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SUMMARY

CD8™* T cells recognizing tumor-specific antigens are detected in cancer patients but are
dysfunctional. Here we developed a tamoxifen-inducible liver cancer mouse model with a defined
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oncogenic driver antigen (SV40 large T-antigen) to follow the activation and differentiation of
naive tumor-specific CD8* T (TST) cells after tumor initiation. Early during the pre-malignant
phase of tumorigenesis, TST cells became dysfunctional, exhibiting phenotypic, functional, and
transcriptional features similar to dysfunctional T cells isolated from late-stage human tumors.
Thus, T cell dysfunction seen in advanced human cancers may already be established early during
tumorigenesis. Although the TST cell dysfunctional state was initially therapeutically reversible, it
ultimately evolved into a fixed state. Persistent antigen exposure rather than factors associated with
the tumor microenvironment drove dysfunction. Moreover, the TST cell differentiation and
dysfunction program exhibited features distinct from T cell exhaustion in chronic infections.
Strategies to overcome this antigen-driven, cell-intrinsic dysfunction may be required to improve
cancer immunotherapy.

In Brief

Tumor-specific CD8" T cells found in human solid tumors are often dysfunctional, but when and
how during tumorigenesis this T cell dysfunction arises was not known. Schietinger and
colleagues show that CD8* T cells become dysfunctional early during tumorigenesis at the pre-
malignant stage through an antigen-driven dynamic differentiation program.
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INTRODUCTION

T cell responses to cancers differ depending on the target antigen (Schietinger et al., 2008).
Tumor antigens that are self-proteins are often weakly immunogenic due to pre-existing
tolerance. Tolerance to self results from both central and peripheral immune tolerance
mechanisms and is required to prevent autoimmunity (Schietinger and Greenberg, 2014).
However, many cancer antigens are self-antigens, and tolerance to these proteins can impede
anti-tumor T cell responses. In contrast, tumor antigens that are truly tumor specific (viral
and mutated proteins) are potentially highly immunogenic because the immune system has
not been previously exposed to these antigens, and T cells should be able to recognize these
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neoantigens as “foreign” and eliminate cancer cells expressing them (Schietinger et al.,
2008). Mutant antigens are commonly expressed in human solid tumors (Alexandrov et al.,
2013), and T cells specific for such antigens are detected in cancer patients (Kubuschok et
al., 2006; Lennerz et al., 2005; Linnemann et al., 2015; Robbins et al., 1996; Wolfel et al.,
1995). However, the co-existence of progressively growing tumors and tumor-specific T
cells, first defined as the “Hellstrom paradox,” suggests that tumor-specific T cells are
rendered unresponsive to the cancer (Hellstrom et al., 1968). Tumor-infiltrating lymphocytes
(TILs) within progressing, solid tumors and metastatic lesions commonly express high
amounts of inhibitory receptors (e.g., PD1, LAG3, 2B4, TIM3, CTLAA4), are impaired in the
ability to produce effector cytokines (TNF-a,, IFN-y, and IL-2), and/or have lost the
capacity to proliferate (Baitsch et al., 2011; Gros et al., 2014; Gubin et al., 2014). These
hallmarks of dysfunction have been attributed to factors within established tumors, including
the immunosuppressive microenvironment (e.g., myeloid-derived suppressor cells
[Gabrilovich et al., 2012], tumor-associated macrophages [Noy and Pollard, 2014], FOXP3™*
regulatory CD4" T cells [Savage et al., 2013], IL-10, TGF-f, indoleamine-2,3 dioxygenase
[IDQ]), inhibitory checkpoint signaling pathways (e.g., PD1 and PD-L1) (Ostrand-
Rosenberg et al., 2014), and physiological changes (e.g., hypoxia and low nutrient levels).

Tumor development occurs in three phases: initiation, promotion, and progression. During
initiation, normal cells acquire somatic (driver) mutations that induce neoplastic
transformation. After the initiating oncogenic hit, there is a pre-malignant phase during
which tumor-specific neoantigens, including mutant oncogenic driver antigens, may be
expressed and presented to the immune system in a non-inflammatory context (Willimsky
and Blankenstein, 2005). It is currently not known when and how tumor-specific CD8" T
cells differentiate to an unresponsive state. Defining the underlying mechanisms and kinetics
of differentiation to the dysfunctional state requires following naive tumor-specific T cells
from the earliest time after tumor initiation through the course of tumor development; this is
impossible to study in human patients or in transplantable tumor models. Thus, we set out to
develop an inducible, autochthonous cancer mouse model with a defined tumor-specific
oncogenic driver that represents a tumor-specific CD8* T cell target (neoantigen), and we
followed the activation and differentiation of tumor-specific T cells after tumor initiation.
Our study reveals that the phenotypic, functional, and molecular hallmarks of unresponsive
tumor-specific CD8" T cells found in late-stage tumors are already “imprinted” through a
dynamic differentiation program at the pre- and early malignant phase of tumor
development, prior to the development of an established tumor and/or immunosuppressive
microenvironment. Moreover, fate commitment to the dysfunctional state absolutely
required continuous antigen encounter and TCR stimulation.

A Tumor-Specific Neoantigen Expressed Early during Tumorigenesis Rapidly Induces
Unresponsiveness in Antigen-Specific CD8* T Cells

To follow the fate of naive tumor-specific CD8* T cells during the subclinical, pre-malignant
phase of tumor development, we developed a tamoxifen-inducible, autochthonous liver
cancer model (ASTxCre-ERT2; AST = Albumin-floxStop-SV40 large T antigen [Stahl et al.,
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2009]; Cre-ERT2 = tamoxifen-dependent Cre-recombinase) with the induced expression of
SV40 large T antigen (Tag) serving as both oncogenic driver and tumor-specific antigen
(Figure 1A). Tag mediates its transforming activity through the binding and functional
inactivation of two central tumor suppressor proteins, retinoblastoma protein and the p53
transcription factor, similar to oncogenes in human cancers. Tamoxifen (Tam)-treated
ASTxCre-ERT2 mice show morphologic alterations in the liver by days 8-10; these lesions,
defined pathologically as pre- and early malignant through ~day 30 (Cullen et al., 1993;
Thomas et al., 2005), eventually progress into frank hepatocellular carcinoma (HCC) by 3—-4
months after Tam (Figures 1B and S1A), with all mice succumbing to HCC by 4-5 months
(Figure S1B). TCRgy40-j transgenic mice, which have monoclonal CD8* T cells expressing
a DP-restricted TCR specific for Tag epitope | (Tag-1; SAINNYAQKL), were used as the
source of naive tumor-specific CD8" T cells (Figure 1C; Staveley-O’Carroll et al., 2003).
CDS8™ T cells isolated from spleens of TCRgy4q.1 mice were phenotypically and functionally
naive and after transfer into B6 mice proliferated and differentiated into functional effector
and memory T cells in response to an acute infection, e.g., immunization with a recombinant
Listeria monocytogenes strain expressing the Tag epitope | (LM-Tag-1) in which the
pathogen and antigen are rapidly and effectively cleared (Figure 1D; Brockstedt et al., 2004;
Cui and Kaech, 2010).

To understand how naive tumor-specific CD8* T cells differentiate and respond to first
encountering a tumor-specific antigen early during tumor development, we transferred naive
TCRgya0.1 CD8* T cells into congenic ASTxCre-ERT2 mice 1-2 days prior to Tam
treatment (Figure 1E) and assessed phenotype and function at different time points after
Tam. By 3-4 days after Tam, TCRgy4g-; infiltrated the liver, proliferated, and became
antigen experienced as evidenced by proliferation-induced dilution of carboxy-fluorescein-
succinimidy! ester (CFSE) and acquisition of a CD44M phenotype (Figure 1F). By days 8-
10, TCRgy40.1 CD8* T cells (D8 TCRgya0.1) Were uniformly CD44N and CD62L° and
expressed the proliferation marker Ki67 and high levels of the activation markers and
inhibitory receptors PD1 and LAG3 (Figure 1G, top). However, D8 TCRgy4¢.j produced
only minimal amounts of the pro-inflammatory cytokines interferon (IFN)-y and tumor
necrosis factor (TNF)-a upon ex vivo peptide stimulation (Figure 1G), especially as
compared to D8 TCRgy49- effectors from normal immunized mice (Figure 1D). This state
of hypo-responsiveness became more profound over time (~30 days; D30 TCRgy40-1) With
(1) loss of Ki67 positivity, (2) high expression of multiple inhibitory receptors PD1, LAG3,
2B4, and TIM3, and (3) complete failure to produce effector cytokines in response to
antigen (Figure 1G, bottom). Dysfunctional T cells did not produce increased levels of the
immune-suppressive cytokine IL-10 (Figure S1C), suggesting that tumor-specific CD8* T
cell dysfunction initiated early during tumorigenesis does not reflect conversion to a
regulatory CD8" T cell phenotype (Endharti et al., 2005). The early, dysfunctional state of
TCRgy40-1 T cells was further evidenced by failure to control tumor growth or improve
survival (Figure S1B).

These phenotypic and functional features of unresponsiveness were previously observed in T
cells isolated from solid, late-stage tumors and/or metastases in cancer patients (Gros et al.,
2014; Crespo et al., 2013; Zippelius et al., 2004). Thus, T cell differentiation to the
dysfunctional state can begin very early during tumor development.
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Tumor-Specific T Cells Ultimately Enter a Fixed State of Dysfunction

To determine whether the dysfunctional state of tumor-specific T cells in pre-malignant
lesions is reversible, D8 and D30 TCRgy/40.; Were re-isolated from livers of ASTxCre-ERT2
mice and transferred into antigen-free wild-type (WT) B6 hosts. One day later or at 3-4
weeks after transfer, these secondary recipients were immunized with LM-Tag-1 (Figure
2A). Whereas D8 TCRgy4g-1 in new hosts were able to proliferate in response to LM-Tag-I
and differentiated and acquired phenotypic and functional characteristics of memory CD8*
T cells 1 month after immunization (Figures 2B and 2C), D30 TCRsy40-1 remained
unresponsive, failing to proliferate after immunization, even after 3—4 weeks of “parking” in
antigen-free hosts (Figures 2B and 2D).

Previous studies have demonstrated that blocking inhibitory receptors (checkpoint blockade)
can mediate functional rescue of unresponsive T cells in chronic infection or tumors (Barber
et al., 2006; Brahmer et al., 2012; Perez-Gracia et al., 2014; Topalian et al., 2012). Thus, we
examined whether PD-1 blockade in vitro could reverse the dysfunctional state of TCRgy49-|
T cells. D8 and D35 TCRsy/40-; Were isolated from pre- and early malignant lesions and
cultured for 3—4 days in vitro with IL-2 in the absence or presence of PD1 blocking
antibody. Although D8 TCRgy40.) Were able to restore effector functions in vitro even in the
absence of PD1 blockade, D35 TCRgy40-| could not be rescued by blockade of the PD1
pathway (Figure 2E). Thus, T cell dysfunction in pre-malignant lesions is progressive and
associated with changes in the requirements for T cell rescue: whereas dysfunctional D8
TCRsv40-1 initially appear to be in a plastic cell state and can be re-programmed and rescued
to differentiate into functional effector and memory T cells when placed into an antigen-free
environment, D30+ dysfunctional TCRgy40.j ultimately enter a fixed state of dysfunction
that persists in the absence of antigen and outside the context of a developing tumor, as well
as after PD1 checkpoint blockade in vitro. We next performed in vivo PD1 blockade
experiments to better model the rescue strategies being pursued clinically (Figure 2F, top)
and found that blockade beginning at D35+ after tumor initiation failed to restore effector
functions of D35+ TCRgy40.;. PD1 and PD-L1 blockade did have biologic activity in vivo,
resulting in a significant increase in TBET and Ki67 expression (and decrease in PD1
expression), but no increase in expression of the effector molecule Granzyme B or effector
cytokines IFN-y and TNF-a (Figure 2F). In vivo PD1 and PD-L1 blockade starting at D8
after tumor initiation resulted in a significant increase in Granzyme B expression (in
addition to an increase in T-bet expression), but still did not rescue cytokine production
(Figure S2). The failure of PD1 blockade to fully restore effector functions of D8 and D35+
TCRgy40- cells is not totally surprising given the unchanged high expression of numerous
other inhibitory receptors such as TIM3, LAG3, and 2B4 after checkpoint blockade (Figures
2F and S2).

Dynamic Molecular Program Associated with the Differentiation and Fate Commitment of
Tumor Antigen-Specific T Cells to the Dysfunctional State

The pathways that underlie differentiation of naive, tumor-specific T cells to the
dysfunctional state in these early malignant lesions are not known. To identify these
molecular programs, we performed comparative whole-genome transcriptome analyses of
D8-12 and D34 TCRgy4q-| from pre- and early malignant lesions, as well as from naive (N)
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and functional D8-Effector (D8 Eff) TCRgy40.j after recombinant L/steria infection.
Notably, D8-12 TCRgy40-; did not cluster with D8 Eff TCRgy49.1 by principal component
analysis (Figure 3A), demonstrating that T cells first encountering antigen in pre- and early
malignant lesions did not differentiate through the typical “effector” stage entered by T cells
during an acute infection, in which antigen is presented in an inflammatory context and
cleared by days 4-5 after infection (Kaech and Cui, 2012). Moreover, D8-12 TCRgy/4¢-; had
a gene signature markedly distinct from D34 TCRgy49-1. Thus, the molecular program
induced in D8-12 TCRgy4g.| further evolved with continued antigen exposure, resulting in a
“D34-specific” gene signature (Figures 3A and 3B). Both D8-12 and D34 TCRgy40-|
exhibited low expression of effector function genes and transcription factors (e.g., 76x21,
Eomes, 1d2, Gzmk, Gzmm, Ccrb, Cxcr3) (Figure 3C), consistent with the early inability to
produce effector cytokines (Figure 1G) and control tumor outgrowth (Figure S2). K-means
analysis revealed that several gene clusters and pathways exhibited progressive up-or
downregulation over time (Figures 3C and S3; Table S1): genes controlling T cell function
became downregulated from D8-12 to D34, including transcription factors (Foxol, Foxpl,
Tcf7, KIf2), signaling molecules (Lat, Jakl, Itk), and chemokine and cytokine receptors
(Cer7, 1171, whereas genes associated with reduced immune function became progressively
upregulated such as master transcriptional repressors £grl, Batf(Kurachi et al., 2014),
Blimp (Shin et al., 2009), inhibitory receptors Pdcdl, Cad244, Cd160, Lag3, and Ctla4
(Blackburn et al., 2009), and phosphatases Pion1l1, PtonlZ, Duspl, and Dusp6 (Figures 3C
and S3B). To understand the molecular basis for the transition from a reversible to fixed
state of dysfunction, we focused on clusters 5 and 10, whose genes were selectively
upregulated in D8-12 TCRgy40-| (Figures 3C and 3D): in addition to transcription factors
E2f1, E212, and Egr2, genes controlling nucleosome and chromatin assembly and DNA
conformation were highly represented, including histones, mini-chromosome maintenance
complex proteins, DNA and histone modifying enzymes (Dnmt1, Dnmt3b, Hai), and the
Polycomb-group family member £z/42, a key regulator of repressive chromatin states and
transcriptional quiescence (Figures 3C, 3D, and S3C; Viré et al., 2006). Thus, the machinery
necessary for epigenetic modification and induction of a repressive chromatin state appear to
be expressed early (~D8-12) in tumor-specific T cells (but not in functional D8 Eff) as a
result of tumor antigen encounter in pre- and early malignant lesions. This machinery may
then establish and ultimately “imprint” an irreversible state of functional unresponsiveness
(~D34). These results provide a molecular framework for the early induction and
establishment of tumor-specific T cell dysfunction in pre- and early malignant lesions,
demonstrating that differentiation to the dysfunctional state is driven by a dynamic gene
expression program. This program is notable for alterations of genes in the PI3K/AKT/
mTOR, KLF2/EOMES/TBET, FOXO, and JAK-STAT signaling pathways that have been
demonstrated to be key determinants of effector and memory T cell differentiation and
homeostasis (Kaech and Cui, 2012).

Tumor-Specific CD8" T Cells Isolated from Pre- and Early Malignant Lesions Exhibit the
Molecular Hallmarks of CD8* T Cells from Late-Stage Human and Mouse Tumors

Because T cells from pre-malignant lesions displayed phenotypic and functional
characteristics of dysfunctional T cells from late-stage established tumors from mouse and
human (Crespo et al., 2013; Gros et al., 2014; Zippelius et al., 2004), we examined whether
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the molecular program of dysfunction initiated in pre-malignant lesions also revealed
similarities to that of T cells from late-stage solid tumors. We therefore compared the gene
signature of D8 and D34 TCRgy49-; With that of T cells from late-stage human tumors using
the transcriptional profiles of tumor-reactive human Mart-1/Melan-A-specific CD8* T cells
isolated from metastases of melanoma patients (Figures 4A, top, and S4; Baitsch et al.,
2011) and CD8* T cells isolated from established murine melanomas (Figures 4A, bottom,
and S4; Giordano et al., 2015), respectively. Gene set enrichment analysis (GSEA) revealed
that genes and pathways found to be dysregulated in human, dysfunctional CD8* T cells
from late-stage tumors were enriched in D8 and D34 TCRgy4g.| from pre-malignant lesions,
including genes such as Blimp1, Batf, Tcf7, Foxpl, Lefl, BachZ, Pd1, Fasl, Cd137, Lag3,
Ctla4, Ption22, Tim3, and Duspl (Figures 4B and S4). Thus, the phenotypic, functional, and
molecular hallmarks of T cell dysfunction described for T cells in late-stage solid human
tumors are not necessarily acquired late during tumor development but may rather be
“imprinted” at the pre-malignant phase of tumor development.

Tumor-Specific CD8" T Cells in Pre-malignant Lesions Reveal Conserved and Distinct
Molecular Characteristics of Exhausted and Self-Tolerant CD8* T Cells

“Exhaustion,” a state of functional hyporesponsiveness of T cells during chronic infections,
arises when pathogens are not quickly eliminated but rather persist, such as in lymphocytic
choriomeningitis virus (LCMV) clone 13 infection in mice (Wherry et al., 2007) or human
immunodeficiency virus (HIV) infection in humans (Quigley et al., 2010; Schietinger and
Greenberg, 2014). It has been suggested that T cells in the context of established, solid
human and mouse tumors exhibit an “exhausted” state similar to chronic infections (Baitsch
etal., 2011; Giordano et al., 2015) due to high antigen load and the immunosuppressive
factors in the microenvironment. We compared the transcriptional profile of D8 TCRgy/40.|
from pre-malignant lesions with D8 exhausted virus-specific CD8" T cells in chronic LCMV
(clone 13) infection (Figures 5A and S5; Wherry et al., 2007), as well as ~D30 TCRgy40-|
with ~D30 exhausted virus-specific T cells (Figure 5B and Table S2) using previously
identified gene sets of T cell exhaustion. We found an enrichment of exhaustion genes and
pathways in TCRsyaq.) from pre-malignant lesions, including Blimp1, Egr2, Tcf7, Thx21,
Jakl, Lck, Lag3, Ctla4, Cd244, and Pdcdl. The similarity in the molecular program of
dysfunctional T cells encountering a tumor-specific neoantigen in non-inflammatory, pre-
malignant lesions with that induced in T cells during chronic viral infection, in which
inflammation is present, suggests that induction and establishment of T cell
unresponsiveness is primarily driven by antigen chronicity and duration of TCR stimulation
rather than environmental signals. However, in addition to the genes and pathways that were
conserved, there was a unique signature associated with each setting (Figure 5B and Table
S2) and some very distinct differences in the differentiation program. T cell exhaustion
during chronic viral infection was previously shown to be associated with progressive
differentiation and loss of TBETNPD1iM progenitor T cells and accumulation of terminally
differentiated, exhausted EOMESNPD1NMGZMBN T cells over the course of infection (Paley
etal., 2012). In contrast, dysfunctional tumor-specific T cells did not differentiate into
EOMESN cells but rather lost EOMES expression over the course of tumor progression
(Figures 5B, 5C, and S5C) and did not reveal differential GZMB, PD1, and LAG3
expression based on their relative EOMES expression levels (Figure S5C). Thus, T cell
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differentiation to the dysfunctional state in tumors is a distinct process from T cell
exhaustion during chronic infection. We hypothesize that unresponsive T cells in pre-
malignant lesions and chronic viral infections share a conserved program that is driven by
persistent antigen independent of context, while also enriching unique genes and pathways
that are induced by disparate context-specific, external signals.

Early during the course of chronic viral infections, naive virus-specific T cells initially
expand and acquire some effector functions, but as the infection progresses and antigen
persists, gradually lose effector functions and differentiate to the exhausted state. In contrast,
tumor-specific T cells from pre-malignant lesions do not acquire effector functions, though
they do initially proliferate (Figure 1G). Unlike in chronic viral infection, tumor-specific T
cells in pre-malignant liver lesions encounter tumor antigen on non-professional and/or non-
activated APCs, including transformed hepatocytes, in a non-inflammatory context, a
scenario similar to T cells encountering self-antigen in the periphery that also leads to
differentiation to an unresponsive state, known as peripheral self-tolerance (Schietinger et
al., 2012). Thus, we asked whether the molecular program underlying differentiation of
tumor-specific T cells encountering a neo-antigen on transformed cells in pre-malignant
lesions is similar to that described for peripheral, self-tolerant T cells encountering self-
antigen on normal cells (Schietinger et al., 2012). Cross-tabulation analysis of the gene
expression profiles of tumor-specific and self-tolerant T cells revealed several genes and
pathways that were similarly dysregulated in both tumor-specific and self-tolerant T cells,
including transcription factors 76x21, Eomes, Egrl, and Egr2and inhibitory molecule
CD160 (Figure S6 and Table S3). Genes encoding transcription factors £2f1 and E2F2,
inhibitory molecule Lag3, and genes associated with epigenetic remodeling, regulation of
DNA modification, and chromatin organization, which we previously identified as “self-
tolerance-associated” genes (clusters 9 and 13) (Schietinger et al., 2012), were also
significantly over-represented in clusters 5 and 10 of TCRgy40.; Which included the early,
D8-dysregulated genes described above (Figures 3C and Table S3). However, we also
identified many genes and pathways that were uniquely dysregulated in tumor-specific T
cells, including the transcription factors Foxol, Tcf7, Foxpl, Blimp1, and Batfand
inhibitory receptors Pdcdl, Cd244, 2B4, Tim3 (Figures 3C). Thus, context-specific signals
that operate in pre-malignant liver lesions comprised of transformed hepatocytes appear to
have distinct consequences on the differentiation program and fate of T cells encountering
antigen, compared to normal hepatocytes (Comerford et al., 2012).

Presence and Persistence of Antigen Dictates Tumor-Specific CD8* T Cell Dysfunction in
Solid Tumors

To elucidate whether tumor antigen exposure or factors present in the immunosuppressive
microenvironment (including immune-suppressive cells, hypoxia, and/or low nutrient levels)
drive T cell dysfunction in tumors, we developed a co-transfer model that would allow us to
follow the fate of tumor-specific as well as non-tumor-specific T cells within the same
immunosuppressive microenvironment of late-stage Tag-expressing solid liver tumors
(Figure 6A). 6- to 8-week-old ASTxAIb:Cre (Thy1.2) mice, which constitutively express
Cre-recombinase in hepatocytes under the albumin promoter and develop liver tumors upon
birth, were used as tumor-bearing hosts (Figure 6B). TCRot.; (Ly5.1) CD8* T cells, which
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express a KP-restricted TCR specific for oval-bumin (OVA), were used as non-tumor-
specific T cells (Figure 6A). Naive, tumor-specific TCRgy4g.; were co-transferred with
equal numbers of TCRgt,| into tumor-bearing ASTxAIb:Cre mice or B6 control mice. At 1
day after transfer, host mice were immunized with recombinant L/steria co-expressing the
Tag-1 and OVA epitopes (LM-Tag-1-OVA). TCRsy40-; and TCRoT.| expanded equally well
in response to LM-Tag-1-OVA, and 7 days after infection similar numbers were found in
spleens of control B6 mice (Figure 6C, top). In ASTxAIlb:Cre mice, TCRgy40-1 and TCRoT|
both localized to the tumor-containing livers and were found in equal numbers (Figure 6C,
bottom). In B6 hosts, both TCRgy49.; and TCRgt, differentiated into phenotypically and
functionally similar effector and memory T cells, typical for T cells during an acute
infection in which antigen is being expressed in an inflammatory context and quickly
cleared (Figures 6D and 6E). However, in ASTxAIb:Cre mice, TCRgy49.1 and TCRoT
entered very distinct differentiation states: tumor-infiltrating, tumor-specific TCRsy/40.|
became increasingly dysfunctional with time, expressing high levels of PD1, LAG3, 2B4,
and TIM3 and failing to produce effector cytokines in response to cognate antigen similar to
T cells in pre-malignant lesions (Figures 6D and 6E). In stark contrast, non-tumor-specific
TCRoT.; isolated from the same tumor site did not upregulate inhibitory receptors (Figure
6D), produced IFN-y and TNF-a in response to cognate antigen (Figure 6E), and entered a
memory differentiation state similar to TCRot in B6 hosts (Figures 6D and 6E) Thus,
tumor-induced T cell dysfunction is driven by the presence and persistence of tumor antigen,
and although microenvironmental factors may contribute, they are not sufficient to induce
dysfunction. Although many cancer immunotherapies aim to reverse global
immunosuppression by modulating the tumor microenvironment, our data suggest that a
fundamental level of antigen-specific, cell-intrinsic dysfunction must also be overcome.

DISCUSSION

In summary, by following the fate of naive, tumor-specific CD8" T cells after tumor
initiation, we uncovered the mechanistic underpinnings of T cell differentiation and
dysfunction in solid tumors. The differentiation of naive, tumor-specific T cells begins early
during tumor development in a dynamic process that ultimately results in the establishment
of a fixed state of dysfunction, even before the emergence of a pathologically defined
malignant tumor. We found that TCRsy/40.) from pre-malignant lesions harbored many of the
same phenotypic, functional, and molecular hallmarks described for human T cells in late-
stage solid tumors and/or metastases suggesting that such hallmarks are already “imprinted”
at the pre- and early malignant phase. Furthermore, fate commitment to the dysfunctional
state requires continuous tumor antigen encounter and TCR stimulation, and, though
microenvironmental factors may play a role, they are not sufficient to induce the
dysfunctional phenotype.

CD8™* T cell differentiation is tightly controlled and dependent on the nature, context, and
duration of antigen encounter. When naive CD8" T cells encounter (foreign) antigen in a
stimulatory, inflammatory context (e.g., acute infection), a cell-intrinsic activation and
differentiation program is initiated, driving T cells to expand and differentiate into cytolytic
effector cells that control and eventually clear the pathogen and antigen (expansion phase).
After antigen clearance (approximately 5-6 days after infection), most effector T cells
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undergo apoptosis (contraction phase), with some T cells surviving and differentiating into
memory T cells (memory phase). Each differentiation state—naive, effector, and memory—
has a unique transcriptional program that defines the phenotypic and functional
characteristics (Kaech and Cui, 2012). Changes in the context and duration of antigen
encounter can cause alterations in this differentiation process: if antigen is presented on non-
professional, non-activated APC in a non-inflammatory context, and/or if antigen persists,
naive T cells are unable to differentiate to the memory state but instead enter a
differentiation program associated with functional unresponsiveness. Such differentiation
states include anergy, exhaustion in chronic infections, and self-tolerance (Schietinger and
Greenberg, 2014). Here we demonstrate that T cell dysfunction against tumor-specific
neoantigens represents a distinct differentiation state that is initiated after antigen encounter
in a non-inflammatory context (on non-professional and/or non-activated APCs) and
“imprinted” through a cell-intrinsic dynamic program driven by continuous antigen
exposure. The failure to acquire effector functions probably reflects in part characteristics of
the interaction with hepatocytes as APCs. Hepatocytes do not express the co-stimulatory
molecules CD80 or CD86 that deliver signals to T cells via CD28. CD28 is a major co-
stimulatory molecule required for the induction of effector T cell function and synthesis of
cytokines, and T cells primed in the absence of CD28-mediated signals have been shown to
enter an unresponsive state (anergy). Indeed, TCRgy4g.; from pre- and early malignant
lesions do not express CD28, in contrast to effector T cells during L/steria infections (Figure
S3B), which encounter antigen in an inflammatory context on professional activated APCs
that express high levels of CD80 and CD86 (Mittriicker et al., 2001).

Studies of acute and chronic viral infections demonstrate that differentiation of naive virus-
specific CD8* T cells toward a functional memory (acute infection) or dysfunctional
exhaustion state (chronic infection) is epigenetically and transcriptionally induced with
remarkably early kinetics (~5-8 days after infection) (Young-blood et al., 2011). Similarly,
tumor-specific T cell dysfunction is initiated early after tumor initiation and antigen
encounter (by ~D8) and evolves with continued antigen exposure. Moreover, there was
substantial similarity in the molecular programs of unresponsive tumor-specific TCRgyag.) T
cells and exhausted T cells during chronic viral infection (Figure 5). The fact that (1)
disparate settings of continued antigen presentation—non-inflammatory (pre-malignant
lesions) and highly inflammatory (chronic viral infection)—induce closely related
phenotypic, functional, and molecular programs of dysfunction and (2) non-tumor antigen-
specific TCRgT, T cells remain functional in the immunosuppressive environment of late-
stage solid tumors, suggests that persistence of tumor antigen, rather than
microenvironmental factors, is required for the differentiation to the dysfunctional state. This
does not preclude a role for the microenvironment and context, because chronic antigen with
persistent TCR stimulation may induce tumor-specific T cell dysfunction in part by
mediating the upregulation of inhibitory receptors (e.g., PD1) and thereby increasing the
susceptibility of tumor-specific T cells to inhibitory signals from the environment (e.g.,
inhibitory receptor ligands such as PD-L1 or PD-L2).

In addition to the molecular and phenotypic similarities between dysfunctional tumor-
specific and exhausted virus-specific T cells, there was a unique signature and phenotype for
each setting, suggesting that T cell differentiation to the dysfunctional state in tumors is a
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distinct process from T cell exhaustion during chronic infection. We hypothesize that genes
and pathways conserved in different settings of T cell dysfunction reflect a core program of
dysfunction driven by persistent antigen, whereas genes and pathways unique for each
setting probably reflect disparate, context- and environment-specific, external signals
(Figure S7 and Table S4).

When tumor-specific TCRgy40.; Were removed by D8 from persistent tumor antigen and
pre-malignant lesion and provided with optimal activation signals in an appropriate (acute)
context, differentiation to the dysfunctional state was aborted and T cells were able to
differentiate to functional memory T cells, in contrast to later stage dysfunctional (D34)
TCRgyv40-1, Which could not be rescued by antigen withdrawal or checkpoint blockade
(Figure 2). Thus, although early dysfunction is still a plastic differentiation state, it
ultimately becomes fixed and non-rescuable by antigen withdrawal and/or PD1 and PD-L1
checkpoint blockade. Several recent clinical studies now demonstrate that T cells that
recognize tumor-specific mutant antigens can be functionally rescued by checkpoint
blockade (PD1, PD-L1, CTLAA4) or expansion in vitro (Gubin et al., 2014; Lu et al., 2013;
Rizvi et al., 2015; Robbins et al., 2013; Snyder et al., 2014; Tran et al., 2014; van Rooij et
al., 2013; Wolchok and Chan, 2014). However, those T cells have not been found to
recognize oncogenic driver antigens, but rather see epitopes from mutant proteins not
previously associated with tumorigenesis. Although the inability to detect driver antigen-
specific T cells with restored effector functions after checkpoint blockade may reflect lack of
creation of immunogenic epitopes in some settings (e.g., mutant KRAS), our data suggest
that even when the oncogenic driver contains potentially immunogenic epitopes, driver-
specific T cells may be not rescuable because of the establishment of an imprinted state of
dysfunction early during tumorigenesis. It is tempting to speculate that differences may exist
between the cell-intrinsic differentiation programs and consequently requirements for
functional rescue of T cells specific for mutant driver antigens and T cells specific for
mutational antigens that arise later during tumor development, e.g., when genomic
instability in cancer cells leads to the creation of additional mutations and antigens
(passenger mutations).

Which immunomodulatory strategies or genes must be targeted to achieve functional rescue
of tumor-specific T cells, including T cells specific for oncogenic driver antigens, remains to
be determined; several inhibitory receptors including PD1, LAG3, 2B4, TIM3, CTLAA4, and
CD160 were found to be overexpressed (Figures 1G and 3C), and thus combinational
therapeutic approaches could have the potential to reverse T cell dysfunction, e.g., by
checkpoint blockade targeting multiple inhibitory receptors in combination with activation
and proliferation signals (Schietinger and Greenberg, 2014). Because anti-tumor T cell
responses are potentially impacted by factors such as (1) antigen expression level (Philip et
al., 2010) and processing (Popovic et al., 2011), (2) affinity and ability to form class |
binding epitopes (Khalili et al., 2012), (3) tissue-of-origin, (4) presence of anatomical and/or
tumor microenvironmental barriers that sequester antigen from immune surveillance (T cell
exclusion, immune privilege) (Hamzah et al., 2008; Joyce and Fearon, 2015), and/or (5) the
presence of tumor-specific CD4* T cells, multiple factors will likely determine the
differentiation state of dysfunctional tumor-specific T cells and ultimately the success or
failure of immunotherapeutic approaches. Elucidating the molecular mechanisms that
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establish and maintain antigen-driven, dysfunctional differentiation of tumor-specific T cells
has the potential to lead to new effective immunotherapeutic interventions.

EXPERIMENTAL PROCEDURES

Mice

AST (Albumin-floxStop-SV40 large T antigen [Tag]) mice were provided by N.G. and
G.J.H. from the German Cancer Research Center (Stahl et al., 2009). TCRgy40.| transgenic
(B6.Cg-Tg(TcraY1,TerbY1)416Tev/d) (Staveley-O’Carroll et al., 2003), Cre-ERT2 (B6.129-
GI(ROSA)26Sor™m1(cre/ERT2)TY] 3) Alb:Cre (B6.Cg-Tg(Alb-cre)21Mgn/J), C57BL/6J
Thy1.2, and Thyl.1 (B6.PL- 7hy14CyJ) mice were purchased from The Jackson Laboratory.
TCRgy40-1 mice were crossed to Thy.1.1 mice in our animal facility to generate TCRgv/40-|
Thy.1.1 mice. AST mice were crossed to Cre-ERT2 or Alb:Cre mice to obtain ASTXCre-
ERTZ and ASTxAlb:Cre mice, respectively. OT-1 TCR transgenic mice (Hogquist et al.,
1994) were a gift from M. Bevan (University of Washington). Ly5.1 mice were purchased
from The Jackson Laboratory. OT-1 TCR transgenic mice were crossed to Ly5.1 mice to
generate OT-1 Ly5.1 mice. All mice were bred and maintained in a specific-pathogen-free
barrier facility at the University of Washington and in the animal facility at Memorial Sloan
Kettering Cancer Center. Experiments were performed in compliance with the University of
Washington and Memorial Sloan Kettering Cancer Center Institutional Animal Care and Use
Committee regulations.

Antibodies and Reagents

The SV40 large T antigen epitope | (Tag-1) peptide (SAINNYAQKL) was purchased from Pi
Proteomics. The H-2DP/Tag-1 tetramer was synthesized by the Immune Monitoring Core at
the Fred Hutchinson Cancer Research Center. The fluorochrome-conjugated antibodies were
purchased from BD Biosciences, eBioscience, and Biolegend. Tamoxifen was purchased
from Sigma-Aldrich. For tamoxifen induction, a tamoxifen stock solution (5 mg/mL in corn
oil) was prepared by warming tamoxifen in 1 mL sterile corn oil at 65°C for about 15 min,
then further diluted in corn oil to obtain the stock concentration of 5 mg/mL. 1 mg
tamoxifen (= 200 puL) was administered once intraperitoneally (i.p.) into ASTxCre-ERT2
mice.

Listeria Infection

The Listeria monocytogenes (Lm) AactA Ain/B strain (Brockstedt et al., 2004) expressing
the Tag-I epitope (SAINNYAQKL, SV40 large T antigen,pe.215) together with OT-I epitope
(SIINFEKL, OVA»57.064) Was generated by Aduro BioTech. Lm strain was constructed
using the previously described strategy (Sinnathamby et al., 2009). Experimental vaccination
stocks were prepared by growing bacteria to early stationary phase, washing in phosphate
buffered saline, formulated at approximately 1 x 1010 colony forming units (cfu)/mL, and
stored at —80°C. Mice were infected i.p. with 5 x 10° cfu of LM-Tag-I (also called LM-Tag-
I-OVA in Figure 6).
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Adoptive T Cell Transfers

Naive CD8* splenocytes from TCRsy4g.; Thy1.1 transgenic mice were adoptively
transferred into ASTxCre-ERT2 mice; 1-2 days later, mice were treated with 1 mg
tamoxifen. For TCRsy40.; and TCRqT.| co-transfer experiments in Figure 6, 3-4 x 104
TCRgyv40-1 Thyl.1 and TCRoT.; Ly5.1 CD8* T cells were adoptively transferred into
ASTxAIlb:Cre mice or B6 control mice; 1 day later, mice were infected with 5 x 108 cfu
LM-Tag-1-OVA (co-expressing the OVA epitope SIINFEKL). For the generation of effector
and memory TCRgy40.1 CD8* T cells, naive CD8* splenocytes from TCRgy40.) Thyl1.1
transgenic mice were adoptively transferred into B6 (Thy1.2) mice; 1 day later, mice were
infected with 5 x 106 cfu LM-Tag-I. Effector TCRsy40.1 CD8™ T cells were isolated from
the spleens of B6 host mice and analyzed 8 days after L/steria infection; memory TCRsy40.|
CDS8™ T cells were isolated from spleens of B6 host mice and analyzed at least 2-3 months
after Listeria infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Tumor-specific T cells become dysfunctional at the pre- and early
malignant stage

T cell dysfunction is initially reversible but later becomes irreversible

Dysfunctional T cells from pre- and early malignant lesions are similar
to tumor-reactive T cells in late human tumors

Continuous antigen encounter rather than microenvironmental factors
drive dysfunction
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Figure 1. Rapid Induction of Dysfunction in Naive Tumor-Specific CD8" T Cells Encountering
an Oncogenic Driver Neoantigen in Pre-malignant Lesions

(A) Tamoxifen (Tam)-inducible ASTxCre-ERT2 tumor model. Tam-induced Cre-mediated
excision of the flox-stop cassette leads to SV40 large T antigen expression. Peptide sequence
in red indicates epitope | recognized by transgenic TCRgy40.; CD8* T cells.

(B) Liver carcinogenesis in ASTxCre-ERT2 mice. Hematoxylin and eosin (H&E) staining of
liver sections collected at D10, D34, and D97 after Tam treatment. See also Figure S1.

(C) Flow cytometric analysis of CD8* splenocytes from TCRgy40.| transgenic mice using
Db/Tag-I tetramers.

(D) Differentiation of naive TCRgy49.; CD8" T cells into functional effector and memory T
cells. Left: Expression levels of CD44 and CD62L. Middle: 1 day after adoptive transfer of
naive TCRsya40.1 (Thy1.1%) into B6 (Thy1.2*) hosts, mice were immunized with 5 x 106 cfu
of LM-Tag-I or control LM-@. At 7 days after infection, peripheral blood was analyzed for
expansion of donor TCRgy4¢.1. Each symbol represents an individual mouse; data show
mean = SEM. *p < 0.0001. Results are representative of at least ten independent
experiments. Right: Intracellular IFN-y and TNF-a production for naive, effector (8 days
after LM-Tag-1), and memory (2-3 months LM-Tag-1) T cells. FACS plots are gated on
CD8*Thyl1.1" cells.

(E) Experimental scheme.

(F) CD44 expression and carboxy-fluorescein-succimidyl ester (CFSE) dilution of
transferred, naive TCRgy 0.1 isolated from spleens of ASTxCre-ER2 1-2 days after transfer
(left) and isolated from livers 3 days after Tam (right).
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(G) CD44, CD62L, Ki67, PD1, LAG3, 2B4, and TIM3 expression of D8 TCRsy40-1 (blue)
and D30 TCRgyag. (red) isolated from livers of Tam-treated ASTxCre-ERT2 mice, and
intracellular IFN-y and TNF-a production. Naive T cells are shown as controls (gray).
Results are representative of at least six independent experiments; data show mean + SEM
(*p = 0.0001, **p < 0.0001; ns, not statistically significant) using unpaired, two-tailed
Student’s t test (for analysis between groups ~D8 and >D30 from 2—3 independent
experiments).
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Figure 2. Tumor-Specific CD8" T Cells in Pre-malignant Lesions Enter a Fixed State of
Dysfunction Not Reliant on External Cues

(A) Experimental scheme. D8 and D30 TCRgy/49-) Were isolated from livers and transferred
into normal B6 mice and immunized with LM-Tag-I either 1 day or 3—4 weeks after transfer.
(B) 1 day after second transfer, mice were immunized with 5 x 106 cfu of LM-Tag-1, and 7
days later, spleens were analyzed for expansion of donor T cells by flow cytometry. *p =
0.00042 using Mann-Whitney U-test.

(C) D8 TCRgy40- that expanded after immunization as described in (B) were isolated from
spleens 1 month later and evaluated for CD44, CD62L, PD1, LAG3, CCR7, and CD127
expression, and for IFN-y and TNF-a production in response to antigen ex vivo. D8
TCRgyv40-1 (blue); naive (gray) and memory (solid black) are shown as controls.

(D) 3—4 weeks after second transfer mice were immunized and analyzed as described in (B).
Each symbol represents an individual mouse with the mean shown. Data are pooled from
two independent experiments, with n = 8-9 for D8 TCRg\/49.1 and n = 7-9 for D30
TCRgyv40-1- *p = 0.0015 using Mann-Whitney U-test.

(E) D8 and D35 TCRgy/40-1 Were cultured in vitro for 72 hr in the presence of I1L-2 with or
without anti-PD1 antibody (IL-2 [20 U/mL]; anti-PD1 [10 pg/mL; clone RMP1-14]). IFN-y
and TNF-a production was determined after 4.5 hr peptide stimulation.

(F) Phenotypic and functional analyses of D35 TCRgy40. after PD1 and PD-L1 blockade in
vivo. Top: Experimental scheme. Bottom: Expression levels of TBET, Ki67, PD1, TIM3,
GZMB, and IFN-y and TNF-a production (after 4.5 hr peptide stimulation). Each symbol
represents an individual mouse. Data show mean £ SEM (p values are shown; ns, not
statistically significant) using unpaired, two-tailed Student’s t test (for analysis between
isotype and treatment group).
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Figure 3. Genome-wide Transcriptome Analysis of Tumor-Specific TCRsy/4g-) CD8™ T Cells in

Pre-malignant Lesions

(A) Principal component analysis of D8-12 TCRgy40. (n = 3) and D34 TCRgy40.1 (n = 4)
isolated from pre-malignant liver lesions, with naive (N; n = 3) and effector (Eff; n = 3)

TCRgy40- as controls.

(B) K-means clustering; heatmap of transcript levels for all 14 clusters show logs-
tranformed expression intensities that were mean-centered at the probe level.

(C) Selected K-means clusters. Lack of effector genes (blue, top); progressively up- or
downregulated genes (green, middle); early, D8-upregulated genes (red, bottom).

(D) Top 10 biological processes (BP) (Gene Ontology [GO] terms) enriched in clusters 5
and 10. Numbers in parentheses indicate the numbers of genes within each GO term.
See also Figure S3 and Table S1; for (A) and (C), FDR g value < 0.05.
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A D34 TCRgy40., in pre- and early malignant lesions
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Figure 4. T Cells Isolated from Pre- and Early Malignant Lesions Exhibit the Molecular
Hallmarks of T Cells from Late-Stage Human and Mouse Tumors

(A) Enrichment of genes sets in D34 TCRgy40-1 from pre-malignant lesions described for T
cells from late-stage and metastatic human tumors (GEO: GSE24536) (top) and mouse
tumors (GEO: GSE42824) (lower). 200 most differentially expressed genes in T cells from
human or mouse late-stage tumors (compared to naive T cells) were used for GSEA analyses
of D34 TCRsy40-1- NES, normalized enrichment score.

(B) Examples of genes enriched in D34 TCRgv40.1-

See also Figure S4.
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Figure 5. Tumor-Specific TCRgy490-1 T Cells and Exhausted Virus-Specific T Cells Share a
Conserved Core Program of Dysfunction

(A) Gene set enrichment analysis (GSEA) in D8 TCRgy4¢.j of “D8 exhaustion in chronic

viral infection” genes (GEO: GSE30962). GSEA plot of D8 TCRgy40-| (versus D8

Effectors) of genes previously identified to be upregulated (left) or downregulated (right) in
exhausted, virus-specific T cells 8 days after chronic viral infection (compared to Effectors,
8 days after acute infection). NES, normalized enrichment score. See also Figure S5. FDR ¢

value < 0.001.
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(B) Venn diagram of D8 TCRgy/40-1 (red) and ~D30 TCRgy40-1 (green) from pre- and early
malignant lesions and of ~D30 exhausted T cells during chronic viral LCMV infection
(clone 13) (GEO: GSE9650). See Table S2 for full gene list.

(C) TBET and EOMES expression in naive (N), effectors from spleens and livers 8 days
after Listeriaimmunization (Eg and E| ), and TCRgy4g. isolated from pre- and early
malignant lesions at D8 and D35 after tumor initiation (D8, D35+). Each symbol represents
an individual mouse; data show mean + SEM. p values are shown.

See also Figure S5C.

Immunity. Author manuscript; available in PMC 2017 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Schietinger et al.

A
Listeria
SV40-1 (Thy1.1) (tumor-specific) I o cg\?:gr:fss'zg Analysis of
-1an
OTH (Ly5.1) (non-tumor specific) ~” ASTxAIb:Cre (Thy1.2) OVA epitopes SY40-1 and OT*
Days 0 1 week1 week7
D BewT__cpu CD62L PD1 LAG3 284 TIM3 100— PD1
LAG3
w2 oy
? 80
~
2
ASTxAlb:Cre___CD44 CD62L. PD1 LAG3 284 TIM3 @ 60
3
wi o
£ a0
Q
a
) A4
IFNy
E ASTxAlb:Cre - TNFo
w25 ns
& 80 *
N
t3
w 604
©
o
2 40f
.‘:"5
o
Q.
x 2

Cc

2B4
TIM3

* . it
" | ﬁ i| S
-
ol ﬁi. = Naive (control)

Host: B6  ASTxAb:Cre B6 ASTxAb:Cre

0
Host:  B6 ASTxAlb:Cre

= SV40-1
=0T

Figure 6. Persistent Antigen, Not the Microenvironment, Drives T Cell Dysfunction in

Established, Solid Tumors

(A) Experimental scheme of co-transfer experiment.
(B) H&E staining of liver sections from ASTxAIb:Cre mice, showing hepatocellular
carcinoma. Scale bar (top) represents 2 mm; scale bar (bottom) represents 50 pum.

(C) 1 week after infection with 5 x 108 cfu of LM-Tag-1-OVA, livers from ASTxAlb:Cre and
spleens from B6 mice were analyzed for expansion of donor TCRgy4g. (Thy1.1*) and

TCRor, (Ly5.1%) by FACS.

(D) Flow cytometric analysis of TCRgy49.1 and TCRot,| from livers (ASTxAIb:Cre) or
spleens (B6) 1 week (w1) and 2 weeks (w2) after transfer and immunization. Histograms are
gated on CD8* Thy1.1* and Ly5.1+ cells, respectively. Right: TCRsv40- (red) and TCRo.
(blue) isolated from B6 or ASTxAIb:Cre host mice 2—-3 weeks after transfer; naive
TCRgy40-1 are shown as control (gray); *p < 0.0001 using unpaired, two-tailed Student’s t
test (for analysis between TCRgy4g.1 andTCRoT.;, from 3—4 independent experiments, with

n =5-8).

(E) Intracellular IFN-y and TNF-a production by TCRgy40.1 and TCRgor.; isolated from
livers (ASTxAIb:Cre) or spleens (B6) 1 (w1l), 2.5 (w2.5), or 7 (w7) weeks after transfer.
Results are representative of four independent experiments. Right: IFN-y* and IFN-y™/
TNF-a* TCRgy40.1 (red) and TCRot (blue) 2-3 weeks after transfer; *p < 0.0001 using
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unpaired, two-tailed Student’s t test (for analysis between SV40-1 and TCRgr., from 2
independent experiments, with n = 2-4).
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