte CD8+ T cells is included as a comparison. D. TC-1 
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tumor cells were implanted s.c. into mice (n=10 per group). Five days later, treatment groups 

received 100μg of anti-PD-1 i.p. Injections were repeated every three days thereafter. IL7 

treated mice received 10μg rhIL7 i.p. every 24 hours for seven days. *P <0.05 for the 

combination group vs. others at the indicated time points. E. At the conclusion of the study, 

PD-1 and Tim-3 expression on CD8+ T cells was determined (n = 8 mice per group). F. 
CD8+ TILs were purified from tumor digests using magnetic beads and stimulated in vitro 
for 12 hours followed by staining for IFNγ expression (N = 8 mice per group, representative 

of three independent experiments). “NT” indicates the no-treatment control group. G. CD3+ 

CD8+ PD-1+ Tim-3+ TILs were sorted and used in in vitro suppression assays. Data are 

reported as percent suppression as compared to responders alone. Error bars indicate 

standard deviation. *P <0.05 for the IgG treated group vs. other treatments using a student’s 

t test.
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Figure 5. Checkpoint inhibitor blockade enhances antitumor treatment by CD8+ adoptive T-cell 
transfer.
A. TC-1 tumors were implanted into mice on day 0 followed by adoptive transfer of purified 

E7 TCRβ T cells and 100µg of anti-PD-1 or control antibodies i.p. on day 5 (n=10 per 

group). Antibody treatment was repeated every three days. Tumor growth (n = 8 per group) 

was measured at the indicated time points. *P < 0.05 for the combination treatment vs other 

groups using ANOVA at the indicated time points. B. At the conclusion of the study, the 

percentage of adoptively transferred cells in the total TIL population was determined. Error 

bars indicate standard deviation. C. Concurrently, TILs were stained for PD-1 and Tim-3 

expression. Similar staining of splenocyte CD8+ T cells from a non-tumor-bearing mouse is 

also displayed for comparison. D. CD8+ TILs were then restimulated in vitro and interferon-

γ production was assessed. Error bars indicate standard deviation, *P < 0.05 for the anti-

PD-1 treated group vs control. E. PD-1+ Tim-3+ CD8+ Thy1.1+ TILs pooled from 8 mice 

were used in ex vivo suppression assays using CFSE dilution and BrdU incorporation as a 

readout of proliferation. Histograms are representative of three experiments.
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Figure 6. Checkpoint inhibitor blockade ex vivo reduces the suppressive function of CD8+ TIL.
A. Melanoma and SCCHN tumors from human patients were dissociated and CD3+ CD8+ 

PD-1+ Tim-3+ TILs were purified by sorting and then used in in vitro suppression assays 

with autologous PBMC T cells. Antibodies against the indicated checkpoint inhibitor 

proteins were added during the co-incubation. *P <0.05 for the indicated groups vs. the no-

treatment group from the same patient using a student’s t test. B. Percent suppression of 

each treatment group as compared to responders alone and is cumulative of all samples in A. 

Error bars indicate the standard deviation of replicate wells. C. CD3+ CD8+ PD-1+ Tim-3+ 

TILs from a human melanoma patient were purified by sorting and used in vitro suppression 
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assays with purified T cells from PBMC’s from the same patient as described in A using 

CFSE dilution or BrdU incorporation. Histograms are representative of three replicates.
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Figure 7. PD-1 and Tim-3 ligand expression in the mouse and human tumor microenvironment.
Mouse tissue from (A) spleen and (B) eight TC-1 tumors was stained for the indicated 

markers. (C) Cumulative percentages of PD-L1+ and Gal-9+ cells . Error bars represent 

standard deviation. Human (D) PBMCs from three normal donors or from (E) five human 

melanoma specimans were similarly stained. E, Cumulative percent-positive cells for PD-L1 

and Gal-9. Error bars represent standard deviation.
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Figure 8. Mechanism of suppression by CD8+ TIL.
A,Mouse CD8+ PD-1+ Tim-3+ TILs were FACS-sorted from dissociated TC-1 tumors and 

used in in vitro suppression assays with the indicated blocking antibodies. Responder cells 

were labeled with CFSE. At the conclusion of the experiment, cells were analyzed by flow 

cytometry. Plots are representative of at least three replicates per sample. Data from all 

replicates were used to calculate percent suppression. B, Similar studies were conducted 

using PD-1+ Tim-3+ CD8+ T cells FACS-sorted from human patient specimens (n = 4) with 

autologous T cells as responders. Error bars represent standard deviation between the 

replicate samples. *P < 0.05 for the anti-IL10 –treated group as compared to the TIL alone 

group. C, PD-1+ Tim-3+ CD8+ T cells were sorted from TC-1 tumors or human melanoma 

tumors and used in in vitro suppression assays with autologous responder T cells. 
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Suppressors were physically separated from responder cells via transwell inserts. 

Responders were seeded onto the anti-CD3/CD28 coated lower plate. Proliferation was 

assessed by CFSE dilution. Plots are representative of three independent experiments which 

were used to cumulatively display percent division of each group in the bar graph. Error bars 

indicate standard deviation.
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