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Abstract

Mechanisms of self-tolerance often result in CD8+ tumor-infiltrating lymphocytes (TIL) with a
hypofunctional phenotype incapable of tumor clearance. Using a transplantable colon carcinoma
model, we found that CD8+ T cells became tolerized in less than 24 hours in an established tumor
environment. To define the collective impact of pathways suppressing TIL function, we compared
genome-wide mRNA expression of tumor-specific CD8+ T cells from the tumor and periphery.
Notably, gene expression induced during TIL hypofunction more closely resembled self-tolerance
than viral-exhaustion. Differential gene expression was refined to identify a core set of genes that
defined hypofunctional TIL; these data comprise the first “molecular profile” of tumor-specific
TIL that are naturally responding and represent a polyclonal repertoire. The molecular profile of
TIL was further dissected to determine the extent of overlap and distinction between pathways that
collectively restrict T cell functions. As suggested by the molecular profile of TIL, protein
expression of inhibitory receptor LAG-3 was differentially regulated throughout prolonged late-
Gl/early-S phase of the cell cycle. Our data may accelerate efficient identification of combination
therapies to boost anti-tumor function of TIL specifically against tumor cells.
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Introduction

For some cancers, immunological data from tumor samples are better predictors of patient
survival than those currently used to stage disease (1, 2). Compelling evidence associates
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functional CD8+ tumor-infiltrating lymphocytes (TILZ) with survival of cancer patients. For
example, patient survival positively correlates with TIL that produce pro-inflammatory
cytokines such as IFNy, kill target cells, and progress through the cell cycle. These data
suggest that the immunological status of TIL is paramount for patient response.

To acquire cytotoxic functions, the antigen receptor on naive T cells must be engaged in a
pro-inflammatory environment (3). Cell-intrinsic pathways are then initiated to drive T cell
proliferation and differentiation to cytotoxic T cells that kill cells expressing the associated
antigen. CD8+ T cell activation and differentiation are substantially altered by slight changes
in the environment and antigen encounter. In the context of cancer, tumor environments
evolve to suppress and evade CD8+ T cells (4); therefore, TIL typically have a
hypofunctional phenotype incapable of mounting an effective attack against an established
solid tumor (5).

Exhaustion, tolerance, anergy, senescence, and ignorance are states of CD8+ T cell
hypofunction that have been tied to TIL (3). Of these programs, hypofunctional TIL are
most commonly referred to as exhausted or tolerant. T cell exhaustion occurs during
prolonged inflammation and/or TCR exposure to an antigen, such as during a chronic viral
infection. Peripheral T cell tolerance occurs more quickly when antigen is presented in the
absence of immunostimulatory signals to avoid self-reactivity and autoimmunity. Unlike
naive or memory CD8+ T cells that, upon TCR and co-stimulation, enter the cell cycle to
undergo clonal expansion to functional effector T cells, a functional response by exhausted
and self-tolerant CD8+ T cells is constrained.

The promise of promoting functional TIL to treat cancer patients has been developing for
decades to produce a recent explosion of clinical successes (6). Such therapies include
blockade of receptors, such as PD-1 (7), that inhibit TIL function. However, a therapy that
targets just one inhibitory pathway is often ineffective against established solid tumors. Co-
therapies targeting multiple pathways inhibiting TIL function have recently translated from
mouse models to the clinic (8). For instance, dual blockade of T cell inhibitory receptors
PD-1 and TIM-3 was first shown to augment clearance of the CT26 solid tumor model in
mice (9) and is now in clinical trials (Trial registration ID: NCT02608268).

The transplantable colon carcinoma CT26 (10) reflects both the infiltrating immune cells
and pathways of immune suppression found in many solid human tumors that are
immunogenic (11, 12). As with many antigens being pursued in cancer patients (13, 14), the
immunodominant CD8+ T cell response against CT26 is directed against a tumor/self-
antigen, GP70423.431, also known as AH1 (15, 16). CT26 TIL exhibit an exhausted
phenotype similar to CD8+ T cells from melanoma patients that bear TCRs specific for a
tumor/self-antigen (9, 17). The majority of CT26 TIL express multiple inhibitory receptors
and are hypofunctional (9). Nevertheless, mobilizing a functional CD8+ T cell response is
necessary for successful anti-CT26 immunotherapy (18).

2TIL Tumor infiltrating lymphocytes
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Here we show within just 24 h of transfer into a CT26 tumor-bearing host, AH1-specific
CD8+ T cells that were protective in a prophylactic setting (19) were markedly
hypofunctional in the tumor compared to those in the periphery. To molecularly define the
collective impact of pathways that suppress AH1-specific TIL function, we compared
genome-wide mRNA expression of AH1-specific CD8+ T cells from the CT26 tumor and
periphery. Gene expression of TIL hypofunction more closely resembled self-tolerance than
viral-exhaustion. Differential gene expression identified a core set of genes, or “molecular
profile,” that defined TIL hypofunction. Further scrutiny of the molecular profile of TIL
delineated overlapping and distinct pathways that restrict function of polyclonal TIL to
highlight key mechanisms that are known, hypothesized, and potentially novel drivers of
immune suppression and evasion. The T cells from the tumor were hypofunctional and
expressed more inhibitory receptor protein when compared to those in the periphery. Known
restrictors of TIL function were predicted to converge at cell cycle inhibition. Inhibitory
receptor LAG-3 and cell cycle progression validated a simplified approach for pathway
analysis of small gene clusters within the molecular profile of TIL. TIL progressed more
slowly through late-G1 and early S-phase, associated with expression of inhibitory receptor
LAG-3. Our molecular dissection of overlapping and distinct pathways that restrict TIL
function may accelerate identification of efficient co-therapy combinations to boost
naturally-responding TIL specifically against tumors.

Materials and Methods

Mice

Female BALB/c (BALB/cANNCr) mice were purchased from the National Cancer Institute
and Charles River Laboratories. Mice congenic for thymus cell antigen-1 (Thy1), a kind gift
of Dr. Charles D. Surh of The Scripps Research Institute, were bred onto the BALB/cANCr
background for 6 generations. For all experiments, mice were 6- to 12-weeks old unless
otherwise indicated; all animal protocols were reviewed and approved by the Institutional
Animal Care and Use Committee at National Jewish Health or the University of Colorado —
School of Medicine (CU-SOM).

Peptides, vaccine, and tumor challenge

Peptides used were pgal (TPHPARIGL) (20), AH1 (SPSYVYHQF) (15), and a TCR agonist
of AH1 (amino acid substitution underlined), A5 (SPSYAYHQF) (21). Soluble synthetic
peptides were = 95% pure (Chi Scientific) and stocks were diluted to 10 mg/ml in double
distilled H,O. CD8+ T cells bearing TCRs specific for the immunodominant CT26 T cell
epitope AH1 (15) were expanded in vivo through vaccination with peptide A5, as described
(18). Mice were challenged subcutaneously with 5x10% CT26 tumor cells on the hind flank
(21). Tumors were measured with calipers, and mice were sacrificed when indicated or the
tumor size reached 1 cm in the longest diameter. Spleens from 5 vaccinated mice were
combined and enriched for CD8+ T cells with a Mouse CD8 Negative Selection Kit
(Invitrogen), then divided equally among 10 recipient mice (approximately 1x107 cells/
mouse) for intravenous injection into Thyl congenic naive or tumor-bearing hosts. Spleens
and tumors were harvested at the indicated time points and assayed for inhibitory receptor
expression and IFN vy production as specified below.
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Isolation of tumor-specific CD8+ T cells

Tumors were collected from BALB/c mice, minced using a razor blade, and treated for 45
min at 37°C with 0.1 mg/ml Liberase (Research Grade, Dispase Low) in serum-free RPMI
medium according to manufacturer’s instructions (Roche Life Science). Large clumps of
tumor were broken-up through an 18 gauge needle, filtered through a 100 um cell strainer,
and washed in Complete Medium [RPMI with L-glutamine, 10% FBS, 100 units/ml each of
penicillin and streptomycin, 1 mM sodium pyruvate, 10 mM HEPES, 1x MEM nonessential
amino acids, 2 mM additional L-glutamine, and 0.1 mM 2-mercaptoethanol (BME, Sigma-
Aldrich), as described (21)]. When indicated, Ficoll-Paque PLUS (GE Healthcare) was used
according to manufacturers instructions to enrich for live lymphocytes. Splenocytes were
harvested from mice, mechanically dissociated, treated for approximately 2 min with
ammonium chloride-potassium lysis buffer (ACK) (22), filtered through a 100 um cell
strainer, and washed in Complete Medium. Before FAC-sorts, spleens were processed into
single cell suspensions through Liberase digestion, as performed for tumors. Before FAC-
sorts and adoptive transfer experiments, CD8+ T cells were enriched from splenocytes using
the Mouse CD8 Negative Selection Kit (Invitrogen) according to manufacturer’s
instructions. Cells were used directly for staining, in vitro stimulation assays, or adoptive
cell transfer.

Antibodies, staining reagents, and flow cytometry

For flow cytometry analyses, 2x10° live cells were incubated in 30 pl stains containing an
antibody to block Fc receptors (FcR, 2.4G2), and fluorochrome-conjugated antibodies for at
least 45 min at RT while protected from light. All staining was done in flow cytometry wash
buffer [FACs buffer, 1x PBS, 2% FBS, 10 mM HEPES (pH 7.5), and 0.1% (w/v) sodium
azide, as described (21)] for at least 45 min at RT. Stain time was increased to 1.5 h when
peptide-loaded H-2L9-tetramer (L9 Tet3) (23) was included.

Fluorochrome-conjugated antibodies purchased from Biolegend, unless otherwise noted,
included the following: mouse CD8a (53-6.7), CD11a (M17/4), CD4 (RM4-5), B220
(RA3-6B2), major histcompatibility complex class 11 (I-A/I-E; M5/114.15.2), CD279/PD-1
(RMP1-30), CD366/TIM-3 (B8.2C12), CD223/LAG-3 (CI9B7W), CD244.1/2B4 (C9.1, BD
Bioscience), and Thy1.1 (53-2.1; eBioscience). Other staining reagents included viability-
discriminating agents 7-aminoactinomycin D (7-AAD, 1 mg/ml, Sigma-Aldrich), and
Fixable Viability Dye eFluor® 450 (eBioscience) that were used according to
manufacturer’s instructions. CD4/B220/1-A/I-E antibodies and viability discriminating
agents are collectively referred to as the “dump.”

Cells were stained for sorts at 35x107 cells/ml then diluted to approximately 5x107 cells/ml
Sorting Buffer (1x PBS, 1 mM EDTA, 25 mM HEPES pH 7.0, 1% FBS) and FAC-sorted
into Complete Medium. Intracellular cytokine were stained as described (24) following
peptide stimulations at 10 pg/ml, 10 ng/ml, and 10 ug/ml, but stains contained an antibody
directed against Thy1.1 rather than CD11a. Samples were analyzed on a variety of flow

3H-2L9-tetramer
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cytometers and data were analyzed using Kaluza (Beckman Coulter) or FlowJo software
(Tree Star).

Single cell suspensions were stained with Fixable Viability Dye, then with AH1-L9 Tet (23),
and fluorochrome conjugated antibodies against CD8a, CD11a, CD4, B220, and I-A/I-E.
Tumor-specific live CD8+ T cells were FAC-sorted to a purity of 90 — 100% from tumors on
the MoFlo XDP100 (Beckman Coulter) and from spleens on the MoFlo XDP70 (Beckman
Coulter) at the CU-SOM Cancer Center Flow Cytometry Shared Resource.

RNA was immediately extracted using the RNeasy Mini Kit (QIAGEN) and treated once
with approximately 30 Kunitz units of DNase | (QIAGEN) for 15 min. RNA quality was
determined by BioAnalyzer (Agilent) and quantified by Qubit® (Life Technologies).
Samples were narrowed to those that had an RNA integrity number (RIN) of 9.6-10 and a
minimum of 5 ng total RNA (25) before submission to the CU-SOM Genomics and
Microarray Core to be amplified by the Ovation® RNA Amplification System V2 (NuGEN)
(25) and hybridized to Mouse Genel.0 ST Arrays (Affymetrix) according to manufacturer’s
instructions.

Cell cycle analysis

Tumors or spleens were processed into single cell suspensions and live lymphocytes were
enriched from tumors using Ficoll-Paque PLUS (GE Healthcare) according to
manufacturer’s instructions. Cells were plated at 2x108 cells/ml Complete Medium in 24-
well tissue culture plates and stimulated by plate-bound CD3 and CD28, each at 2 pg/ml,
and spun for 2 min at approximately 340 xg to synchronize cell cycle progression. After 48
h, cells were pulsed for 1 or 2 h with 5-ethynyl-2’-deoxyuridine (EdU, 10 uM, Sigma-
Aldrich), washed in Complete Medium, and stained for live CD8+ T cells and EdU using the
Click-iT® Plus EdU Flow Cytometry Assay Kit (Life Technologies) according to
manufacturer’s instructions. Briefly, cells were fixed, permeabilized, and EAU was detected
with 1/5t the recommended Click-iT reaction to decrease background. To stain total DNA,
7-AAD was diluted 1:400 in permeabilization buffer (Life Technologies) and used in
combination with RNaseA (0.2 mg/ml, QIAGEN). Cell cycle phase was determined for live
CD8+ T cells by flow cytometry.

Statistical Analyses

High-throughput microarray data were processed by Affymetrix Expression Console
software (affymetrix.com), performing robust multichip analysis (RMA) background
correction, quantile normalization, and median polish summarization. The gene-expression
data described in this paper have been deposited in the NCBI Gene Expression Omnibus
GEO accession number GSE79858, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE79858. Data sets were compared by one-way analysis of variance ANOVA4 to
delineate significant differential gene expression when p < 0.01, false discovery rate (FDR)
< 0.01 (Benjamini-Hochberg method (26)), and |log; (ratio)| = (+2-fold). The molecular

4Analysis of variance
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profile of the Tumor Antigen Specific Polyclonal Repertoire (TASPR5) TIL consists of
differentially expressed genes that have been narrowed by multiple statistical analysis as
described above for ANOVA and significance analysis of microarray (SAMG) (27, 28),
where g-value < 0.05 (Benjamini-Hochberg method, FDR < 0.01 (26)), and |logs (ratio)| =
(+2-fold). SAM was done in MeV version 4.8 (29). Principal component analysis (PCA),
ANOVA, and corresponding Volcano Plots were done using Partek® software. The PCA was
done on scaled data. Copyright, Partek Inc. Partek and all other Partek Inc. product or
service names are registered trademarks or trademarks of Partek Inc., St. Louis, MO, USA.

All gene set enrichment analyses (GSEAs8) were run simultaneously using the GSEA
software from the Broad Institute (30) and employed the following parameters
recommended for expression data sets that contain a sample with fewer than 7 replicates: all
data were converted into gene symbols, redundant probe sets were collapsed using probe
medians, a Signal2Noise metric was used for ranking genes, the weighted enrichment
statistic was employed, and 1000 gene set permutations were used. All comparison
populations and statistics used to generate gene sets have been published (17, 31-34). For
gene sets corresponding to human data, gene symbols were converted to mouse gene
symbols by the Database for Annotation, Visualization and Integrated Discovery (DAVID)
version 6.7 (35, 36), and gene symbols were manually verified to contain the gene symbol
identifier(s) corresponding to our microarray Probe Set ID’s. A compiled list of all gene sets
used for GSEA has been included (Supplemental Table 1). Leading edge comparisons were
done in Pangloss Venn diagram generator.

Figure of Merit (FOM) (37) was used to estimate the appropriate number of clusters to
divide these data for the K means clusters (KMC9) algorithm (38, 39). The smallest cluster
number was used for which FOM values did not continue to decrease. To verify the
appropriate number of clusters to divide differentially expressed genes for pathway analysis,
we analyzed these data divided into 5, 7, and 13 clusters by Ingenuity® Pathway Analysis.
Thirteen clusters were ultimately used as it was the smallest number of clusters for which
the FOM value leveled out (at 6) and had the lowest trend in overall p-values associated with
biofunctions that were predicted to be enriched among clusters by pathway analysis. All
pathway analyses were done through QIAGEN’s Ingenuity® Pathway Analysis (IPA®,
QIAGEN, Redwood City, CA, USA). MeV was used for FOM, KMC, and to generate the
histogram (29). Expression profiles for Clusters 1, 3, and 5 were made in using custom R
scripts. Gene type was determined in PANTHER through Gene Ontology protein class (40);
unidentified genes in PANTHER were manually assigned a gene type through a Gene
Ontology molecular function backed with stringent evidence in mice by inference from a
mutant phenotype (IMP) or a direct assay (IDA) in the National Center for Biotechnology
Information (NCBI) database. All gene products that did not meet the criteria to merit a
specified gene type were listed as “Miscellaneous.” TRANSFAC provided by the GATHER

STumor antigen specific polyclonal repertoire
Significance analysis of microarray
Principal component analysis
Gene set enrichment analysis
K-means clustering
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webtool was utilized to analyze promoter regions of differentially expressed genes for
enrichment of transcription factor motifs (41).

Unless otherwise indicated, all other statistical significance was analyzed with using an
unpaired two-tailed Student’s #test [Prism version 4.0 (GraphPad)]. A p-value of < 0.01 was
considered statistically significant and error bars represent SEM. Statistical significance is
denoted by a “*”, where ****p < 0.0001, ***p < 0.001, **p< 0.01, and *p < 0.05.

TIL rapidly lose function in the CT26 tumor environment

We previously showed that vaccine strategies that are protective against CT26 tumor growth
do not work as well in a therapeutic setting (19). These results led us to determine how
quickly tumor-specific CD8+ T cells become hypofunctional in an established tumor
environment. We investigated the loss of the production of the anti-tumor cytokine, IFNy
(4). Although hypofunction of early exhausted CD8+ T cells often cannot be detected
without analysis of multiple functions, reduced capacity to produce IFNy generally occurs
more slowly than loss of target cell lysis, proliferative potential, as well as IL-2 and TNFa
production (42). Deficient IFNvy production is also a hallmark of CD8+ T cell tolerance (43).
We expected functional analysis of IFNy production to distinguish between exhausted and
tolerant TIL, as loss of IFNy production should occur overtime during exhaustion and
immediately in tolerance (3).

Functional tumor-specific CD8+ T cells were expanded in vivo by a vaccine strategy that is
protective against CT26 tumor challenge (18). We transferred these cells into congenic hosts
bearing an established CT26 tumor. Within 24 h of transfer, tumor-specific TIL became
markedly hypofunctional relative to peripheral counterparts (Figure 1A-B); a phenotype that
became more pronounced over 1 wk (Figure 1C-D). Transferred T cells were similarly
functional in the spleens of tumor-bearing and non-tumor-bearing mice (unpublished
observation). IFNy protein expression in response to PMA/ionomyocin stimulation (a means
to bypass TCR signaling) was also decreased, suggesting that functional defects of TIL were
cell-intrinsic. In addition, the immediate loss of function and accumulation of multiple
inhibitory receptors suggested that self-tolerance of TIL is established quickly in a solid
tumor environment.

Alternatively, differences among transferred T cells in the spleen and tumor may have been
due to altered trafficking of differentially activated polyclonal T cells after vaccination rather
than a suppressive tumor environment. However, when the vaccination is given
prophylactically, functional CD8+ T cells traffic to eliminate CT26 tumors (18). Therefore,
immediate differential expression of proteins, such as IFNy, in T cells from the spleen and
tumor strongly suggested that the tumor and spleen environments differentially affect the
functionality of T cells.

Genome-wide mRNA expression of TIL and functional validation

To ultimately define the collective impact of multiple pathways suppressing CT26 TIL
function (44), a comparison of genome-wide mRNA expression of tumor-specific CD8+ T
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cells from the tumor was required (Figure 2A). Tumor bearing mice were vaccinated to
expand tumor-specific CD8+ T cells for detection in the periphery. Although this
vaccination strategy is protective when given prophylatically (18), under the therapeutic
conditions used, vaccination only slightly delayed tumor growth. Therefore, we
hypothesized that the TIL from vaccinated tumor-bearing mice (TILV10) have a
hypofunctional phenotype similar to naturally-responding TIL in comparison to a peripheral
counterpart in vaccinated tumor-bearing mice (SpTV11). Because tumors have systemic
effects on the immune system, we also included a cohort of tumor-specific CD8+ T cells
from vaccinated non-tumor bearing mice (SpV12) as a positive control for effective anti-
tumor function. Rather than transferred T cells, we defined the hypofunction of naturally
responding TIL after chronic exposure to a tumor environment. Tumor-specific CD8+ T
cells were tetramer-sorted from tumors (TIL and TILV) and spleens (SpTV and SpV)
(Supplemental Figure 1) for genome-wide mMRNA expression analysis.

To identify genome-wide similarities and differences in the mRNA of samples and to
determine the most appropriate grouping of samples, we performed Principal Component
Analysis (PCA) (45). PCA is a statistical technique to reduce a large set of variables to a
small set of principal components that contain most of the original variation. The two largest
principal components, PC #1 and PC #2, accounted for 48.5% of the variance between
samples and divided tumor-specific CD8+ T cells into two distinct clusters, those from the
spleen and the tumor (Figure 2B). Therefore, genome-wide mMRNA expression of TIL and
TILV were most similar to each other and diverged from peripheral counterparts SpTV and
SpV.

We next determined if tumor-specific CD8+ T cells from the spleen and tumor also
represented functionally distinct cohorts and expressed the expected inhibitory receptors. As
determined by IFNy production, TIL from vaccinated mice were comparably hypofunctional
to TIL from non-vaccinated mice, while function of tumor-specific CD8+ T cells from the
spleens of vaccinated tumor-bearing mice was similar to that of cells from vaccinated non-
tumor-bearing mice (Figure 2C). TIL and TILV had higher protein expression of multiple
inhibitory receptors than SpTV and SpV (Figure 2D); the expression data were comparable
to those obtained in Figure 1 and previously published studies of naturally-responding CD8+
TIL of CT26 tumors that did not consider antigen specificity (9). These results suggested
that our genome-wide mRNA expression data reflect differential gene expression
responsible for hypofunction of TIL in the tumor environment. For the remaining analyses,
the “Tumor Antigen Specific Polyclonal Repertoire” of CD8+ T cells from tumors (TIL and
TILV) and spleens (SpTV and SpV) will collectively be referred to as “TASPR” T cells from
the CT26 tumor.

Gene expression of heterogeneous TASPR TIL resembles self-tolerance

Gene Set Enrichment Analysis (GSEA) is a statistical method commonly used to compare
gene expression results between data sets that are derived from independent experiments

10AHl-specific TIL from tumors of vaccinated CT26 tumor-bearing mice
1AHl—specific CD8+ T cells from spleens CT26 tumor-bearing mice
AH1-specific CD8+ T cells from spleens non-tumor-bearing mice
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(17, 30, 46). We utilized GSEA to determine if TASPR TIL had similar gene expression to
other published gene expression profiles of hypofunctional T cells that have been associated
with TIL. These included exhaustion, tolerance, anergy, and other TIL profiles (Figure 3A
and Supplemental Table 1) (17, 31-34). TASPR TIL were also compared by GSEA to other
functional T cell subsets that can infiltrate tumors, such as memory and effector T cells (31).
Statistical significance, as reflected by the Normalized Enrichment Scores (NESl3), p
values, and familywise error rates (FWER), was analyzed for enrichment of genes associated
with T cell subsets among TASPR T cells.

TASPR TIL were most similar to a self-tolerant profile (33) followed by the virally
exhausted profile (31). Exhaustion occurs over time with chronic TCR antigen or
inflammatory cytokine exposure (47, 48), whereas self-tolerance generally occurs quickly in
response to initial TCR exposure to self-antigen in the absence of immunostimulatory
signals (3). As expected, similarities were also identified between TASPR TIL, deletional
tolerance (32), and effector T cells (9, 31). We compared TASPR TIL with tumor-specific
CD8+ T cells isolated from lymph node metastases (TILN4) of previously vaccinated
melanoma patients (17) and total naturally-responding CD8+ TIL from a mouse model of
melanoma for which antigen specificity was not restricted (34). Curiously, while genes
highly expressed by vaccinated TILN (17) were enriched among TASPR TIL, genes highly
expressed by the total naturally-responding CD8+ TIL (34) were not. A likely explanation
for such a large differential impact is the lack of TCR specificity for a tumor antigen in the
total CD8+ TIL (34). For example, in the CT26 tumor model, protein expression of
inhibitory receptors by total CD8+ TIL is much lower and more variable than by CD8+ TIL
that have been narrowed by tumor-specificity (unpublished observation). Genes highly
expressed by memory CD8+ T cells were in direct opposition of TASPR TIL and similar to
functional TASPR T cells in the spleen. Unique enrichment of individual CD8+ T cell
programs among TASPR TIL (Figure 3B and Supplemental Table 2) and rapid loss of T cell
function in a tumor that became more pronounced over time (Figure 1) strongly suggested
that pathways do not just overlap between exhausted and self-tolerant CD8+ T cells, but that
TASPR TIL are a heterogeneous population that is largely self-tolerant and exhausted.

The gene set highly expressed by anergic T cells was approximately 15 genes (32) and was
too small (30) to obtain an accurate estimate of enrichment among TASPR T cells (see
statistics in anergy enrichment plot, Figure 3A). The gene consistently down-regulated by
anergic T cells could not be systematically compared to TASPR T cells by GSEA (30, 32)
(Supplemental Table 1). Notably, a gene whose decreased expression has been heavily
studied in the context of T cell anergy (32) was also down-regulated by TASPR TIL.
Although not available for systematic comparisons by GSEA, we also manually compared
the TASPR T cells to signature genes expressed by ignorant and senescent T cells. Genes
such as KLRG1 and CD57, that are associated with senescent CD8+ T cells in a non-
reversible state of cell cycle arrest (49), were not up-regulated by TASPR TIL. Finally,
TASPR TIL were antigen-experienced and did not down-regulate the TCR-CD3 complex,
and therefore did not correspond to T cells “ignorant” of the growing tumor (3, 50).

13Normalized Enrichment Scores
Tumor-specific CD8+ T cells isolated from lymph node metastases
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Molecular profile of tumor-specific TIL

To delineate significant differential gene expression between TASPR T cells, genome-wide
MRNA expression was compared by one-way analysis of variance (ANOVA) and narrowed
by a twofold-change (Figure 4A-C). There were no significant differences among TASPR
TIL, regardless of vaccination, or between TASPR T cells from the periphery, regardless of
tumor growth (Figure 4A-B). However, when TASPR T cells from the tumor were compared
to those from the periphery, we identified a total of 1973 genes that were differentially
expressed (Figure 4C). We further narrowed the list to 1164 differentially expressed genes
by significance analysis of microarray (SAM) (Figure 4D and Supplemental Table 3) (27,
28). Unlike ANOVA, which assumes an underlying normal distribution, SAM is a non-
parametric technique for determining differential expression (27, 28). Both statistical
analyses are commonly used to assess genome-wide mRNA expression data: we reasoned
dual criteria would increase confidence that genes are not falsely included (51) in the
molecular profile of TASPR TIL hypofunction.

Molecular profile of TIL highlights cell cycle inhibition

To dissect the downstream impact of collective pathways suppressing CT26 TIL function,
the 1164 genes comprising the molecular profile of TASPR TIL were sequestered into
smaller gene clusters enriched for biological pathways using K-means clustering (KMC,
Figure 5A and Supplemental Table 3) (38, 39). Ingenuity® Pathway Analysis of individual
clusters indicated that genes up-regulated by TASPR T cells in the periphery were associated
with lymphocyte proliferation (Figure 5B, Cluster 1), while those up-regulated in the tumor
were broadly associated with regulation of cell cycle progression (Figure 5A, Cluster 2,
p=2.79x10728), KMC further divided Cluster 2 into 13 smaller clusters by similar patterns of
gene expression that were enriched for more specialized biological pathways (Figure 5A,
Clusters 3-14). These clusters within the molecular profile of TASPR TIL allow systematic
focus of individual pathways associated with TIL immunosuppression. For instance, Cluster
5 was enriched for many gene products associated with arrest in cell cycle (Figure 5B), and
the top biofunction related to the cell cycle in Cluster 5 was G1/S-phase transition
(p=2.12x1075). Additionally, genes up-regulated in the periphery were associated with TCR
signaling and CD28 co-stimulation (Cluster 1, p=3.16x10~7 and 1.37x1077, respectively),
while genes induced in TASPR TIL included inhibitory receptors, such as PD-1 (PDCD1,
Cluster 12, Supplemental Table 3), and reflected an environment of strong TGF-f signaling
(Cluster 2, p=4.9x1073%). Suboptimal TCR and co-stimulation, PD-1, and TGF-p, are all
known to restrict TIL function and to inhibit cell cycle progression (5, 52-54).

Interestingly, the majority of inhibitory receptors were distributed between different clusters.
Cluster 9 contained two surface receptors, TIM-3 (HAVCR?2) and 2B4 (CD244), that can
broadly inhibit function of CD8+ T cells (55, 56), while another such inhibitory receptor,
TIGIT (57), was contained separately in Cluster 13. PD-1 (PDCD1) (7) segregated into
Cluster 12 that included other surface receptors not usually expressed on CD8+ T cells such
as, CD80, a molecule that is expressed on CD8+ T cells from HIV-infected patients (58).
Inhibitory receptor CTLA-4 and the controversial surface receptor IL2RA (CD25), that are
associated with negative and positive effects on anti-tumor T cell function (59-61),
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respectively, were grouped together in Cluster 4 that was broadly associated with cell-to-cell
signaling and interactions (p=2.1x1077).

Clusters that contained inhibitory receptors were also enriched for other gene products that
have been independently tied to some of the same biological pathways (Figure 5A and B).
For instance, inhibitory receptor LAG-3 (62) was among the gene products grouped into
Cluster 3 that was associated with arrest in cell cycle, including CDKN2C, CDKN3, CHN2,
LYN, and PLK1. Besides LAG-3, many gene products associated with cell cycle arrest in K-
means Clusters 3 and 5 have recently attracted attention for functions that may ultimately
regulate DNA replication and licensing cell cycle progression beyond the G1 and S phases
(63-66). Since much of the downstream signaling that mediates the effect of these inhibitory
receptors on TIL hypofunction is unknown, these clusters may provide a valuable and fluid
tool to dissect the extent of distinction and overlap between such pathways.

LAG-3 expression associated with cell cycle progression

Hypofunctional TIL incapable of tumor clearance have decreased capacity to progress
through the cell cycle (9, 48, 67). This foundation was largely laid by studies that distinguish
cycling cells by staining for Ki-67 (9, 67), which groups non-cycling cells in the GO/G1
phase from cycling cells in the late-G1, S, and G2/M phases (68), and total DNA staining to
set apart the G2/M phase (9, 69). Because many of the same gene products are associated
with cell cycle inhibition and progression depending on posttranslational modifications (66,
70), we determined cell cycle progression of CD8+ T cells from the CT26 tumor relative to
those from the periphery (Figure 6A). As expected (3, 71), TIL did not progress through the
cell cycle as readily as peripheral counterparts in response to TCR- and co-stimulation. Most
stimulated and unstimulated TIL were in the late-G1/early-S phase.

Dual PD-1 and LAG-3 positive CD8+ T cells were the most abundant among CT26 TIL
(Figure 6B). Although previous studies have tied PD-1 more strongly to the cell cycle,
specifically arrest in the GO/G1 phase (53), we were interested in analyzing both PD-1 and
LAG-3 expression in TIL since TIL were blocked in late-G1/early S-phase and LAG-3
surprisingly clustered with many cell cycle-regulated genes. Stimulated TIL in GO/G1 phase
were enriched among those that express PD-1; whereas stimulated TIL in S phase were
enriched among those that express LAG-3 and those that express both PD-1 and LAG-3
(Figure 6C). Stimulated TIL also expressed higher levels of PD-1 and LAG-3 in the GO/G1
and S phase, respectively (Figure 6D). Although expected to peak in the S phase (72),
LAG-3 protein expression has not previously been investigated on wild-type CD8+ T cells
throughout the cell cycle. As suggested by cluster analysis of the molecular profile of
TASPR TIL, these data functionally tie control of LAG-3 expression with the cell cycle and
corroborate that progression of CT26 TIL through the G1/S-phase boundary is inhibited
upon TCR- and co-stimulation.

Discussion

The molecular profile of TASPR TIL from CT26 tumors identifies many known,
hypothesized, and potentially novel pathways that underlie TIL hypofunction. As expected,
CT26 TIL express high levels of multiple inhibitory receptors and are hypofunctional;
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however, immediate accumulation of inhibitory receptors and lack of function in the tumor
environment revealed a robust similarity between the molecular profiles of TASPR TIL and
self-tolerance. Differential gene expression between additional hypofunctional and
functional CD8+ T cell subsets, as well as between pathways that restrict T cell function,
provide a map to navigate the intricacies of TIL hypofunction.

The molecular profile of TASPR TIL may provide a novel resource for studies to
characterize and boost the response of naturally responding TIL against a tumor. The
TASPR profile differs from other relevant strategies as follows. Tumor-specific CD8+ T
cells isolated from lymph node metastases of previously vaccinated melanoma patients, or
“TILN”, likely express T cell genes reflective of an anatomical location of the metastases in
a lymph node rather than a primary tumor tissue (73). Another molecular profile
corresponding to total CD8+ TIL is not restricted to tumor reactivity (34); both profiles were
not as similar to TASPR TIL as exhausted and self-tolerant T cells. Genome-wide mRNA
expression of TASPR TIL reflect a molecular profile of T cells that bear TCRs of relatively
low to intermediate affinity for tumor antigen (24). Conversely, a molecular profile of tumor-
specific TIL that have been genetically modified to all express the same tumor-specific TCR
may not model inhibitory pathways, such as suboptimal TCR stimulation, that are known to
restrict function of a naturally-responding polyclonal repertoire of TIL.

Although the profile of patient TILN expressed TCRs specific for a tumor/self antigen,
GSEA showed that TILN hypofunction most resembles murine viral exhaustion (17, 30, 46).
The more recent genome-wide mRNA expression profile of total CD8+ TIL from a mouse
model of melanoma also found TIL hypofunction similar to viral exhaustion (34). Neither
molecular profile was systematically compared to self-tolerance (17). In addition, others
have previously observed that total CD8+ TIL that naturally respond to CT26 tumors,
regardless of TCR specificity, are comprised largely of exhausted T cells and a smaller
fraction of effector T cells (9). Therefore, we expected the profile of TASPR TIL from CT26
tumors to reflect a hypofunctional T cell program most similar to exhausted CD8+ T cells
during chronic viral infection (31).

TASPR TIL have gene expression and functional capacities most similar to a recently
published molecular profile of self-tolerance (33) followed by exhaustion (31). Functional
tumor-specific CD8+ T cells do not become gradually hypofunctional over weeks, but
become tolerized within one day of trafficking into this solid tumor model. Although both
self-tolerance and viral-exhaustion can be at least temporarily overridden for a functional T
cell response (3), peripheral self-tolerance is a T cell program acquired quickly in response
to initial TCR exposure to self-antigen in the absence of immunostimulatory signals (3)
whereas viral-exhaustion is a T cell program acquired gradually during chronic non-self
TCR or immunostimulatory signals (47, 48). Distinctions between T cell programs of self-
tolerance and exhaustion are therefore not restricted semantics, but have wide-spread
implications for development of cancer immunotherapies that mobilize patient TIL against a
mutated or non-mutated “self” tumor antigen (13-16).

We have since reanalyzed the patient TILN data and found significant overlap between gene
expression of TILN (5) and self-tolerant murine T cells (33) that was also associated with
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control of cell cycle progression (74). The line between self-tolerance and exhaustion gene
sets among TILN and TASPR TIL is blurred and pathways may overlap. However, there is
little overlap between the exhausted and self-tolerant gene sets that define hypofunction of
TILN (4 of 114 genes) and TASPR TIL from CT26 tumors (12 of 195 genes) as similar to
viral-exhaustion and self-tolerance. These data suggest that TILN (5) and CT26 TIL are
heterogeneously exhausted and self-tolerant, or that TILN (5) and CT26 TIL hypofunction is
a T cell program that is distinct yet overlapping with other T cell subsets. Both scenarios are
in line with current literature; CD8+ T cell hypofunction varies by patient, assaulting
malignancy, and over time (5, 48). A shift in focus towards overlapping mechanisms known
to underlie multiple hypofunctional T cell subsets may enhance the functional response in
the majority of heterogeneous TILN and TIL (44).

The tumor environment varies in response to different antigens, in different tumor models,
and across species (75, 76). Nevertheless, CT26 TIL have a hypofunctional phenotype (9)
and molecular profile similar to exhausted patient TILN (9, 17), and exhausted TIL from an
inducible model of melanoma (34). CT26 is therefore an immunogenic tumor model with
widespread implications as to whether or not TIL tolerance can be overridden against tumor/
self antigens or if efforts should be focused on restoring function of exhausted TIL against
mutated/foreign tumor antigens (11, 76, 77). We predict as molecular profiles of TIL
specific for mutated tumor antigens become available, comparison to the CT26 TIL that are
“self”-specific will identify a highly conserved gene expression signature among TIL.

Transcriptional regulators interpret multiple extracellular signals to determine T cell
function and differentiation; such intracellular targets represent promising avenues to
simultaneously disrupt multiple inhibitory pathways that restrict anti-tumor function of TIL
(44). FOXP1, a transcription factor that has recently been reported as highly expressed in
TIL and a key regulator of T cell hypofunction in many cancers (78), is down-regulated in
TASPR TIL from CT26 tumors. FOXP1 expression in TASPR TIL is similar to the genome-
wide mRNA expression profiles of virally exhausted T cells (79), hypofunctional TILN (17),
and naturally responding total CD8+ TIL from a mouse melanoma model (34). In the model
melanoma system, MAF was the alternatively pursued transcriptional regulator of TIL
hypofunction (34), but MAF is not differentially expressed between TASPR T cells from the
tumor and periphery. Among gene products corresponding to transcriptional regulators that
are up-regulated between TASPR T cells from the tumor versus the periphery are HIF1A,
E2F7, IRF8, IKZF2, and STAT3; conversely, among those down-regulated in TASPR TIL
are TCF7, TOBL, FOS, and RNX1 (Supplemental Table 3). Differential expression of genes
involved in regulating transcription in TASPR TIL suggests an altered pattern of
differentiation among T cells from the tumor and spleen.

E2F1, a transcription factor closely associated with late-G1/early-S phase was predicted to
be a key mediator between extracellular stimuli and the decreased proliferative capacity of
TIL, although increased expression did not meet the strict twofold-change criterion used for
true difference among TASPR T cells (g-value=0.00, 1.98 fold-change). Nevertheless, it is
not uncommon for transcriptional regulators to be controlled post-translationally, and for
subtle changes in expression of transcriptional regulators to have global effects (44, 70). The
top five transcription factor motifs enriched in promoter regions (41) of genes up-regulated
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by TASPR TIL were all variants for E2F1 (p<1x10~10, FDR<1x1079, Fisher’s exact test).
Additionally, E2F1 was among the top transcriptional regulators predicted by Ingenuity®
Pathway Analysis to be a key upstream regulator of differential gene expression in TASPR
TIL (p=2.6x10"21, Cluster 2). E2F activity is extremely complex and regulates some of the
most basic cell functions, such as cell division and apoptosis (80, 81). During late-G1/early-
S phase, E2F1 activity determines if cells progress through the cell cycle or arrest and
apoptose (66). E2F1 is also a potent regulator of central and peripheral tolerance (80, 82-85).
Implications of these data are that E2F1 regulates self-tolerance (44) and is likely to
compromise function of CT26 TIL in late-G1/early-S phase.

Additionally, TIL hypofunction is downstream of many known inhibitory pathways targeted
individually in patients to restore anti-tumor function of T cells (86), which we analyzed by
KMC, an unsupervised sequestering of differentially expressed genes into smaller clusters
by similar patterns of gene expression (38). These clusters allow focus on gene products
associated with specific biological pathways that have not yet been investigated together or
in TIL. The TASPR profile predicts that heterogeneous CT26 TIL receive many inhibitory
signals through overlapping mechanisms to restrict cell cycle progression. Cell cycle
progression and LAG-3 protein expression confirm pathway analysis of the TASPR TIL
profile. We identified novel control of inhibitory receptor LAG-3 expression on cycling
CD8+ T cells, which peaks in S phase. Although LAG-3 is highly expressed on NK T cells
in S phase (72), variations in LAG-3 expression on cycling wild-type CD8+ T cells has not
been investigated prior to this study.

While PD-1 and CTLA-4 specifically restrict cell cycle progression of CD8+ T cells beyond
GO/G1 phase (87-89), LAG-3 has been more broadly demonstrated to restrict T cell
expansion in many inflammatory contexts in vivo (90). Although rare, CT26 TIL singularly
positive for PD-1 were slightly enriched in GO/G1 phase; cycling TIL did not express
significantly higher levels of PD-1 in any phase. Although these data do not confirm in vitro
experiments regarding PD-1 regulation of cycling CD8+ T cells (53), IPA of the cluster in
which PD-1 was grouped predicts less association of PD-1 and similarly expressed gene
products with the cell cycle (p=5.10x10"7) than other biofunctions in TASPR TIL, such as
cell death and survival (p=6.62x1078) and immune cell trafficking (p=6.45x1078) (49). As
with co-therapies that target both PD-1 and CTLA-4 (8), deletion of both PD-1 and LAG-3
in tumor-specific CD8+ T cells increases control of tumor burden more than singularly
targeting one of these inhibitory receptors (62, 91), and represent attractive therapeutic
targets to restore TIL function (92). Notably, deletion of both PD-1 and LAG-3 accounts for
less autoimmunity relative to deletion of CTLA-4 (91, 93).

LAG-3 gene expression was among the few to overlap between TASPR TIL hypofunction,
self-tolerance, and viral-exhaustion (Supplemental Table 2). Although the entire gene set up-
regulated by self-tolerant CD8+ T cells (33) was associated with the cell cycle
(p=2.59x10718 Supplemental Table 1), overlapping gene expression of TASPR TIL and
self-tolerant CD8+ T cells (33) was further enriched for cell cycle gene products
(p=8.60x10"20, Supplemental Table 2). Genes associated with the cell cycle were similarly
noted among vaccinated TILN and virally exhausted T cells when compared to their
functional counterparts (17, 31). These data are striking in that alterations in cell cycle
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progression/proliferation modify TIL susceptibility to apoptosis and memory T cell
development (69, 94, 95). Genes highly expressed by memory CD8+ T cells (31) were
collectively down-regulated by TASPR TIL. Our analyses dissect the extent of overlap and
distinction between the pathways that cooperatively restrict T cell functions and may
accelerate identification of effective co-therapy combinations and intracellular targets to
efficiently boost anti-tumor function of TIL.

As evident by the lack of published studies, isolating a sufficient number of tumor-specific
TIL has been historically limiting for high-throughput analyses. Only differences between
the most abundant transcripts are reliably detectable after the necessary amplification
methods to detect genome-wide mMRNA expression (96). Subtleties that underlie genome-
wide mRNA expression profiles of small numbers of patient TIL, such as differential
expression of transcription factors, are difficult to biologically replicate due to heterogeneity
(17, 96). We avoided these problems by tetramer-sorting many tumor-specific CD8+ T cells
(=40,000 cells, 5 ng RNA) from pooled samples of genetically identical mice. Future mRNA
expression profiles from relatively small numbers of patient TIL may be validated by
comparison to the TASPR profile, as technologies are rapidly advancing (96). We predict
that genes with high expression differences between patient TIL and their functional
counterparts will have similar expression to the TASPR profile, but that subtle yet significant
differences among TASPR T cells will elucidate of the intricacies of collective pathways that
restrict anti-tumor function of patient TIL.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Effector CD8+ T cells become hypofunctional within 24 h in a CT26 tumor environment.
Transferred live CD8+ T cells, known to protect against tumor challenge, were adoptively
transferred into a tumor-bearing host and monitored at the indicated time points from the
tumor (Tum) and spleen (Sp). (A) One day after adoptive transfer into a tumor-bearing host,
transferred (Thy1.1+) CD8+ T cells from the Tum and Sp were assayed for IFNy protein in
response to A5 peptide (10 ug/ml) stimulation ex vivo. Geometric mean fluorescent
intensities (QMFIs) in representative dot plots from IFNy+ endogenous (upper left quadrant,
black) and transferred (upper right quadrant, red) live CD8+ T cells are shown. (B)
Expression level of IFNYy in transferred CD8+ T cells from the Tum and Sp was measured in
response to A5 peptide (10 ug/ml) and PMA/ionomyocin stimulation ex vivo one day after
adoptive transfer into a tumor-bearing host. pgal (10 ug/ml) is an H-2L9 binding irrelevant
peptide . (C) Co-expression of inhibitory receptors was monitored over time on transferred
CD8+ T cells from the Tum and Sp. “0d” represents immediately before transfer, and a
frequency of “0” designates no dual PD-1+/TIM-3+ cells of interest. (D) Transferred CD8+
T cells from the Tum and Sp were monitored over time for IFNy protein production
following ex vivo PMA/ionomyocin stimulation. A gMFI of “0” designates no IFNvy+
among cells of interest. Data represent at least 2 independent experiments, n=2-3 biological
replicates per group, and error bars=standard deviation of the mean (SD).
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FIGURE 2.

Genome-wide mRNA expression of tumor-specific CD8+ T cells segregates into two
functionally distinct clusters. (A) Schematic of the origin of tumor antigen-specific T cells is
shown. AH1-specific CD8+ T cells were tetramer-sorted from CT26 tumors of mice that had
(TILV) or had not (TIL) been vaccinated, and spleens of vaccinated mice that either
harbored (SpTV) or did not harbor tumors (SpV). (B) Messenger RNA from the groups
described in A was interrogated by microarray. Principal component analysis (PCA) divided
genome-wide mRNA expression of the indicated cell populations into two distinct clusters,
tumor-specific CD8+ T cells from the spleen or the tumor. Five to ten mice were pooled per
group, and each group was repeated 3 times. (C) AH1-specific CD8+ T cells described in A
were stimulated ex vivo with increasing concentrations of the indicated peptide and assayed
for IFNy production. (D) AH1-specific CD8+ T cells described in A were analyzed for
inhibitory receptor expression. The grey histogram represents naive CD8+ T cells from a
spleen as a negative control for inhibitory receptor expression. C and D are representative
data of at least 2 independent experiments, n=1-4 biological replicates, and error bars=SD.
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FIGURE 3.
Genome-wide mRNA expression of tumor-specific TIL from the CT26 tumor is similar to

transcription profiles of other hypofunctional CD8+ T cells; similarities are driven by
distinct gene expression. Genome-wide mRNA expression of TASPR T cells, acquired as
described in Figure 2A, was simultaneously compared to other published CD8+ T cell
transcriptional profiles for similarities by gene set enrichment analysis (GSEA) (30). (A)
Plots show enrichment of genes associated with the indicated T cell profile, or “gene set.”
Vertical black lines show where gene sets match genes expressed by TASPR T cells from the
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tumor (red, TILtor® = TIL and TILV) and spleen (blue, Spro718 = SpTV and SpV). The
Normalized Enrichment Scores (NES) reflect the degree to which a gene set is
overrepresented at the extremes of the entire ranked list of gene expression differences
between TASPR T cells from the tumor and spleen; an NES value farther from 0 indicates
greater enrichment of the indicated profile genes among TASPR T cells from the tumor
(positive NES) or spleen (negative NES). The green line is a visual representation of gene
set enrichment along the ranked list. The Leading Edge, roughly shown by a dashed circle,
includes the core genes from a gene set that contribute most to the deviation of an NES from
0. Profile gene sets were determined to significantly cluster among genes highly expressed
by TASPR T cells from the tumor or spleen when p-value < 0.001 (30) and familywise error
rate < 0.05 (FWER, which suggests the probability of type 1 errors), and are delineated by
green rather than grey labels. (B) The majority of Leading Edge genes differ between the
hypofunctional CD8+ T cell profiles. These core genes drive the NES away from 0 in the
Leading Edge (circled in A) and are compared in the Venn diagram and Supplemental Table
2.

15AHl—specific TILV and TIL from Figure 2A
16AHl-specific SpTV and SpV from Figure 2A
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FIGURE 4.
Molecular profile of tumor-specific TIL that are naturally-responding and polyclonal.

Genome-wide mRNA expression of TASPR T cells acquired in Figure 2A (TILto7=TIL and
TILV and Sptor=SpTV and SpV) were compared for differential gene expression. (A-C)
Volcano plots comparing the indicated groups illustrate significant 2-fold differential gene-
expression by one-way ANOVA in red. (D) Differentially-expressed genes were narrowed
by ANOVA, as in C, and by SAM. Genes common to all three groups were designated the
“molecular profile” of TASPR TIL.
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Molecular profile of tumor-specific TIL from the CT26 tumor highlights transcriptional
regulation of cell cycle inhibition. The molecular profile of TASPR T cells acquired in
Figure 2A was analyzed in clusters for enrichment of biological pathways. (A) K-means

clustering (KMC) divided differential

ly-expressed genes into 13 clusters for focused

pathway analyses. Heat map shows logp-transformed expression intensities mean-centered at

the probe level. (B) Pathway analysis
corresponding biofunctions enriched
dashed lines represent p value = 0.05.
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of gene products from Clusters 1, 3, and 5 revealed
in TASPR T cells from the spleen and tumor. Grey
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FIGURE 6.

Slowed cell cycle progression of CD8+ T cells in the CT26 tumor corresponds to a novel
pattern of inhibitory receptor expression predicted by the molecular profile of TIL. Total
CD8+ T cells from CT26 tumors (TILygo7) and spleens (Sptot) from timelines shown in
Figure 2A were untreated or treated with antibodies to CD3 and CD28 for 48 h beforea 1 h
(or indicated time) pulse with the thymidine analogue EdU. Flow cytometric analyses
identified cell cycle phase and inhibitory receptor expression of live CD8+ T cells. (A) Cell
cycle phase was resolved by staining for EAU and by the DNA dye 7-AAD. Frequencies are
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shown in sub GO/G1 (grey), GO/G1 (black), S (red), and G2/M (blue) phase. (B) Inhibitory
receptor expression (PD-1 and LAG-3) was determined in the presence and absence of
stimulation. (C) Inhibitory receptor expression on TILtoT during GO/G1 and S phase was
determined. (D) Representative histograms (left) of naive CD8+ T cells from spleen (grey,
negative control) and stimulated TILtoT cells [GO/G1 (black), S (red), and G2/M (bluge)
phase] are shown. Numbers indicate the gMFI. At this time point (48 h), frequency of
synchronized T cells in G2/M phase (blue) was too small to confidently determine inhibitory
receptor expression. All data (right) represent three independent experiments, n=3-10
biological replicates per group, error bars=SEM.
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