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Abstract

Purpose—Regulatory T (Treg) cells are important suppressive cells among tumor infiltrating 

lymphocytes (TIL). Treg express the well-known immune checkpoint receptor PD-1, which is 

reported to mark “exhausted” Treg with lower suppressive function. T cell immunoglobulin mucin 

(Tim)-3, a negative regulator of Th1 immunity, is expressed by a sizeable fraction of TIL Tregs, 

but the functional status of Tim-3+ Tregs remains unclear.

Experimental design—CD4+CTLA-4+CD25high Treg were sorted from freshly excised head 

and neck squamous cell carcinoma (HNSCC) TIL based on Tim-3 expression. Functional and 

phenotypic features of these Tim-3+ and Tim-3− TIL Tregs were tested by in vitro suppression 

assays and multi-color flow cytometry. Gene expression profiling and NanoString analysis of 

Tim-3+ TIL Treg were performed. A murine HNSCC tumor model was used to test the effect of 

anti-PD-1 immunotherapy on Tim-3+ Treg.

Results—Despite high PD-1 expression, Tim-3+ TIL Treg displayed a greater capacity to inhibit 

naïve T cell proliferation than Tim-3− Treg. Tim-3+ Treg from human HNSCC TIL also displayed 

an effector-like phenotype, with more robust expression of CTLA-4, PD-1, CD39 and IFN-γ 
receptor. Exogenous IFN-γ treatment could partially reverse the suppressive function of Tim-3+ 

TIL Treg. Anti-PD-1 immunotherapy downregulated Tim-3 expression on Tregs isolated from 

murine HNSCC tumors, and this treatment reversed the suppressive function of HNSCC TIL 

Tregs.
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Conclusion—Tim-3+ Treg are functionally and phenotypically distinct in HNSCC TIL, and are 

highly effective at inhibiting T cell proliferation despite high PD-1 expression. IFN-γ induced by 

anti-PD-1 immunotherapy may be beneficial by reversing Tim-3+ Treg suppression.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth leading cause of cancer by 

incidence worldwide and is one of the most morbid and genetically diverse malignancies (1). 

Despite improvements in treatment, survival rates remain low. Co-inhibitory immune 

checkpoint receptors, such as CTLA-4 and PD-1, have a critical role in the regulation of T 

cell responses and have proven to be effective targets in the setting of cancer therapy (2, 3). 

However, the objective response to anti-PD-1 monotherapy is still only 15–20% (4) and 

some tumor types remain largely refractory to these therapies. In order to broaden 

therapeutic methods, intense investigation has focused on targeting of other co-inhibitory 

receptors, particularly those that are uniquely expressed in the tumor microenvironment.

T cell immunoglobulin and mucin domain (Tim-3) is often recognized as a checkpoint 

receptor due to its apparent inhibitory function on T cells and its association with activation-

induced T cell exhaustion in tumors and chronic viral infection (5, 6). Initial examination of 

Tim-3 function suggested that Tim-3 is a negative regulator of type I immunity. Blockade of 

Tim-3 can increase IFN-γ secretion and the susceptibility of mice to develop multiple 

autoimmune diseases in which IFN-γ secreting cells play an important role and exacerbate 

the disease severity (5, 7–9). These data suggest that Tim-3 might function as an inhibitory 

molecule counteracting IFN-γ driven inflammation (10).

In addition to its expression on T cells, Tim-3 has also been identified on regulatory T cells 

(Treg) and on innate immune cells (DCs, NK cells, monocytes) (11–13), but its function on 

these cells is less clear. In addition to its role in regulating effector CD8+ T cell responses, 

Tim-3 might also have a role in regulating the function of Foxp3+ Treg cells (14–16). In 

human tumors, 25–50% of TIL Tregs express Tim-3 (13, 17) and Treg can be destabilized or 

differentiated in the tumor microenvironment (18, 19). However, the functional impact of a 

suppressive checkpoint receptor on Treg is controversial. Treg specialize in regulating 

immune responses to pathogens and in maintaining self-tolerance (20), however, they also 

restrain critical tumor-specific T cell responses. The frequency of Treg is increased at tumor 

sites and among the peripheral blood lymphocytes (PBMC) of patients with cancer (21, 22), 

including those with HNSCC (13), suggesting that Tregs suppress immune responses within 

the tumor environment (23–25). Several recent studies have led to the current concept that 

Foxp3+ Treg cells are heterogeneous, and contain multiple, functionally diverse populations 

with distinct phenotypes and specialized functions (26, 27). However, little is known about 

the mechanism of these specific suppressor functions or the checkpoint receptors that can 

identify Treg subsets.
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Highly suppressive TIGIT+ Treg cells also express higher levels of Tim-3 than TIGIT− Treg 

cells (26) and Tim-3 and TIGIT cooperate to suppress antitumor responses (28). A recent 

report found that PD-1 marks dysfunctional Treg in malignant gliomas, and PD-1hi Tregs 

also upregulated Tim-3 expression (29). We investigated the function and phenotype of 

human Tim-3+ and Tim-3− TIL Treg cells freshly isolated from HNSCC patients, using a 

combination of ex vivo functional assays, phenotypic and gene expression profiling, and an 

in vivo HNSCC model. Tim-3+ TIL Treg displayed a greater capacity for inhibiting T cell 

proliferation than Tim-3− Treg. These Tim-3+ Treg also exhibited characteristics of highly 

suppressive Treg cell profile, including granzyme B and effector chemokines. In addition, 

suppression mediated by Tim-3+ Treg was partially reversed by exogenous IFN-γ treatment. 

Tim-3 expression on Treg was nearly abolished after PD-1 blockade in TIL from a murine 

HNSCC tumor, and anti-PD-1 Ab could reverse the suppressive function of HNSCC TIL 

Tregs, indicating the importance of overcoming this pathway to destabilize Treg activity in 

the tumor microenvironment.

Patients and Methods

Patients and specimens

Human tissue and peripheral blood were collected from patients in the Department of 

Otolaryngology at the University of Pittsburgh Medical Center (Pittsburgh, PA). All subjects 

gave written informed consent approved by the Institutional Review Board of the University 

of Pittsburgh (IRB #99-069) and followed the Declaration of Helsinki guidelines. The 

clinical characteristics of the patients are shown in Table 1.

Collection and processing of PBMC and TILs

Blood samples from patients with HNSCC and healthy donors were drawn into heparinized 

tubes and centrifuged on Ficoll-Paque™ PLUS gradients (GE Healthcare Bioscience). For 

extraction of TIL, freshly resected tumor specimens were manually minced into small 

pieces, then transferred to 70 µm cell strainers (Corning) and mechanically separated using 

the plunger of a 5 mL syringe. Tumor homogenates were passed through another 70 µm cell 

strainer prior to separation on Ficoll-Paque™ PLUS gradients. After centrifugation, 

mononuclear cells were recovered and restored at −80 °C until flow cytometry analysis or 

immediately used for experiments.

Antibodies and cytokine treatment

The following anti-human antibodies were used for staining: CD3-FITC, CD3- Alexa Fluor 

700, CD8a-Alexa Fluor700, CD4-Percp-Cy5.5, CD4-Alexa Fluor 700, CD25-PE, CD25-PE-

Cy7, Foxp3-FITC, Foxp3- Percp-Cy5.5, Foxp3-BV421, CD127-APC, CD39-APC, LAP-PE, 

IL-10-PE, TIM-3-PE, TIM-3-BV421, IFN-γ receptor-PE, IFN-γ- APC, Granzyme B-PE-

dazzle E, PD-1-APC, PD-1- PE-Cy7, PD-1- Percp-Cy5.5, CTLA-4-PE, CTLA-4-FITC, 

ki67-Alexa Fluor 488 and their respective isotype controls were purchased from Biolegend. 

Recombinant human IFN-γ (R&D Systems) was used at 200 ng/ml. Anti-PD-1 Ab 

(Nivolumab from Bristol-Myers Squibb), anti-Tim-3 (clone 2E2 from Biolegend) and 

isotype were used at 10µg/ml.
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Flow cytometry analysis

Single cell suspensions from peripheral blood and tumor tissue were surface labeled using 

Abs mentioned above for 15 mins at room temperature (RT). For intracellular cytokine 

production of IFN- γ, IL-10 and Granzyme B, TILs were stimulated in vitro with anti-CD3/

CD28 beads and protein transport inhibitor (BD GolgiPlug™) for 6h. Intracellular staining 

for Foxp3, IL-10, granzyme B, ki67 and IFN- γ was performed as follows. After PBMC or 

TIL were stained with mAb for surface markers, they were fixed and permeabilized 30 mins 

(eBioscience, San Diego, USA). After washing, cells were subjected to intracellular staining 

for 30 mins at RT. Cell viability was determined by Zombie Aqua staining (Biolegend, San 

Diego, USA) or Fixable Viability Dye eFluor 780 (eBioscience, San Diego, USA). Samples 

were analyzed using an LSR Fortessa cytometer (BD Biosciences), and FlowJo version 10 

software.

Cell sorting and Treg suppression assays

Tim-3+ or Tim-3− Tregs (defined by CD4+CD25highCD127−) were sorted from fresh 

isolated tumor-infiltrating lymphocytes (TIL). CD4+CD25highCD127− T cells showed >97% 

purity measured by Foxp3 staining after isolation (not shown). Naïve CD8 T cells were 

isolated from matched HNSCC or healthy donor PBMC using human naïve CD8 T cell 

isolating kit (STEMCELL Technologies, Vancouver, BC, Canada) and then were stained 

with CellTrace Violet (5µM, Life Technologies, CA, USA). APC was sorted by FSC vs. SSC 

in bulk. To assess the functional potential of Tim-3+ and Tim-3− Tregs, both were cultured 

alongside peripheral blood Naïve CD8 T cells at ratios ranging from 1:1 to 1:16 with 2,000 

responder T cells in the round-bottom 96-well plates. To induce proliferation, responder T 

cells were stimulated with soluble OKT3 (anti-human CD3, 1µg/ml, Biolegend) antibody in 

the presence of autologous APC for 4 days. All CellTrace Violet data were collected by a 

Fortessa cytometry (Becton Dickinson) and analyzed using the Flowjo software (TreeStar, 

Inc.). For the IFN-γ treated experiment, Tim-3+ Tregs or Tim-3− Tregs were pretreated with 

IFN-γ (200ng/ml) or not for 48 hours with IL-2 (200 U/ml, R&D System). Treg suppressive 

capacity decline was defined by (Tim-3+ Treg suppression - IFN-γ treated Tim-3+Treg 

suppression)/Tim-3+ Treg suppression *100%. For the anti-PD-1 and anti-Tim-3 treated 

experiment, total Tregs were pretreated with nivolumab (10µg/ml) or anti-Tim-3 (clone 2E2 

10µg/ml) or isotype (10µg/ml) for 48 hours with IL-2 (200 U/ml, R&D System) under TCR 

stimulation. Following incubation, Tregs were washed, counted, and plated in a suppression 

assay in T cell medium with freshly sorted naïve CD8 T cells stained with Celltrace Violet. 

Celltrace Violet was measured via flow cytometry after 4 days.

Gene expression profiling by Affymetrix and NanoString analysis

Total RNA were extracted from three sets of Tim-3+ and Tim-3− Treg. Total RNA from one 

set were amplified using Nugen Pico WTA System V2 kit to generate adequate amounts of 

cDNA for downstream Affymetrix genechip analysis using Human Transcriptome Array 2.0 

by Genomics and Proteomics Core Laboratories of University of Pittsburgh. The 

differentially expressed genes and fold of changes were obtained using Affymetrix 

Transcriptome Analysis Console software. Total RNA from all three sets were subjected to 

pre-amplification steps to generate sufficient amounts of cDNA for downstream nanostring 
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analysis using nCounter® Human Immunology v2 Gene Expression CodeSet profiling 594 

immunology-related human genes and 15 internal reference genes by Genomics and 

Proteomics Core Laboratories of University of Pittsburgh. Differential expression levels was 

determined by Student’s t-test.

Murine ex vivo tumor studies

All murine experiments were approved and conducted according to the guidelines set forth 

by the Institutional Animal Care and Use Committee (IACUC) at the University of 

Pittsburgh. 6 to 8-week-old female C57BL/6 mice (Jackson Laboratory, Bar Harbor, Maine) 

were inoculated with 1×106 murine tonsil epithelium E6/E7/H-ras transformed (MEER) 

cells (30), kindly provided by Dr John Lee (Sanford Institute, Sioux Falls, SD). Anti-PD-1 

(clone 4H2) and isotype control (IgG1) antibodies were purchased from Bristol Myers-

Squibb. Anti-PD-1 or isotype mAb was given at 3mg/kg every 2 days for 5 doses (day 12, 

day 14, day 16, day 18 and day 20). For in vivo IFN-γ neutralization experiments, 200 µg 

anti-IFN-γ (BioXCell, clone XMG1.2) or isotype control (rat IgG1) was administered 1 day 

before initiation of therapy and every 3 days thereafter. TILs were isolated when tumor size 

was larger than 20mm in its greatest dimension. The following anti-mouse antibodies were 

used for staining: CD4-APC-Cy7, CD25-Alexa Fluor 700, Foxp3-FITC, Tim-3-PE, Nrp1-PE 

and Zombie Aqua. Flow cytometry analysis is the same as human sample method.

Statistics

Statistical analysis was carried out using GraphPad Prism 7.0 (GraphPad Inc.). A two-way 

or one-way ANOVA, A two-tailed paired t-test or non-paired t-test was used to calculate 

whether observed differences were statistically significant, defined as p≤0.05*, p≤ 0.01**, 

p≤ 0.001***, p≤ 0.0001****.

Results

Tim-3 expression on Treg cells defines a functionally suppressive Treg cell subset

Functional properties of Tim-3+ TIL Treg were compared with Tim-3− TIL Treg, in terms of 

their ability to inhibit effector T cell proliferation after anti-CD3 stimulation using an in 

vitro suppression assay. Indeed, greater suppression by Tim-3+ Treg cells extracted from 

HNSCC patient tumors (n = 5) was observed compared to Tim-3− TIL Treg cells (p<0.05 at 

Treg/Teff cell ratio of 1:2 and 1:8, p<0.01 at Treg/Teff cell ratio of 1:1 and 1:4) (Figure 1A, 

B), indicating that Tim-3+ Treg cells are more suppressive. Previous work showed an 

increased frequency of CD4+CD25hi Foxp3+ Treg cells and immune checkpoint receptors on 

these Treg at tumor sites from HNSCC patients (13). In order to clarify functional 

differences based on Tim-3 expression, we then compared the expression of Tim-3 on 

CD4+CD25hiFoxp3+T cells from paired PBMC and TIL of HNSCC patients. As shown in 

Figure 1C, the proportion of Tim-3+ cells was significantly higher in CD4+CD25hi Foxp3+ 

cells in TIL compared with those in PBMC (p<0.01). We also found that Tim-3 was highly 

expressed on CD4+CD25hi Foxp3+ Tregs compared with CD4+CD25−Foxp3− effector T 

cells from HNSCC TILs (Figure 1D; p<0.01).

Liu et al. Page 5

Clin Cancer Res. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tim-3+ Treg cells express markers of reflecting a suppressive phenotype

Effector and regulatory T cell function is shaped by the tumor microenvironment as well as 

engagement of co-signaling receptors or ligands. We therefore used flow cytometry to 

characterize the expression of membrane receptors associated with Treg activity in both the 

Tim-3+ and Tim-3− Treg fractions. A distinct pattern of phenotypic markers in Tim-3+ Treg 

cells was identified, including higher levels of the co-inhibitory molecules CTLA-4 and 

CD39 (Figure 2A, 2B). Tim-3+ Treg cells also expressed higher amounts of Foxp3 and 

CD25 (Figure 2A, 2B). Tim-3+ Treg cells therefore displayed features of an activated, more 

suppressive Treg cell subset. Expression of Tim-3 and PD-1 have been used to stratify 

populations of CD8+ TILs that exhibit different functional phenotypes (31). PD-1hi marks 

dysfunctional Treg in malignant gliomas, and PD-1hi Tregs also have upregulated Tim-3 

genes (29). Thus, we compared PD-1 expression on Tim-3− or Tim-3+ Treg cells (Figure 

2C). Over 70% of TIL Tim-3+ Treg cells expressed PD-1, compared with only 40% of 

Tim-3− Treg cells in the HNSCC microenvironment (Figure 2D). Surprisingly PD-1 

intensity (MFI) was also higher on Tim-3+ Treg cells (Figure 2E), conflicting with prior 

suggestion that PD-1hi Tregs are exhausted and less suppressive (29).

Tim-3+ Treg cells express effector cytokines and chemokines genes

Chemokines play an important role in evading tumor immunity by recruiting CD4+ Treg 

cells into the tumor environment. To test the expression of relevant chemokines and 

cytokines that have been associated with Treg suppressive function, CTLA-4+CD25high Treg 

cells were sorted from HNSCC patients into Tim-3+ and Tim-3− subsets. Samples from 

different HNSCC patients (n=4) were pooled for RNA extraction and gene expression 

profiling and NanoString analysis. Tim-3+CTLA-4+CD25hi Treg cells expressed higher type 

I cytokines and chemokine genes than Tim-3−CTLA-4+CD25hi Treg cells (Figure 3). Our 

NanoString analysis also showed the same results as gene expression profiling (data not 

shown). Based on this data, we measured IL-10, granzyme B and IFN-γ secretion. TILs 

were stimulated in vitro with anti-CD3/CD28 coated beads in the presence of protein 

transport inhibitor (BD GolgiPlug™) for 6h. No significant difference was detected in IL-10, 

IFN-γ, LAP and Ki67 expression by flow cytometry between Tim-3+ and Tim-3− HNSCC 

patient-derived Treg. While Tim-3+ Treg have been shown to contain a higher frequency of 

IL-10-producing cells than Tim-3− Treg (16), we observed no significant difference in the 

frequency of these cells, although there was a trend towards an increase in the Tim-3+ Treg 

fraction (Supplemental Figure 1A). However, we did detect significantly more granzyme B 

expression by Tim-3+ Tregs (Supplemental Figure 1B).

Tim-3+ Treg suppressive activity is partially reversed by exogenous IFN-γ treatment

Previous reports suggested that IFN-γ could reverse the suppressive function of Treg (32), 

and we found a higher level of IFN-γ receptor expression on Tim-3+ Treg cells (Figure 4A). 

Thus, sorted Tregs were treated with IFN-γ (200ng/ml) for 48 hours, then tested 

functionally in a Treg suppression assay against labeled CD8+ T cells stimulated using anti-

CD3 antibody. Proliferation using Celltrace Violet dye dilution was measured via flow 

cytometry after 4 days. Tim-3+ Tregs pretreated with IFN-γ partially lost their in vitro 

suppressor function (47.47% decline in suppressive capacity, p<0.05, n=3) at a Treg/Teff cell 
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ratio of 1:4 (Figure 4B and C), however, no change in expression of Tim-3 on Treg was 

observed (data not shown). We also found similar results at a Treg/Teff cell ratio of 1:2 (data 

not shown). We excluded that a decrease in viability, proliferation (decreased ki-67 

expression), or Foxp3 expression occurred after Treg were treated with IFN-γ for 48 hours 

(Supplemental Figure 2), as alternate explanations for our findings. In addition, anti-PD-1 

Ab (Figure 4D), but not anti-Tim-3 (Figure 4E), overcame the suppressive function of 

HNSCC TIL Tregs. Indeed, total Tregs treated with anti-PD-1 48 hours partially lost their in 

vitro suppressive function (48.9 % decline in suppressive capacity, p<0.05, n=3). In an effort 

this further, total TIL was treated with anti-PD-1 for 48 hrs in a mixed-lymphocyte reaction 

with APCs. We found an increase in IFN-γ production by CD8+ T cells, and corresponding 

increase in Tim-3 expression on the surface of Treg (Figure 4F, p<0.05, n=3).

Tim-3 is downregulated after PD-1 blockade ex vivo in mouse TIL

Next, we investigated the change in Tim-3 expression after PD-1 blockade in a murine HPV

+ HNSCC model (33). Total TIL we extracted from the murine tumors, after treatment with 

anti-PD-1 (3mg/kg) or isotype Ab every other day (q.o.d) from days 12–20. Murine Tim-3 

expression was evaluated by flow cytometry ex vivo. Strikingly, Tim-3 expression was 

decreased by approximately 90% in CD4+CD25hiFoxp3+ Treg (p<0.01) extracted from 

responding tumors after anti-PD-1 mAb immunotherapy (Figure 5A). Anti-PD-1 has been 

shown to stimulate CD8+ T cells to secrete more IFN-γ (34). Thus, we treated murine TIL 

Treg for 3 days ex vivo with IFN-γ and noted a decrease in Tim-3 expression following 

culture (Figure 5B). In an effort to investigate the role of IFN-γ further, we administered 

IFN-γ capture antibody to mice in combination with anti-PD-1 (Figure 5C). When mice 

were treated with anti-PD-1 or IFN- γ Ab alone, there was an expected decrease in Tim-3 

expression on TIL Treg (p<0.05), however when mice were also given IFN-γ capture 

antibody, there was a slight change in Tim-3 expression compared to wild-type mice that 

was not statistically significant. It has recently been shown that the expression of 

neuropilin-1 (Nrp-1) is required to maintain the stability of intratumoral Treg (19). 

Administration of anti-PD-1 monotherapy decreased the expression of Nrp-1 on the surface 

of TIL Treg, however, the co-administration of IFN-γ capture antibody seemed to rescue 

this loss of Nrp-1 expression (Figure 5C, p<0.001).

Discussion

Although Tim-3 has been shown to play an important role in effector T cell exhaustion, its 

role in Treg function is not as clear (6, 35). Several recent reports indicate that Treg cells in 

TIL are heterogeneous, and are composed of functionally diverse populations with different 

phenotypes and functions. In this study, we identified Tim-3+ as a marker of Treg cells that 

are highly effective at inhibiting T cell proliferation. These Tim-3+ TIL Treg were more 

suppressive despite higher PD-1 expression, conflicting with other data suggesting that 

PD-1hi Treg are exhausted and less suppressive (29). We did not observe significant 

differences in IL-10 or membrane bound TGF-β (LAP) expression in Tim-3+ Treg subsets. 

However, granzyme B expression was notably enriched on Tim-3+ TIL Treg, consistent with 

a more effector phenotype. Furthermore, gene expression profiling and NanoString analysis 

both support that Tim-3+ Treg cells express more effector cytokines and chemokines. 
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Exogenous IFN-γ could partially reverse the suppressive activity of Tim-3+ Tregs. Notably, 

Tim-3 expression on Tregs was downregulated after anti-PD-1 Ab immunotherapy in a 

murine HNSCC model, and anti-PD-1 Ab could reverse the suppressive function of HNSCC 

TIL Tregs. In vtiro, we observed that IFN-γ was greeater in CD8+ T cells after treatment 

with anti-PD-1, and this correlated to an increase in Tim-3 expression on the surface of Treg.

In an effort to investigate the relationship between IFN-γ production and expression of 

Tim-3 in vivo, we employed the use of an IFN-γ capture antibody in combination with anti-

PD-1. We observed a decrease in vivo of Tim-3 expression on TIL Treg after the 

asminitration of anti-PD-1, a result that was reversersed with the co-administration of anti-

IFN- γ (Figure 5C). Furthermore, we observed a significant decrease in Nrp-1 when mice 

were treated with anti-PD-1 alone, suggesting that anti-PD-1 monotherapy increases the 

fragiligt of TIL Treg. This effect was also partially reversed by the co-administration of IFN-

γ capture antibody.

While it remains clear that Treg fragility is required for response to PD-1 blockade and it has 

been reported that IFN-γ drives Treg fragility to promote anti-tumor immunity through 

regulation of the expression of Nrp-1 (19), it remains unclear the source of IFN-γ in vivo 
that regulates expression. We have presented in vitro evidence that the source of IFN-γ may 

come from CD8+ T cells following anti-PD-1 monotherapy (36), although a deeper analysis 

into this complex issue is ongoing. It is possible that Nrp-1 marks Treg that can be 

destabilized, whereas Tim-3 expression is unassociated with this phenotype. Ultimately, 

genetically engineered mice with selective deletion of Nrp-1, Tim-3 or IFN-γ, currently 

being generated, will be useful to definitively characterize the differential roles of Tim-3 vs 

Nrp-1 in TIL Treg.

Tim-3 was first identified as a cell surface molecule selectively expressed on IFN-γ-

producing Th1 and Tc1 cells (7). Here, Tim-3 was shown to play an important role in the 

induction of autoimmune diseases by regulating macrophage activation and function and 

Tim-3 blockade enhanced the clinical and pathological severity of Th1-dependent 

autoimmune disease and increases the number of activated macrophages in mice. 

Furthermore, transgenic overexpression of Tim-3 on T cells resulted in an increased in 

granulocytic MDSC and inhibition of immune responses (37). In accordance with prior 

studies, we could only detect appreciable Tim-3 expression in HNSCC TIL Treg, with little 

expression on circulating Treg (14, 17). This localized expression within tumors makes it an 

attractive therapeutic target, directly or indirectly. Similarly, CD4+CD25hiFoxp3+ Tregs 

express more Tim-3 than CD4+CD25−Foxp3− T cells in HNSCC TIL. Taken together, Tim-3 

is highly expressed in TIL Tregs, which appear to play an important role in antitumor 

immune responses. Interestingly, the suppressive effects of Tim-3+ TIL Treg appeared to be 

reversible during anti-PD-1 based immunotherapy in a murine model, and the suppressive 

function of HNSCC TIL Treg could also be reversed by anti-PD-1 Ab.

Increased suppression by Tim-3+ Treg cells compared to Tim-3− Treg cells indicates that 

Tim-3+ Treg cells from HNSCC patients are more potent in the microenvironment. Previous 

studies reported that PD-1+Tim-3+ CD8+ T cells are dysfunctional in melanoma patients 

(38). PD-1hi TIL Treg are dysfunctional also, losing their suppressive function in malignant 
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gliomas as compared to PD-1low TIL Treg (29). We observed that Tim-3+ TIL Treg express 

greater PD-1 than Tim-3− Treg. Indeed, PD-1+ Treg cells, Tim-3+ Treg have higher PD-1 

MFI than Tim-3− Treg. Since PD-1 is an emerging marker for Treg function, we explored 

other immune receptors that have been shown to be related to Treg suppressive function. 

Tim-3+ TIL Treg express more CD39 and CTLA-4, both of them have been reported to play 

an important role in Treg suppressive function (39–41). Besides those cell surface markers, 

Tim-3+ Treg cells have a higher MFI of Foxp3 and CD25 than Tim-3− Treg. As CD25 and 

Foxp3 are the key markers for CD4+ regulatory T cells. These phenotypic analysis further 

verified the functional assays comparing Tim-3+ and Tim-3− Treg. Although many reports 

have reported that IL-10 and LAP are the most functional factors of Tregs (42, 43), we did 

not identify any differences between Tim-3+ and Tim-3− Treg cells. This is consistent with 

previous research that Treg suppressive function is contact-dependent and soluble factors 

may be insufficient (44, 45). We were however able to detect significantly more granzyme B 

expression by Tim-3+ Treg, which has been defined as a key mechanism through which Treg 

induce cell contact-mediated suppression (46, 47).

Although gene expression profiling and NanoString analysis showed that Tim-3+ Treg 

secrete more IFN-γ than Tim-3− Treg, intracellular flow analysis did not detect a significant 

difference between those two populations. To our surprise, the IFN-γ receptor was more 

highly expressed on Tim-3+ Treg cells. In addition, exogenous IFN-γ treatment partially 

reversed the suppression mediated by Tim-3+ Treg, suggesting that Type I immunity may 

overcome the function of Tim-3+ Treg and destabilize their suppressive phenotype and 

function. The effect of reducing the function of the most suppressive Tim-3+ PD−1high Treg 

may be as important as reducing exhaustion on PD-1+CD8+T cells in the microenvironment.

In a murine HNSCC model, we found that Tim-3 expression nearly disappeared after 5 

doses of anti-PD-1 treatment. This result supports our previous findings using CD8+ T cells, 

suggesting that PD-1 and Tim-3 may exhibit cross-talk in regulating antitumor T cell 

responses (48). IFN-γ is an important Th1 proinflammatory cytokine, and increasing reports 

have shown that IFN-γ plays an important role in Treg suppressive function (32). Signals 

that increase IFN-γ secretion by Tregs appear to impair Treg function, while reducing IFN-

γ can restore suppressive activity in Tregs (49). PD-1hi Treg displayed reduced suppressive 

capacity against CD4+ effector T cells due in part to greater IFN-γ secretion (29). In another 

study, IFN-γ was critically required for the conversion of CD4+CD25− T cells to CD4+ 

Tregs during experimental autoimmune encephalomyelitis (EAE) (50). In this study, IFN-γ 
knockout mice correlated with reduced frequency and function of CD4+CD25+Foxp3+ Tregs 

when compared with those of wild type mice. Whether IFN-γ secretion is derived from Treg 

themselves or from infiltrating, activated CD8+ T cells being actively investigated, as anti-

PD-1 antibody has been shown to stimulate CD8+ T cells to secrete more IFN-γ (34). 

Although our ex vivo research did not find any change in Tim-3 expression on Treg after 3 

days of IFN-γ treatment, anti-PD-1 Ab could reverse the suppressive function of TIL Tregs. 

However, the loss of Tim-3+ Treg in vivo during anti-PD-1 immunotherapy indicates the 

biological and clinical importance of these more suppressive cells in vitro.

We conclude that Tim-3 is a marker of a highly suppressive population of Treg cells, which 

are functionally and phenotypically distinct from Tim-3− Treg cells in HNSCC patients. This 
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gain of suppressive function in Tim-3+ Treg is partially associated with increased IFN-γ 
receptor expression. Exogenous IFN-γ treatment could partially reverse the suppression 

mediated by Tim-3+ Treg. Tim-3 expression on Tregs could be downregulated when treated 

with anti-PD-1 Ab, and anti-PD-1 Ab could reverse the suppressive function of TIL Tregs. 

This effect may provide an additional, novel mechanism for clinical activity of anti-PD-1 

and other immunotherapies which drive IFN-γ expression. Thus, PD-1 blocking Abs may 

significantly reverse Treg suppressive function, which could be an important component of 

their therapeutic benefit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Several recent studies have led to the current concept that Foxp3+ Treg cells are 

heterogeneous, and contain multiple, functionally diverse populations with distinct 

phenotypes and specialized functions. Treg have been shown to become destabilized or 

differentiated in the tumor microenvironment, thus, there is considerable interest in 

identifying pathways that control their function. T cell immunoglobulin mucin domain 

(Tim)-3, a negative regulator of Th1 immunity, has been shown to play an important role 

in effector T cell exhaustion, however, it’s role in Treg function is not as clear. We show 

that Tim-3 is a marker of a highly suppressive population of Treg cells, which are 

functionally and phenotypically distinct from Tim-3− Treg in HNSCC patients. 

Furthermore, IFN-γ induced by anti-PD-1 therapy was shown to partially reverse the 

suppressive effects of Tim-3+ Treg, providing an additional, novel mechanism for the 

clinical activity of anti-PD-1 and other immunotherapies that drive IFN-γ expression.
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Figure 1. Tim-3+ Treg cells exhibit enhanced suppressive function in HNSCC patients
(A) Naïve CD8+ T cells were sorted from HNSCC patient or healthy donor PBMC and 

labeled with Celltrace Violet. Tim-3+ CD4+ CD25hi CD127− and Tim-3− 

CD4+CD25hiCD127− cells were sorted from HNSCC TIL and titrated onto naïve CD8+ T 

cells stimulated with anti-CD3 (OKT3 1µg/ml) and APCs. Celltrace Violet dilution after 

proliferation was measured by flow cytometry after 4 days. Representative suppression assay 

is shown. (B) Line graph depicts a summary of experiments (n=5). (C) Gated 

CD4+CD25hiFoxp3+ Tregs freshly harvested from peripheral blood and tumor biopsies 

(n=10) were stained for Tim-3 expression by flow cytometry. CD4+CD25hiFoxp3+ Tim-3+ 
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Tregs comprised about 40% +/− SEM of total TIL Tregs (n=10). (D) Left: Representative 

flow cytometric data showing Tim-3 expression on CD4+CD25−Foxp3− T cells and 

CD4+CD25hi Foxp3+ Tregs in HNSCC TILs. Right: Summarized frequency +/− SEM of 

Tim-3 expression on CD4+CD25−Foxp3− T cells and CD4+CD25hi Foxp3+ Tregs in 

HNSCC TILs.
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Figure 2. Tim-3+ Treg cells phenotyping measured by flow cytometry
(A) Gated CD4+CD25hiFoxp3+ cells freshly harvested from HNSCC tumor biopsies (n=8) 

were analyzed for Tim-3 expression and Treg suppressive markers by flow cytometry. 

Tim-3+ Treg cells expressed higher amounts of CD39 (p<0.001), Foxp3 (p<0.01), CD25 

(p<0.001) and CTLA-4 (p<0.001). (B) Summary data of CD39, CTLA-4, Foxp3 and CD25 

expression on gated Tim-3+ Treg and Tim-3− Treg cells from HNSCC patients’ tumors 

(n=8). (C) Representative PD-1 and Tim-3 flow cytometric dot plots gated on 

CD4+CD25hiFoxp3+ Treg cells from HNSCC TIL. (D–E) The proportion of PD-1-

expressing Tim-3+ Tregs in comparison with Tim-3− Tregs in HNSCC TIL. Over 70% of 
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Tim-3+ Treg cells from HNSCC co-expressed PD-1, compared with only 40% of Tim-3− 

Treg cells.
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Figure 3. Tim-3+ CTLA-4+CD25high Treg cells from HNSCC TIL secrete more cytokines
Differentially expressed genes between TIM3+ and TIM3− Treg by Gene expression 

profiling. Tim-3+ Treg cells from HNSCC TIL secrete more cytokines.
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Figure 4. The suppressive function mediated by Tim-3+ Treg is significantly reversed by 
exogenous IFN-γ treatment
(A) IFN-γ receptor expression on Tim-3− Tregs and Tim-3+ Tregs cells from HNSCC TIL 

(n=5). Summary data from HNSCC patients (n=5). (B) After sorting Tim-3+ 

CD4+CD25hiCD127− and Tim-3− CD4+CD25hiCD127− cells from HNSCC TIL, they were 

treated with IL-2 (200 IU/ml) with or without IFN- γ (200 ng/ml) for 48 hours. Then Tregs 

were washed, counted, and plated in a suppression assay in complete medium with sorted 

naïve healthy donor CD8+ cells labeled. Celltrace Violet dilution was measured via flow 

cytometry after 4 days. Representative data of a Celltrace Violet suppression assay at a Treg/

naïve CD8 effector cell ratio of 1:4. (C) Column graph depicts a summary of experiments 
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(n=3). (D–E) After sorting CD4+CD25hiCD127− cells from HNSCC TIL, Tregs were 

pretreated with nivolumab (10µg/ml) or isotype (10µg/ml) for 48 hours with IL-2 (200 U/ml, 

R&D System) with TCR stimulation (plate bound anti-CD3 2ng/ml and soluble anti-CD28 

1µg/ml). For the anti-Tim-3 treated experiment, total Tregs were pretreated with anti-Tim-3 

Ab (clone 2E2, 10µg/ml) or isotype (10µg/ml) for 48 hours with IL-2 (200 U/ml, R&D 

System) under TCR stimulation. Then Tregs were washed, counted, and plated in a 

suppression assay in complete medium with sorted naïve healthy donor CD8+ cells labeled. 

Celltrace Violet dilution was measured via flow cytometry after 4 days. Column graph 

depicts a summary of experiments (n=3 respectively).
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Figure 5. Tim-3 expression is downregulated after PD-1 blockade ex vivo in mouse TIL
(A) Mice bearing HNSCC tumors were treated with anti-PD-1 or isotype Ab (3mg/kg) for 

five doses on alternating days from days 12–20. TILs were extracted from anti-PD-1 or 

isotype mAb treated murine tumors, then Tim-3 expression was tested on TIL Treg by flow 

cytometry (n=7). (B) TIL Treg from mice bearing HNSCC tumors were treated with IFN-γ 
(200 ng/ml) for 3 days, prior to flow cytometry measurement of Tim-3 expression (n=3). (C–

D) Mice bearing HNSCC tumors were treated with anti-PD-1 or isotype Ab (3mg/kg) for 

five doses on alternating days from days 12–20, alone, or in combination with 200 µg IFN-γ 
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capture antibody or isotype control. TILs were extracted and Tim-3 and Nrp-1 expression 

determined by flow cytometry (n=5).

Liu et al. Page 23

Clin Cancer Res. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Liu et al. Page 24

Ta
b

le
 1

C
lin

ic
op

at
ho

lo
gi

c 
fe

at
ur

es
 o

f 
th

e 
H

N
SC

C
 p

at
ie

nt
s 

in
 th

is
 s

tu
dy

.

P
at

ie
nt

#
G

en
de

r
A

ge
Tu

m
or

 s
it

e
T

 s
ta

ge
N

 s
ta

ge
M

 s
ta

ge

1
F

46
O

ra
l C

av
ity

T
3

N
0

M
0

2
M

59
O

ra
l C

av
ity

T
2

N
0

M
0

3
M

52
O

ro
ph

ar
yn

x
T

1
N

X
M

0

4
M

53
O

ro
ph

ar
yn

x
T

3
N

X
M

0

5
M

41
L

ar
yn

x
T

3
N

2A
M

0

6
M

63
O

ro
ph

ar
yn

x
T

2
N

0
M

0

7
M

55
O

ro
ph

ar
yn

x
T

2
N

1
M

0

8
F

79
O

ro
ph

ar
yn

x
T

2
N

3
M

0

9
M

64
O

ra
l C

av
ity

T
4

N
2B

M
0

10
M

73
O

ra
l C

av
ity

T
2

N
1B

M
0

11
F

86
N

as
al

 C
av

ity
T

2
N

X
M

0

12
M

61
O

ra
l C

av
ity

T
4

N
0

M
0

13
M

66
O

ra
l C

av
ity

T
2

N
0

M
0

14
M

60
O

ro
ph

ar
yn

x
T

3
N

1
M

0

15
M

90
O

ro
ph

ar
yn

x
T

3
N

X
M

0

16
M

59
O

ro
ph

ar
yn

x
T

3
N

2
M

0

17
F

90
O

ra
l C

av
ity

T
4

N
2B

M
0

18
M

62
O

ra
l C

av
ity

T
1

N
0

M
0

19
M

56
O

ra
l C

av
ity

T
1

N
0

M
0

20
M

75
O

ra
l C

av
ity

T
4

N
2B

M
0

21
M

81
O

ra
l C

av
ity

T
4

N
1

M
0

22
M

78
L

ar
yn

x
T

4
N

0
M

0

23
M

79
O

ra
l C

av
ity

T
2

N
0

M
0

Clin Cancer Res. Author manuscript; available in PMC 2019 March 15.


	Abstract
	Introduction
	Patients and Methods
	Patients and specimens
	Collection and processing of PBMC and TILs
	Antibodies and cytokine treatment
	Flow cytometry analysis
	Cell sorting and Treg suppression assays
	Gene expression profiling by Affymetrix and NanoString analysis
	Murine ex vivo tumor studies
	Statistics

	Results
	Tim-3 expression on Treg cells defines a functionally suppressive Treg cell subset
	Tim-3+ Treg cells express markers of reflecting a suppressive phenotype
	Tim-3+ Treg cells express effector cytokines and chemokines genes
	Tim-3+ Treg suppressive activity is partially reversed by exogenous IFN-γ treatment
	Tim-3 is downregulated after PD-1 blockade ex vivo in mouse TIL

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

