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Summary

Immune checkpoint blockade is able to achieve durable responses in a subset of patients, however 

we lack a satisfying comprehension of the underlying mechanisms of anti-CTLA-4 and anti-PD-1 

induced tumor rejection. To address these issues we utilized mass cytometry to comprehensively 

profile the effects of checkpoint blockade on tumor immune infiltrates in human melanoma and 

murine tumor models. These analyses reveal a spectrum of tumor infiltrating T cell populations 

that are highly similar between tumor models and indicate that checkpoint blockade targets only 

specific subsets of tumor infiltrating T cell populations. Anti-PD-1 predominantly induces the 
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expansion of specific tumor infiltrating exhausted-like CD8 T cell subsets. In contrast, anti-

CTLA-4 induces the expansion of an ICOS+ Th1-like CD4 effector population in addition to 

engaging specific subsets of exhausted-like CD8 T cells. Thus, our findings indicate that anti-

CTLA-4 and anti-PD-1 checkpoint blockade induced immune responses are driven by distinct 

cellular mechanisms.

Graphical abstract

Introduction

Immunotherapy is assuming a role as a pillar of cancer treatment, but the remarkable 

immune mediated responses are limited to a minority of patients. Immune checkpoint 

blockade (ICB) is able to elicit durable responses in a fraction of cancer patients. For 

example, 22% of advanced melanoma patients treated with anti-CTLA-4 have durable 

responses extending beyond 10 years(Hodi et al., 2010; Schadendorf et al., 2015). Similarly, 

blockade of the PD-1/PD-L1 signaling axis is also sufficient to induce significant responses 

in multiple tumor types(Brahmer et al., 2012; Topalian et al., 2012). Despite such 

tremendous clinical progress we still lack a detailed understanding of the fundamental 

mechanisms that underlie anti-CTLA-4 and anti-PD-1 induced tumor immune rejection, 

which is necessary for the improvement of current therapies and for the rational design of 

combination therapy approaches. The aspects of the host immune response and the tumor 

intrinsic properties that define therapeutic sensitivity to ICB therapy remain to be 

elucidated(Sharma and Allison, 2015; Topalian et al., 2015). Despite evidence that tumor 

properties such as mutational load(Hugo et al., 2016; McGranahan et al., 2016) and genetic 

lesions(Gao et al., 2016; Spranger et al., 2015; Zaretsky et al., 2016) can influence 

therapeutic response to ICB, we do not fully understand why different tumor types display 

such a range of therapeutic sensitivity. Conceptually such differences could arise because 

different tumor types elicit fundamentally distinct immune responses or alternatively, 

because the magnitude of host immune responses varies between different tumor types.
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A critical unresolved question is whether anti-tumor immune responses induced by anti-

CTLA-4 and anti-PD-1 antibodies are mediated through distinct, non-redundant 

mechanisms. A wealth of studies have demonstrated that CTLA-4 and PD-1 attenuate T cell 

activation through distinct mechanisms(Pardoll, 2012). CTLA-4 is upregulated immediately 

following TCR ligation and outcompetes CD28 for B7 ligand binding, thus attenuating 

positive costimulation by CD28(Krummel and Allison, 1995; Walunas et al., 1994). PD-1 is 

induced later during T cell activation, and upon engagement with PD-L1 or PD-L2, 

attenuates TCR signaling via recruitment of tyrosine phosphatases(Chemnitz et al., 2004; 

Freeman et al., 2000; Latchman et al., 2001). In addition to utilizing distinct molecular 

mechanisms of action, CTLA-4 and PD-1 attenuate T cell activity through mechanisms that 

are separated spatially and temporally. Whereas CTLA-4 primarily attenuates T cell 

activation in the priming phase through cell intrinsic and extrinsic mechanisms, PD-1 

primarily attenuates T cell activity in peripheral tissues through cell intrinsic 

mechanisms(Pardoll, 2012; Walker and Sansom, 2011). This distinction is highlighted by the 

fact that the cellular sources of the ligands of PD-1 and CTLA-4 are different and serve 

different physiological functions. Thus, we hypothesized that anti-CTLA-4 and anti-PD-1 

induced anti-tumor immune responses are mediated by distinct cellular mechanisms.

To address this hypothesis we utilized mass cytometry to comprehensively profile the 

immune infiltrates of solid tumors following ICB. Mass cytometry allows for the 

interrogation of greater than 40 analytes at single cell resolution and enables systematic 

identification of complex cellular populations using high-dimensional analyses(Newell and 

Cheng, 2016; Tanner et al., 2013). Mass cytometry driven approaches have been utilized to 

characterize cellular processes including hematopoiesis, immune cell differentiation, and 

leukemic disease progression(Bendall et al., 2011; Spitzer and Nolan, 2016); and more 

recently, to analyze the immune infiltrates of solid tumors(Chevrier et al., 2017; Lavin et al., 

2017; Leelatian et al., 2017; Spitzer et al., 2017). Here, we leverage mass cytometry to 

comprehensively characterize the cellular mechanisms of ICB in human melanoma and 

murine syngeneic transplantable tumor models. Comparisons of murine tumor models 

indicate that the phenotypes of infiltrating T cell populations and mechanisms of ICB are 

tumor type independent. Both anti-PD-1 and anti-CTLA-4 only target a subset of tumor 

infiltrating T cell populations, inducing the expansion of exhausted-like CD8 T cells. 

Notably, anti-CTLA-4 but not anti-PD-1 modulates the CD4 effector compartment, 

specifically inducing the expansion of an ICOS+ Th1-like CD4 effector subset. Together 

these pre-clinical and clinical analyses indicate that anti-tumor immune responses induced 

by CTLA-4 and PD-1 blockade are driven by distinct cellular mechanisms.

Results

Identification of checkpoint blockade responsive MC38 tumor infiltrating T cell subsets

To identify ICB responsive tumor infiltrating T cell populations we profiled tumors by mass 

cytometry and utilized a well-validated data-driven unsupervised clustering approach to 

classify cellular populations (Levine et al., 2015; Melchiotti et al., 2017; Shekhar et al., 

2016). We further validated this approach for quantitative de novo classification of tumor 

infiltrating lymphocyte (TIL) populations using spike-in experiments (Figure S1, see STAR 
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Methods). To comprehensively characterize tumor infiltrating T cell populations we 

designed a staining panel with 33 surface and 10 intracellular markers. This panel included 

non-T cell lineage markers (e.g. CD11 b, CD11 c, CD19), T cell differentiation and 

activation markers (e.g. PD-1, ICOS, TIM3, KLRG1, CD127), and importantly, T cell 

lineage transcription factors (e.g. TBET, EOMES, GATA3, BCL6, RORγT, FOXP3). Using 

this approach we analyzed immunogenic MC38 colorectal tumors from mice treated with 

anti-CTLA-4 or anti-PD-1. To enable analysis of TILs we empirically defined a tumor 

inoculation dose and treatment schedule (using standard antibody dosages) such that tumors 

were not completely rejected at time of analysis despite induction of an effective immune 

response. Treatment was initiated only after tumors became palpable and thus also more 

closely reflected the clinical context. We focused our analyses on the T cell compartment 

given our current understanding of CTLA-4 and PD-1 biology, the design of our staining 

panel, and analyses of the total CD45+ compartment (Figure S1). Analysis of the T cell 

compartment revealed dramatic population shifts in response to anti-CTLA-4 and anti-PD-1 

(Figure 1 A, 1B). These observations are consistent with an increase in CD8/Treg ratio 

following both treatments, as determined by manual gating analyses and reflect the 

induction of an effective immune response by ICB (Figure 1C).

To gain a more in depth understanding of the mechanisms that underlie ICB we generated a 

high-resolution map of phenotypically defined tumor infiltrating T cell populations using 

unsupervised clustering. 15 distinct MC38 tumor infiltrating T cell clusters of greater than 

0.5% relative frequency were identified, including 5 CD8, 2 Treg, and 2 CD4 effector 

clusters (Figure 1D-F). This approach focused specifically on tumor infiltrating populations, 

and thus many canonical T cell subsets present in other tissues would not be expected 

present (e.g. naïve); as such this represents an extensive catalog of infiltrating T cell subsets. 

Notably, ICB did not modulate the frequency of any NKT, γδ T cell, or low frequency 

(<0.5%) clusters. Thus, we focused our analyses on CD4 and CD8 T cell subsets, which 

displayed a range of activation and exhaustion phenotypes (Figure 1G). Both anti-CTLA-4 

and anti-PD-1 treatment led to an expansion of CD8 T cells, however not all CD8 T cell 

subsets expanded following ICB. Surprisingly, a phenotypically exhausted PD-1hiTIM3+ 

population expanded the most among CD8 populations (Figure 1F). To address if T cell 

expansion results from increased proliferation or infiltration, we assessed short-term 

incorporation of 5-iodo-deoxyuridine (IdU). ICB responsive CD8 clusters incorporated IdU 

suggesting that these cells are proliferating within the tumor microenvironment (TME) 

(Figure S1I). Given the timing of IdU treatment and retention of IdU in daughter cells, this 

approach may detect extratumoral blasting T cells that subsequently infiltrate the tumor, in 

addition to cells proliferating within the TME. Nonetheless, these observations indicate that 

ICB sensitive T cells retain proliferative capacity even after multiple rounds of therapy and 

that ICB leads to the expansion of only specific intratumoral T cell subsets.

We next assessed the effect of ICB on CD4 T cell populations. Within the Treg 

compartment, 2 clusters were identified that are largely distinguished by KLRG1 expression 

(Figure 1G). Relative Treg frequency decreased following both anti-PD-1 and anti-CTLA-4, 

consistent with a shift between effector and regulatory T cell populations (Quezada et al., 

2006). The magnitude of this decrease was greater following CTLA-4 blockade; consistent 

with findings that treatment with anti-CTLA-4 leads to intratumoral Treg depletion in 

Wei et al. Page 4

Cell. Author manuscript; available in PMC 2018 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



murine tumor models(Selby et al., 2013; Simpson et al., 2013). Two CD4 effector T cell 

subsets were identified in the TME, which both display an activated phenotype, but differ in 

their expression of key markers including PD-1 and TBET (Figure 1G). Most notably, 

treatment with anti-CTLA-4 but not anti-PD-1 was associated with a significant expansion 

of a TBET+ Th1-like CD4 effector subset (Figure 1F). This population was proliferative, but 

to a lesser degree than other clusters (Figure S1I). We denote this subset as distinct from 

canonical Th1 cells because of expression of PD-1 and ICOS, which are defining 

characteristics of T follicular helper (TFH) cells, despite expression of TBET but not BCL6 

(Th1 and TFH lineage transcription factors, respectively). Neither therapy led to an 

expansion of un-skewed activated CD4 effectors. These observations suggest that specific T 

cell subsets are targeted by ICB and that anti-CTLA-4 leads to expansion of CD4 effector T 

cells.

Identification of checkpoint blockade responsive B16BL6 tumor infiltrating T cell subsets

We then sought to determine whether these findings reflect a generalizable mechanism of 

ICB responses. For this purpose, we performed similar experiments in the poorly 

immunogenic B16BL6 melanoma model to contrast the relatively high immunogenicity of 

MC38, allowing us to distinguish ICB response phenomena from tumor type specific 

observations. Due to low baseline T cell tumor infiltration and the lack of response to anti-

CTLA-4 monotherapy(van Elsas et al., 1999), we treated mice with a single dose of the 

GVAX tumor vaccine in order to boost overall T cell infiltration. As in the MC38 system, we 

empirically defined the B16BL6 tumor inoculate and treatment schedule (using standard 

antibody dosages) such that tumors were not completely rejected at time of analysis despite 

induction of an effective immune response. Analysis of CD45+ TILs revealed significant 

therapy induced changes in immune composition (Figure S2). We focused our analyses on 

the T cell compartment to identify ICB responsive T cell populations.

Reflective of induction of an effective immune response, significant shifts in T cell 

populations in the TME were observed following treatment with anti-CTLA-4 and anti-PD-1 

(Figure 2A, 2B), which mirrored an increase in CD8/Treg ratio as determined by manual 

gating (Figure 2C). Clustering identified 13 clusters of frequency greater than 0.5% 

including 5 CD8, 3 Treg, 2 CD4 effector, NKT, and γδ T cell clusters (Figure 2D, 2E). ICB 

did not affect the frequencies of any NKT, γδ T cell, or low frequency subsets. Remarkably, 

despite analysis of a different tumor type, time point of tumor progression, and the addition 

of a GM-CSF expressing tumor vaccine, the T cell clusters identified in B16BL6 tumors 

were nearly identical to those identified in MC38 tumors. Of the 5 identified CD8 clusters, 

only a subset were responsive to ICB with PD-1+TIM3+ exhausted CD8 T cells expanding 

the most (Figure 2E, 2F). Of the 3 Treg subsets identified, 2 contracted significantly 

following ICB. These populations differ primarily in their expression of KLRG1, with 

KLRG1+ Treg decreasing in relative frequency most dramatically. Of the 2 CD4 effector 

populations identified, both displayed an activated CD44+CD62Llo phenotype but were 

distinguished by expression of PD-1, CD127, and TBET (Figure 2F). Notably, the frequency 

of TBET+ Th1-like CD4 effector T cells increased following anti-CTLA-4 but not anti-PD-1 

(Figure 2E). Thus, as observed in MC38 tumors, both anti-CTLA-4 and anti-PD-1 induce 

the expansion of specific T cell subsets and differentially affect CD4 effector T cells.
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MC38 and B16BL6 tumor infiltrating T cell populations are fundamentally similar

The remarkable similarity in T cell populations identified by unsupervised clustering in 

MC38 and B16BL6 tumors suggests that the mechanisms governing responses to ICB are 

tumor type independent. Conceptually, this implies that the same types of T cells are 

involved in anti-tumor T cell responses to different tumor types, at least in the context of 

transplantable murine tumor models. To explicitly address this possibility, we analyzed the 

multivariate profiles of infiltrating T cell populations from MC38 and B16BL6 tumors 

simultaneously in order to identify any significant associations between T cell phenotype 

and tumor type. Projecting these phenotypes into the coordinate axes defined by their 

principal components, we asked whether the distributions along each component differed 

significantly between MC38- and B16BL6-derived T cell populations (see STAR methods). 

In other words, we asked whether any of the phenotypic variance among all T cell 

populations observed in all treatments (independent of frequency) was attributable to the 

tumor model source.

Comparison along each principal component axis revealed that MC38 and B16BL6 tumor 

infiltrating T cell subpopulations are phenotypically indistinguishable (Figure 3, Table S1A). 

The distribution of T cell subpopulations derived from MC38 and B16BL6 tumors did not 

differ along 38 of 39 principal components, which together explain 95% of the variance of 

the data (Table S1A). In the one case where a significant difference was detected (PC6), the 

discrepancy was attributable to contaminating CD19+ subpopulations in several MC38 

samples and likely represents a technical artifact rather than a biological effect. This analysis 

indicates that there is no association between tumor model and the vast majority of 

phenotypic variance among the T cells identified in these models. This observation is 

confirmed visually by the overlap of MC38- and B16BL6-derived T cell populations plotted 

on biaxial pairs of the largest principal component projections (Figure 3).

Thus, the multivariate phenotypes of T cell subsets from MC38 and B16BL6 tumors are 

quantitatively similar. This finding is striking given the use of the GVAX tumor vaccine only 

with the B16BL6 model and the difference in immunogenicity of these models. Consistent 

with MC38 being highly immunogenic and B16BL6 being poorly immunogenic, MC38 has 

more than 2-fold more nonsynonymous single nucleotide variants (SNV) than B16BL6 

(2327 and 1107, respectively; Table S1B). These data indicate that the types of T cells that 

infiltrate transplantable murine tumors are tumor type independent and suggest that 

differences in immunogenicity between tumor types arise due to tumor intrinsic properties 

that modulate the magnitude (e.g. subset frequency), but not type, of anti-tumor T cell 

responses. Combined with the observation that similar T cell subsets are regulated in 

response to ICB in both tumor models, this suggests that the cellular mechanisms of 

CTLA-4 and PD-1 blockade are tumor-type independent.

Identification of B16BL6 infiltrating T cell populations that correlate with tumor growth

We then sought to identify T cell populations whose frequencies correlate with tumor growth 

to gain insight into their functional relevance. For this purpose, we leveraged our B16BL6 

datasets and combined three independent biological replicate cohorts, which together 

displayed a robust response to ICB (Figure 4A, 4B). Using a metaclustering approach, in 
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which populations first identified at the individual mouse level using PhenoGraph are then 

allowed to merge across cohorts (see STAR Methods), 14 T cell populations were identified. 

The phenotypes and responses of these subsets to ICB were consistent with findings from 

single cohort analyses. Because ICB only modulated the frequencies of CD4 and CD8 T cell 

subsets, we focused our analyses on the 10 metaclusters within these compartments (Figure 

4C, 4D, S3). Expectedly, the frequency of major Treg subsets correlated positively with 

tumor growth (Figure 4E, S3). The 2 major Treg populations are primarily distinguished by 

KLRG1 expression, with the frequency of KLRG1+ Treg (MC4) correlating more strongly 

with tumor growth than KLRG1- Treg (MC0) or manually gated Treg (Figure S3, Table S2A, 

S2B). Whether this difference reflects differences in functionality or response to ICB is 

unclear, however both subsets significantly correlated with tumor growth, suggesting that 

both retain suppressive activity.

Surprisingly, the frequency of only 2 of the 4 tumor infiltrating CD8 T cell subsets 

negatively correlated with tumor growth (Figure 4E). These populations displayed an 

activated phenotype and increased frequencies following anti-CTLA-4 and anti-PD1 

treatment (Figure 4C, 4D). Metacluster 2 (MC2) displayed a PD-1+TIM3loTBET+EOMES- 

phenotype while metacluster 10 (MC10) displayed a PD-1hiTIM3+TBET+EOMES+ 

phenotype. The frequency of a third CD8 population (MC13), which displayed a 

PD-1hiTIM3+TBET+EOMES- exhausted phenotype, did not correlate with tumor growth 

(Table S2A). Thus, subtle multivariate phenotypic differences between metaclusters 2, 10, 

and 13 distinguish T cell populations that significantly differ in their correlation with tumor 

growth, which likely reflects functional differences between these populations. Moreover, 

these data suggest that fully exhausted non-terminally differentiated T cells (MC13) may not 

contribute significantly to tumor rejection in the context of ICB, at least during later stages 

of response. In contrast, less exhausted non-terminally differentiated (MC2) and fully 

exhausted terminally differentiated (MC10) appear to provide the bulk of the functional anti-

tumor T cell response.

Unexpectedly, the frequency of a non-proliferative CD44+CD62L+PD-1- CD8 T cell subset, 

metacluster 11 (MC11), positively correlated with tumor growth (Figure 4E, Table S2A). 

This population may be tumor irrelevant central memory CD8 T cells, raising the possibility 

that infiltration of antigen irrelevant CD8 T cells is not only ineffective, but may in fact 

dampen the anti-tumor immune response. In terms of the proliferative capacity of effective 

CD8 T cell subsets, MC10 incorporated IdU at almost four times the rate of MC2 (Figure 

S3C). In contrast, despite being highly proliferative, the frequency of MC13 does not 

correlate with tumor growth. This suggests that high proliferative capacity of CD8 T cells in 

the TME during later stages of responses to ICB is neither necessary nor sufficient for 

effective anti-tumor responses. Whether effective CD8 T cell subsets of low (MC2) and high 

(MC10) proliferative capacity contribute through distinct functions remains unclear.

The 2 CD4 effector T cell metaclusters identified include a PD-1hiTBET+ Th1-like subset 

(MC3) and a PD-1loCD44intCD127int subset (MC5). Only the frequency of MC3 negatively 

correlated with tumor growth (Figure 4E, Table S2A). Notably, this correlation is driven by 

the specific expansion of this population following anti-CTLA-4 treatment. Interestingly, the 

Th1-like population displayed a low proliferation rate in both B16BL6 and MC38 tumor 
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models (Figure S1, S3), raising the possibility that modulation of this population by anti-

CTLA-4 may primarily occur at earlier time points or in secondary lymphoid organs. 

Together these data indicate that only specific populations of tumor infiltrating CD4 and 

CD8 T cells mediate responses to ICB, and suggest that the quantification of these 

phenotypically defined T cell subsets will provide improved predictive value compared to 

assessment of bulk compartments (e.g. CD8 T cells).

These findings reinforce the notion that data-driven multivariate analyses enable unbiased 

comprehensive cellular classification and robust de novo discovery of biologically relevant 

populations. It is important to note that while we ascribe key phenotypic features to 

identified clusters (Figure 4, Table S2A), quantitative multivariate analyses provide vastly 

improved subset assignment compared to manual gating. We sought to determine if the 

insights provided by high-dimensional analyses would enable approximation of these 

subsets by manual gating. Using a limited number of key parameters derived from 

multivariate analyses, manual gating is able to discriminate relevant T cell subsets, albeit 

with significantly reduced fidelity (Figure S3E, Table S2B). Consistent with the importance 

of lineage transcription factor factors for robust subset identification, expression of TBET 

but not individual surface markers was sufficient to identify CD4 effector subpopulations 

that significantly negatively correlate with tumor growth.

Differential transcriptional regulation in tumor infiltrating CD4 T cells following anti-
CTLA-4 and anti-PD-1 checkpoint blockade

Next we investigated if anti-CTLA-4 and anti-PD-1 induce different transcriptional changes 

in tumor infiltrating CD4 T cells, as has been observed in CD8 T cells in preclinical and 

clinical contexts(Das et al., 2015; Gubin et al., 2014). Gene expression analyses of MC38 

tumor infiltrating ICOS+ CD4 T cells revealed significant, but largely non-overlapping, 

transcriptional responses induced by anti-CTLA-4 and anti-PD-1 (Figure S4). Of the top 15 

cellular pathways regulated by each treatment, only 3 were shared. Mitochondrial and 

oxidative phosphorylation pathways were among the most significantly modulated by anti-

PD-1, consistent with findings that these pathways can restrict T cell activity in the 

TME(Bengsch et al., 2016; Gubin et al., 2014). CTLA-4 blockade led to an engagement of 

largely distinct pathways, which included pathways involved in cell cycle regulation. These 

observations indicate that anti-CTLA-4 and anti-PD-1 induce differential transcription 

effects in tumor infiltrating CD4 T cells and support the paradigm that these therapies act 

through distinct mechanisms.

Anti-CTLA-4 and anti-PD-1 therapies modulate specific T cell populations in human 
melanoma

Finally, we sought to determine whether distinct cellular mechanisms also underlie anti-

CTLA-4 and anti-PD-1 tumor rejection in humans. Using a similarly designed human T cell 

mass cytometry panel, we analyzed surgically resected melanoma tumors from patients 

being treated with ipilimumab (ipi), anti-PD-1 (nivolumab, nivo; or pembrolizumab, 

pembro), or ipi plus nivo (Table S3). This approach enables direct interrogation of tumor 

infiltrating T cell populations that may not be fully represented in peripheral blood. t-SNE 

analysis revealed striking differences between normal donor blood and tumor infiltrating T 
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cells, as well as treatment-specific effects (Figure 5A-C, S5). To more deeply interrogate the 

effects of anti-CTLA-4 therapy, we compared samples from patients being treated with ipi 

(alone or in combination with nivo) or anti-PD-1 monotherapy. This approach enabled more 

robust statistical analyses given the rarity of ipi monotherapy tumor samples in the current 

landscape of standard of care therapy for patients with metastatic melanoma. Unsupervised 

clustering of tumor and normal donor blood samples identified 19 distinct T cell subsets, 

including 5 CD8 and 11 CD4 clusters (Figure 5D-E; see STAR Methods). The increased 

number of T cell subsets compared to our murine TIL data likely reflects the identification 

of canonical subsets in blood that are not present in tumors, and as such would be absent 

from our preclinical analyses. Consistent with this notion, naïve T cell subsets were specific 

to blood while many of the T cell subsets were observed at similar frequencies in normal 

donor blood and tumors.

Surprisingly, of the 19 T cell subsets identified, only 2 were significantly expanded in ICB 

treated tumors compared to normal donor blood. Although most melanoma infiltrating T cell 

subsets were actively proliferating, only clusters 1 and 3 significantly expanded, suggesting 

that they are functionally distinguished by as yet unidentified mechanisms (Figure S5D). 

The CD8 T cell population expanded in ICB treated tumors displayed a 

CD45RO+PD-1+TBET+EOMES+ phenotype (Figure 5E, cluster 1); analogous to the 

exhausted-like terminally differentiated CD8 T cell subset identified in murine tumor models 

as important for tumor rejection. The CD4 T cell population expanded in ICB treated tumors 

displayed a CD45RO+ICOS+PD-1loTBET+ effector phenotype (Figure 5E, cluster 3); 

analogous to the activated Th1-like CD4 effector subset identified in murine tumor models 

that expands in response to CTLA-4 blockade but not PD-1 blockade.

Notably, the only ICB treatment specific effect observed was an increased frequency of Th1-

like T cells in melanomas treated with anti-CTLA-4 compared to those treated with anti-

PD-1 (Figure 5D, cluster 3). Thus remarkably, despite the presence of confounding variables 

(e.g. diverse treatment histories) and small sample size, these analyses suggest that anti-

CTLA-4 and anti-PD-1 therapies modulate only specific tumor infiltrating T cell subsets and 

that anti-CTLA-4 induces a more robust CD4 effector response; observations consistent with 

our preclinical findings. Future studies are needed to validate these findings in a larger 

patient cohort and determine whether the discrepancy in the number of ICB responsive CD8 

T cell subsets in mouse and human tumors reflects a difference in underlying biology or 

rather a technical aspect of our analyses. In both mouse and human, the CD4 effector 

response is defined by expansion of an ICOS+ TBET+ Th1-like subset. Notably, despite 

qualitative (e.g. CD44 versus CD45RO) and quantitative (e.g. levels of ICOS and PD-1) 

differences in phenotypic profiles of T cells infiltrating human and murine tumors, 

unsupervised clustering enabled robust detection of biologically analogous populations 

(Figure S5E-F). Together these data indicate that the cellular mechanisms of CTLA-4 and 

PD-1 blockade are distinct and that the hallmarks of these mechanisms are largely conserved 

between mouse and human.
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Discussion

Here we systematically classify tumor infiltrating T cells from murine tumor models and 

human melanomas in the context of ICB using mass cytometry and unsupervised analyses. 

These studies provide insight into several key concepts: i) ICB only induces the expansion of 

specific tumor infiltrating T cell subsets, ii) PD-1 blockade primarily induces expansion of 

exhausted-like tumor infiltrating CD8 T cells, iii) CTLA-4 blockade induces expansion of 

ICOS+ Th1-like CD4 effector as well as exhausted-like CD8 T cells, iv) the frequency of 

only specific tumor infiltrating CD4 and CD8 T cell populations correlate with tumor 

growth, and v) the phenotypes of tumor infiltrating T cell subsets in different transplantable 

murine tumor models are fundamentally similar.

Together these observations indicate that anti-CTLA-4 and anti-PD-1 induced anti-tumor 

responses are driven by distinct cellular mechanisms, primarily differing on the expansion of 

the CD4 effector compartment induced by anti-CTLA-4. Given that we profiled anti-tumor 

immune responses in the context of partial regression by design, it remains to be determined 

if the same mechanisms mediate complete tumor rejection in the context of resolution of 

antigen burden. The similarity of findings in the MC38 and B16BL6 systems despite 

analyses of different time points (2 and 10 days after treatment, respectively) suggests that 

these mechanisms persist and may be independent of the phase of tumor rejection. Our 

findings are consistent with clinical observations that increased CD8, but not CD4, T cell 

activity is associated with anti-PD-1 therapy in melanoma(Daud et al., 2016), and with the 

fundamental understanding that PD-1 and CTLA-4 attenuate T cell activation through 

distinct molecular and cellular mechanisms. It is likely that dual engagement of these 

distinct cellular mechanisms underlies, at least in part, the enhanced efficacy of combination 

anti-CTLA-4 and anti-PD-1 therapy that has been observed in preclinical and clinical 

contexts (Curran et al., 2010; Wolchok et al., 2013).

Additional mechanistic investigation of anti-CTLA-4 and anti-PD-1 is also warranted. For 

example, the necessity and sufficiency of specific ICB responsive tumor infiltrating T cell 

subsets identified in our study remains to be definitively tested. Furthermore, recent studies 

have shown that anti-PD-1 therapy leads to a dynamic expansion of proliferating PD-1+ CD8 

T cells in peripheral blood of melanoma and lung cancer patients(Huang et al., 2017; 

Kamphorst et al., 2017). Whether expansion of ICB responsive exhausted-like CD8 T cells 

is driven by therapeutic engagement of peripheral or tumor infiltrating populations is 

unknown. Furthermore, the degree to which anti-tumor T cell subsets are equally 

represented in tumor and peripheral blood remains unclear. Analyses of paired tumor and 

blood samples from patients being treated with ICB therapy may provide critical insight into 

these issues. Examination of additional parameters, such as costimulatory molecules, may 

offer additional clarity by providing an even finer resolution catalog of T cell subsets, as in 

recent analyses of renal cell carcinoma(Chevrier et al., 2017).

It remains unclear what functionally distinguishes ICB responsive and nonresponsive CD8 T 

cell populations. ICB responsive subsets may represent the bulk of tumor-antigen specific T 

cells or alternatively, represent a functionally distinct subset thereof. Distinguishing between 

these possibilities may inform the development of therapeutic strategies. Likewise, future 
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studies are required to determine if ICB responsive CD8 T cell subsets are functionally as 

well as phenotypically exhausted and moreover, if they are functionally distinct from each 

other. The maintenance of PD-1 on responsive CD8 T cells despite prolonged anti-PD-1 

therapy suggests that PD-1 blockade is sufficient to reinvigorate these populations but not to 

reprogram them into a non-exhausted state, consistent with epigenetic regulation(Pauken et 

al., 2016).

Although our findings indicate that CTLA-4 blockade induces an expansion of tumor 

infiltrating Th1-like CD4 T cells, the definitive source (anatomical and temporal) and 

precise function of this expansion remain open questions. It is possible that expansion of 

specific tumor infiltrating T cell subsets in response to ICB results from engagement of 

distinct progenitor populations in secondary lymphoid organs, analogous to findings in viral 

models(Im et al., 2016). With respect to function, it is tempting to speculate that expansion 

of Th1-like CD4 effectors by anti-CTLA-4 improves anti-tumor responses by enhancing 

CD8 infiltration, cytolytic CD8 activity, and T cell memory formation. Addressing these 

possibilities is of great interest given that expansion of ICOS+ CD4 T cells following ipi 

treatment has been observed in multiple tumor types(Chaput et al., 2017; Chen et al., 2009; 

Liakou et al., 2008), expansion of ICOS+ CD4 T cells is associated with overall survival 

following ipi therapy(Carthon et al., 2010), and that genetic loss of Icos attenuates the 

efficacy of anti-CTLA-4 in preclinical tumor models(Fan et al., 2014). Our findings suggest 

that expansion of the CD4 effector compartment by anti-CTLA-4 differentiates its 

mechanism of action from that of PD-1 blockade. Such insights will inform the rational 

design of combinatorial approaches, particularly given the fundamental understanding that 

CD4 help is critical for the development of robust T cell responses, as well as recent findings 

that CD4 T cells are critical for effective immunotherapy(Spitzer et al., 2017).

In conclusion, we comprehensively profiled T cells in preclinical and clinical tumor samples 

using a mass cytometry based systems approach. We identify specific tumor infiltrating T 

cell populations that expand in response to ICB and demonstrate that anti-PD-1 and anti-

CTLA-4 operate through distinct cellular mechanisms. These findings highlight the utility of 

unsupervised systems-based analyses for in-depth mechanistic investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of checkpoint blockade responsive MC38 tumor infiltrating T cell 
populations
(A) Density t-SNE plots of an equal number of CD3ε+ MC38 tumor infiltrating T cells from 

each treatment group.

(B) Overlaid t-SNE plot displaying equal number of events from each treatment group 

(control, blue; anti-CTLA-4, green; anti-PD-1, red).

(C) Plot of CD8/Treg ratios displayed on a per mouse basis with mean ± SD (*, P<0.05, 

unpaired T-test).

(D) t-SNE plot of MC38 infiltrating T cells overlaid with color-coded clusters.

(E) t-SNE plot of infiltrating T cells overlaid with the expression of selected markers.

(F) Frequency of T cell clusters displayed on a per mouse basis with mean ± SD (*, control 

v.s. anti- CTLA-4; #, control v.s. anti-PD-1; p<0.05, Dunnett's multiple comparison). T cell 

compartments are denoted including CD8, Treg, and CD4 effector (CD4eff).

(G) Heat map displaying normalized marker expression of each T cell cluster.

Representative data from three independent experiments is shown.

See also Figure S1 and STAR Methods.
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Figure 2. Identification of checkpoint blockade responsive B16BL6 tumor infiltrating T 
cellpopulations
(A) Density t-SNE plots of an equal number of CD3ε+ B16BL6 tumor infiltrating T cells 

from eachtreatment group.

(B) t-SNE plot of infiltrating T cells overlaid with color-coded clusters.

(C) Plot of CD8/Treg ratios displayed on a per mouse basis with mean ± SD (*, P<0.05, 

unpaired T-test).

(D) t-SNE plot of tumor infiltrating T cells overlaid with the expression of selected markers.

(E) Frequency of T cell clusters displayed on a per mouse basis with mean ± SD (*, control 

v.s. anti- CTLA-4; #, control v.s. anti-PD-1; p<0.05, Dunnett's multiple comparison).

(F) Heat map displaying normalized marker expression of each T cell cluster.

Representative data from three independent experiments is shown.

See also Figure S2.
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Figure 3. B16BL6 and MC38 tumor infiltrating T cell populations are quantitatively similar
(A) PCA was applied to T cell clusters identified on a per mouse basis from MC38 and 

B16BL6 mass cytometry datasets. Projections of MC38 and B16BL6 infiltrating T cell 

clusters on to the first 6 principal components (PC), which together account for 78% of the 

phenotypic variance, are displayed in a pair wise fashion (MC38, green; B16BL6, blue). 

Univariate distributions of T cell clusters along each of the first 6 principal components are 

displayed along the diagonal. The Kolmogorov-Smirnov test was applied to test whether 

distributions of MC38 and B16BL6 derived T cell clusters along each PC are different (n.s., 

not significant).

See also Table S1.
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Figure 4. Identification of B16BL6 tumor infiltrating T cell populations that correlate with 
tumor growth
(A) B16BL6 tumor growth curves in each treatment group.

(B) Final tumor volume in each treatment group displayed on a per mouse basis with mean ± 
SD (**, control v.s. treatment, p<0.01, unpaired T-test).

(C) Metaclustering analysis of B16BL6 tumor infiltrating T cell clusters. Two-way 

hierarchical clustering of T cell metaclusters and individual parameters displayed as a heat 

map. Only CD4 and CD8 T cell metaclusters are displayed.

(D) The frequencies of T cell metaclusters in individual mice plotted as a fraction of total 

tumor infiltrating T cells and displayed as a box plot.

(E) The frequencies of T cell metaclusters in individual mice plotted as a function of 

B16BL6 tumor volume with linear regression best-fit lines displayed.

See also Figure S3 and Table S2.
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Figure 5. Identification of checkpoint blockade responsive tumor infiltrating T cell populationsin 
human melanoma
(A) Density t-SNE plots of CD3+ tumor infiltrating T cells from melanoma patients being 

treated withindicated ICB therapies and T cells from normal donor peripheral blood.

(B) t-SNE plot of total T cells from all samples overlaid with color-coded clusters.

(C) t-SNE plots of total T cells from all samples overlaid with the expression of selected 

markers.

(D) Frequency of T cell clusters displayed on a per sample basis with mean ± SD (*, ipi/ipi 

plus nivov.s. anti-PD-1; #, anti-PD-1 and ipi/ipi plus nivo v.s. normal PBMC; p<0.05, 

Tukey's multiplecomparison).

(E) Heat map displaying normalized marker expression of T cell clusters.

See also Figure S5 and Table S3.
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