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One, remember to look up at the stars and not down at your feet.

Two, never give up work. Work gives you meaning and purpose and life is empty without it.

Three, if you are lucky enough to find love, remember it is there and don’t throw it away.

- Stephen Hawking - 1942-2018
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ABSTRACT

Although the presence of tumor-infiltrating lymphocytes (TILs) indicates the generation

of an endogenous antitumor immune response, immune regulatory pathways often subvert

the effector phase of the immune response and enable tumor escape. Negative regulatory

pathways include extrinsic suppressive mechanisms, but also a T cell-intrinsic dysfunctional

state. A more detailed study has been hampered by a lack of cell surface markers defining

dysfunctional TILs, and it is clear that PD-1 alone is not sufficient. Our laboratory pre-

viously identified the transcription factor Egr2 as a critical component in controlling the

anergic state in vitro. Identified Egr2 target genes were used as a means to focus on cell

surface markers that might characterize the dysfunctional state, and those with robust stain-

ing by flow cytometric analysis were applied towards study of CD8+ T cells in the tumor

microenvironment. We found that the Egr2-driven cell surface proteins, LAG-3 and 4-1BB,

identify dysfunctional tumor antigen-specific CD8+ TILs. Co-expression of 4-1BB and LAG-

3 was seen on a majority of CD8+ T cells within the tumor microenvironment but not in

secondary lymphoid organs. Functional analysis revealed defective production of IL-2 and

TNF-α, while Treg-recruiting chemokines and IFN-γ remained highly expressed. Transcrip-

tional and flow cytometric characterization identified co-expression of multiple additional

co-stimulatory and co-inhibitory receptors by this subset of TIL. Administration of anti-

LAG-3 plus anti-4-1BB mAbs was therapeutic against tumors in vivo, which correlated with

reversal of TIL dysfunction and restoration of an effector phenotype. The striking feature of

heightened and prolonged production of IFN-γ by T cells within the tumor led us to inves-

tigate the role IFN-γ played during the setting of chronic T cell activation within the tumor

site. While IFN-γ has been reported to be necessary for tumor elimination, IFN-γ also medi-

ates a form of adaptive resistance by upregulating PD-L1 and indoleamine-2,3-dioxygenase

(IDO) in the tumor microenvironment. On the other hand, loss of IFN-γ sensing by tu-

mor cells has been proposed to lead to secondary resistance to checkpoint blockade therapy.

Therefore, to determine whether the effects of IFN-γ on tumor cells are pro-immune or im-

xiii



mune regulatory we rendered tumor cells insensitive to IFN-γ by selectively mutating the

IFNγR2 or Jak1 genes in tumor cells. When implanted into mice, IFN-γ-insensitive tumors

were better controlled in vivo. This phenotype was true across several tumor models and

was not due to off-target effects from CRISPR/Cas9 mutagenesis. Spontaneous control of

mutant tumors was dependent on CD8+ T cells and was associated with a marked increase

in the frequency of tumor antigen-specific CD8+ T cells. The mechanism of improved tu-

mor control was mapped to defective PD-L1 upregulation in response to IFN-γ produced

by CD8+ TILs, which phenocopied PD-L1 blockade. Retroviral-mediated re-expression of

PD-L1 on IFN-γ-insensitive tumor cells was sufficient to restore progressive tumor growth.

These results indicate that in settings in which the major source of PD-L1 is on tumor cells

within the tumor microenvironment, then the dominant effect of IFN-γ on cancer cells can

be immunoregulatory.
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Introduction



Chapter 1

An Overview: Cancer Immunity

The immune system plays a critical role in protecting the host from cancer [1]. The in-

nate sensing of tumor cell-derived factors can lead to an adaptive T cell response through

the presentation of tumor-associated antigens (TAAs) generated from genetic mutations and

epigenetic changes that occur during carcinogenesis [2]. Spontaneously primed CD8+ T cells

can home to tumor sites and accumulate there, even if tumors are not completely eliminated

[3, 4]. These tumor-infiltrating lymphocytes (TIL) have the ability to recognize tumor cells

and are thought to be critical in controlling tumor growth in cancer patients, based on the

correlation of TILs with improved prognosis in multiple types of cancer [5, 6, 7, 8]. How-

ever, without additional manipulation, this endogenous antitumor response is usually not

sufficient to promote complete rejection of an established tumor [9, 10, 11]. Data accumu-

lated over the past decade have indicated that tumors can co-opt mechanisms of immune

suppression normally used to maintain immune homeostasis and prevent auto-immunity to

subvert the effector phase of the antitumor T cell response. Such mechanisms include ex-

pression of ligands for inhibitory receptors expressed by activated T cells [12], recruitment

of suppressive cell populations including CD4+Foxp3+ regulatory T (Treg) cells [13] and

suppressive myeloid cell populations [14], and metabolic dysregulation by immunosuppres-

sive enzyme activity such as indoleamine-2,3-dioxygenase (IDO) and the ectonucleotidases

CD39 and CD73 [15, 16, 17]. Independent of these extrinsic modes of suppression, T cells

themselves can enter a state of intrinsic dysfunction [18, 19, 20, 21]. Much of the body of

work presented in this thesis is centered on the dysfunctional state of TILs and its role in

contributing to immune regulation within the tumor microenvironment. Efforts over the

past 10 years have led to novel immunotherapies centered on blockade of negative regulatory

processes within the tumor microenvironment. However, this area of research is still in its

infancy, and a comprehensive understanding of the dysfunctional state of CD8+ TILs has

the potential to open up new therapeutic opportunities.
2



1.1 The innate and adaptive immune system

The immune system can be divided into two main components: the innate arm and the adap-

tive arm. The innate immune system responds rapidly at the first encounter of an infectious

agent through a set of evolutionary conserved germline-encoded pattern recognition receptors

(PRRs). In the context of infection, the array of PRRs expressed by an antigen-presenting

cell (APC) can recognize conserved features of pathogens known as pathogen-associated

molecular patterns (PAMPs), or molecules released from stressed or dying cells known as

damage-associated molecular patterns (DAMPs). The adaptive immune system takes longer

to respond and utilizes different mechanisms to control pathogens. The exquisite specificity,

sensitivity, and memory of the adaptive immune system provides the host with sterilizing

immunity. The adaptive immune system is composed of two main cell types, T and B

lymphocytes. The T cell expresses a T cell receptor (TCR) responsible for recognizing pep-

tides derived from foreign antigens presented on major histocompatibility complex (MHC)

molecules. During T cell development, the T cell receptor is generated through random

combinatorial rearrangements of germline encoded DNA, providing the T cell compartment

with a vast diversity of TCRs. It is thought that T cells have the potential to recognize

virtually any pathogen because of the vast number of unique TCRs that can be generated.

It is estimated that random gene rearrangement during T cell development can generate

1015-1020 distinct TCRs [22, 23], however only 107 and 106 TCR clonotypes exist at one

time in an individual human or mouse body respectively [24, 25]. The collective TCR reper-

toire provides the T cell compartment with the ability to respond to almost any exogenous

antigen. During an immune response, T cells recognizing a cognate antigen undergo sig-

nificant proliferation, which skews the TCR repertoire towards those abundant clonotypes.

The critical component of the TCR dictating antigen recognition is the complementarity-

determining region 3 (CDR3), which is the most variable region of the TCR. By measuring

the skewness of the TCR repertoire during an immune response, the enriched clones repre-

sent subsets of cells that are antigen-specific. This analysis can be accomplished in several

3



ways. Deep sequencing of the CDR3 region of the TCR alpha or beta chain can provide

population statistics used to determine responding clonotypes. A second method, termed

spectratyping, determines the distribution of CDR3 nucleotide lengths. The spectratype of a

naïve T cell repertoire conforms to a Gaussian distribution, but during an immune response

the TCR spectratype is skewed due to overrepresentation of different CDR3 lengths, which

reflects oligoclonal T cell expansion.

APCs communicate with T cells and induce their activation through the processing and

presentation of antigens that are loaded as peptides onto MHCI and MHCII molecules.

CD8+ and CD4+ T cells are restricted to MHCI:peptide and MHCII:peptide interactions,

respectively. Antigens can be derived from many different sources. APCs routinely degrade

self-proteins and present self-peptides on the cell surface, primarily in the context of MHC

molecules. Extracellular antigens, such those derived from bacteria, are endocytosed and

degraded in endocytic vesicles, which become merged with MHCII-containing endosomal

vesicles where peptides are loaded and transported to the cell surface. Intracellular antigens

are frequently derived from self-proteins, viruses, or intracellular bacteria that eventually are

transported to the endoplasmic reticulum (ER), where they are loaded onto MHCI and trans-

ported to the cell surface. Surface-presented class I MHC:peptide or class II MHC:peptide

complexes are then available for potential recognition by specific T cells bearing the corre-

sponding TCR.

The random generation of TCRs and the extraordinary diverse nature of the TCR reper-

toire inevitably leads to T cells capable of recognizing self-antigens. Therefore, during T cell

development, T cells with high affinity TCRs towards self-antigens undergo clonal deletion.

While central tolerance is very efficient, auto-reactive T cells do escape the thymus. These

auto-reactive T cells are suppressed by layers of peripheral tolerance mechanisms [26]. One

dominant peripheral tolerance mechanism is mediated through Treg cells, which suppress

auto-reactive T cells at steady-state, and also dampen the magnitude of the immune re-

sponse during infection to minimize host injury. The importance of Treg cells is exemplified

4



by humans and mice that lack Foxp3, the forkhead box transcription factor required for Treg

development and function. In the absence of Foxp3, fatal systemic autoimmunity develops

in both mouse and human [27]. A second layer of peripheral tolerance is imposed upon

autoreactive T cells that interact with APCs in the absence of pro-inflammatory signals.

These interactions can induce T cell deletion or a hypofunctional state that has been termed

T cell anergy [28].

For many years it was unclear whether tolerance mechanisms and a paucity of defined

tumor antigens prevented T cells from recognizing tumors. However, a T cell infiltrate in the

tumor microenvironment of patients has been shown to have significant prognostic benefit

in multiple cancer types and associates with clinical responses to immunotherapy [7].

1.2 Tumor antigens

At the core of the endogenous antitumor immune response are T cells that have the ability

to recognize tumor-specific antigens. Tumor antigens can fall under three main classifi-

cations: tumor-specific (TSA), tumor-associated (TAA) and cancer-testis (CTA) antigens.

TSAs, also referred to as neoantigens, are completely absent from normal cells, are recog-

nized as foreign by the host immune system, and are derived from non-synonymous driver or

passenger mutations and viral genes. TAAs are comprised of proteins expressed at dispro-

portionally greater levels in tumor cells compared to normal cells, and can be derived from

gene amplification events and post-translational modifications [29]. CTAs are expressed by

various tumor types and cells of reproductive tissues such as testes and fetal ovaries but have

limited expression on normal host cells. Expression of CTAs and TAAs occur among cancer

bearing individuals, providing the opportunity to treat many cancer patients by targeting T

cell activation, by vaccination for example.

T cell responses to human tumor antigens have been well documented over the past 20

years [29]. However, as tumors are derived from normal tissues, how these antigens arise

and how the innate immune system initiates an effector rather than an tolerogenic adaptive
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immune response had remained unclear. Recent data have indicated that many tumor-

specific antigens are derived from mutational processes that also drive oncogenesis. Defects

in DNA repair machinery, exposure to mutagens (e.g. UV light and tobacco smoking), and

abnormalities of enzymes that modify DNA can lead to somatic mutations, chromosomal

translocations and alterations in gene expression as part of the process of carcinogenesis

[2]. These processes lead to diverse mutational landscapes, with some commonly mutated

oncogenes or tumor-suppressor genes that are characteristics of certain cancer types but also

with a spectrum of unique mutations specific to an individual tumor [30].

CTAs and TAAs have been the targets of several types of immunotherapies including

cancer-vaccines and adoptive cell transfer (ACT) therapy [31]. Cancer vaccines incorpo-

rating TAAs have shown only modest benefit, likely due to tolerance mechanisms against

self-antigens [32] or induction of T cells with low affinity TCRs. ACT therapy uses TILs

expanded ex vivo or TCR gene-modified T cells. ACT therapy can lead to strong clinical re-

sponses; however, some patients experience life-threatening autoimmune toxicities due to low

or unknown expression of these antigens in other tissues [33, 34]. TSAs are a more attractive

target because they are not likely to be regulated by homeostatic central and peripheral toler-

ance mechanisms. Since antigen expression is restricted to tumor cells, therapies that target

TSAs are less likely to induce autoimmune toxicities. Further, several studies have found

that TSAs appear to be dominant antigens driving the endogenous antitumor T cell response

in many patients [35, 36, 37, 38]. In addition, the therapeutic responses in patients receiving

ACT or immune-checkpoint blockade therapy, was dominated by neoantigen-specific T cells

[39, 40, 41]. It will be important in future studies to determine the neoantigen-specific T cell

repertoire as a prospective measure of effective checkpoint blockade therapy.

1.3 Innate recognition of tumor derived material

In order for a productive T cell response to be induced against tumor antigens, it is thought

that APCs need to be recruited to the tumor site and become activated. The process by
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which APCs are initially recruited to the tumor site is not fully understood and likely depends

on the chemokine repertoire produced by tumor cells or the surrounding tumor stroma.

Tumor cells produce chemokines that can promote their growth, survival, and metastasis

[42]. Genomic aberrations such as oncogenic pathways can impact the array of chemokines

expressed. For instance, in a melanoma model, B-Raf pathway activation led to production

of the chemokine CCL4, which contributed to the recruitment of Batf3-lineage DCs, known

to be essential for priming antitumor CD8+ T cell responses. However, if active β-catenin

signaling was also present, CCL4 transcription was silenced, which impaired the recruitment

of Batf3-lineage DCs, and subsequent spontaneous T cell priming [43]. It is likely that other

chemokines produced by tumor cells contribute to the recruitment of additional cell types

within the tumor microenvironment.

Beyond recruitment, the mechanisms of DC activation in the tumor context are beginning

to be understood. A clue in identifying potential innate immune pathways that might be

necessary for productive adaptive immunity was the observation that tumors containing a

T cell infiltrate exhibited a type I IFN gene signature [3, 44]. Studies in mice revealed an

essential role for type I IFN signaling on host DCs for spontaneous priming of CD8+ T cells

against tumor antigens. Specifically, type I IFN signaling had to occur in Batf3-lineage DCs

[4, 45]. This DC subset is specialized to acquire exogenous antigen and cross-present peptides

on MHCI to CD8+ T cells [46]. The functional role for type I IFNs prompted investigation

of the DAMP that could induce type I IFN production in a sterile tumor environment. Early

studies identified several DAMPs that could be released by stressed or dying tumor cells and

lead to productive T cell priming. For example, high-mobility group protein B1 (HMGB1)

and ATP, recognized by TLR4 and the inflammasome respectively, were both reported to

induce DC maturation and subsequent activation of antitumor T cells [47, 48]. However, not

all studies supported a mandatory role for TLR4 or extracellular ATP [49]. Subsequent work

has provided evidence that tumor-derived DNA is a potential initiator of the endogenous

antitumor immune response. DCs recruited to the tumor microenvironment have shown
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to engulf tumor-derived DNA, resulting in STING-dependent production of type I IFNs.

STING is a cytosolic adaptor molecule that is activated by cyclic dinucleotides generated by

cGAMP synthase. The mechanism by which tumor-derived DNA gains access to the cytosol

of DCs to activate the STING pathway has yet to be elucidated. Regardless, a critical role

for STING in sensing tumors was found in preclinical models, immunogenic tumors rejected

in normal mice, grow progressively in STING–/– mice, and spontaneous priming of CD8+ T

cells against tumor antigens is nearly ablated.

1.4 The priming and effector phase of CD8+ T cell activation

The priming of naïve CD8+ T cells involves a complex series of spatial, biochemical, tran-

scriptional, proliferative, and differentiation events that engender clonal populations of acti-

vated T cells with effector programs. Naïve CD8+ T cells enter and leave the blood stream

to traffic through peripheral lymphoid organs (e.g. lymph nodes (LNs)), where they sur-

vey thousands of APCs in search of cognate peptide:MHCI complexes [50]. Naïve CD8+

T cells can exit the lymph node via a sphingosine-1-phosphate (S1P) gradient and reenter

lymph nodes using CCR7 through a CCL21 chemokine gradient [51]. Activated DCs car-

rying tumor-derived antigens exit the tumor, traffic to the tumor-draining draining lymph

node (TdLN), and communicate contextual information to CD8+ T cells via the interaction

of co-stimulatory receptors and ligands and through the production of cytokines, including

IL-12 and type I IFNs. During the first few days of priming, CD8+ T cells remain in the

TdLN to interact with DCs and undergo initial activation events. This is accomplished by

upregulating CD69 which binds the S1P receptor (S1PR) in trans, inducing its internal-

ization. After interaction with a DC expressing cognate antigen, CD8+ T cells undergo

programming to rapidly proliferate, expand, and differentiate [52]. A critical factor influ-

encing the magnitude of an antitumor T cell response is the precursor frequency of CD8+ T

cells in the naïve repertoire capable of recognizing tumor-derived antigens [53]. After CD8+

T cell activation and proliferative expansion, CD8+ T cells differentiate into cytotoxic T
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lymphocytes (CTLs) expressing effector molecules that endow CTLs with the capacity to

effectively target and lyse tumor cells. After the priming phase, CD8+ T cells exit the LN

by down regulating CD69, whereby they reenter the circulation and have the potential to

traffic to the tumor site. However, effector cell trafficking into the tumor microenvironment

requires proper homing signals expressed within tumor sites. A strong correlation between

the presence of CD8+ T cells and expression of CXCL9 and CXCL10 has been observed

across a range of tumor types [3, 54, 55]. Consistent with these data, a recent mechanistic

study found that CXCR3 was indispensable for CD8+ T cell recruitment to the tumor [56].

This finding is in line with the importance of CXCR3 in T cell homing to sites of tissue

inflammation [57]. While the source of these chemokines in the initial recruitment of CD8+

T cells has been attributed to tumor cells in some settings [3, 58], in a murine model of

oncogene-induced melanoma, Batf3-lineage dendritic cells were identified to be the major

source of CXCL9 and CXCL10 within the tumor microenvironment, and those DCs were

required to recruit activated CD8+ T cells to the tumor site in a CXCR3-dependent manner

[59].

At the tumor site, CTLs traverse and identify tumor cells through specific interactions,

thereby enabling the release of their cytotoxic functions. Generally, this requires the forma-

tion of an immunological synapse with peptide:MHC-TCR interactions at its core, although

noncognate interactions have also been implicated [60]. Two main modes of cytotoxicity have

been defined by which CTLs can lyse target cells: the granule exocytosis pathway and the

expression of death receptor ligands. In either mode, an interaction between the CTL and

tumor cells must occur. The granule exocytosis pathway is executed by the release of spe-

cialized cytoplasmic granules containing a pore forming protein, perforin (Prf1), along with

granzymes, which are a family of serine proteases. Once inside the target cell, granzymes

cleave critical proteins controlling cell survival and induce caspase-mediated apoptosis. For

the second mode of cytoxocity, CTLs can express ligands that when bound to their recep-

tor on tumors cells can induce intrinsic cell death pathways. Two well-characterized death
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receptor ligands are Fas ligand (FasL/CD95) and TNF-related apoptosis inducing ligand

(TRAIL). Binding of FasL or TRAIL to their receptors, Fas and TRAIL-R1/2 respectively,

induces receptor oligomerization and caspase-8 mediated cell death. Recent evidence sug-

gests that either the granule exocytosis or the death ligand pathway alone can be sufficient

to control tumor growth in different models and contexts. These pathways may also act

synergistically with each other [61]. CTLs also produce cytokines and chemokines within

the tumor microenvironment that can further modulate immune responses, both positively

and negatively.

1.5 Immunosuppressive mechanisms within the tumor

microenvironment

It is clear that multiple cancer types can be infiltrated by CD8+ T cells [62], and in most

scenarios, a proportion of these T cells are specific for tumor antigens. However, despite

influx of CD8+ T cells into the tumor microenvironment, most tumors grow progressively,

indicating a failure of the immune response to ultimately eliminate malignant cells. Based on

a broad set of correlative data, as well as preclinical mechanistic studies, this immune escape

can be largely attributed to immune suppressive pathways that become recruited or upregu-

lated within the tumor microenvironment [63, 64]. Several local tissue perturbations during

carcinogenesis lead to a microenvironment that is suboptimal for supporting T cell function.

These factors include hypoxia, acidosis, and nutrient deprivation [65]. Glycolytic pathways,

for example, have been shown to be critical for the acquisition and maintenance of effector

T cell function, and competition with tumor cells for glucose likely limits availability for T

cells [66, 67]. However, another array of negative regulatory mechanisms are not directly

tumor-driven but rather are part of an immune system-intrinsic negative feedback process

that dampens T cell function during settings of chronic inflammation. These mechanisms

include upregulated expression of PD-L1, which engages the inhibitory receptor PD-1 ex-
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pressed by activated T cells; indoleamine-2,3-dioxygenase (IDO), a tryptophan-catabolizing

enzyme reported to lead to inhibition of T cell function; and recruitment of Foxp3+ regu-

latory T (Treg) cells, which suppress the activation of conventional T cells [64, 68]. These

pathways converge, often in concert, to blunt the effector function of CD8+ TILs.

The T cell dysfunction that nearly universally is present in tumors is reminiscent of that

first described in chronic viral infection and is referred to as T cell "exhaustion". These

parallels derive in part from the upregulation of PD-1 on antigen-specific T cells, which is

observed in both contexts. However, preliminary data from our laboratory had indicated that

CD8+ TILs may in fact retain some functional properties, which are necessary to activate

several negative regulatory properties in tumors. For example, IFN-γ produced by CD8+ T

cells induces the upregulation of PD-L1 and IDO within the tumor microenvironment. In

addition, chemokines produced by CD8+ TIL, such as CCL22, contribute to the recruitment

of Treg cells [63]. These and other related data have prompted a deeper investigation into

the functional and molecular characteristics of dysfunctional CD8+ T cells within the tumor

microenvironment, and that overarching idea has provided the impetus for my dissertation

project.

Treg cells are key modulators of immune responses. They possess potent immune sup-

pressive capacity and are required to prevent systemic autoimmunity. Given the prevalence

of Treg cells in many cancer types, it is thought that Treg cells represent a major barrier

to productive antitumor immune responses. For some human tumors, the presence of in-

tratumoral Treg cells is an indicator of poor prognosis [69], consistent with the notion that

Treg cells promote tumor growth. However, the negative prognostic association of Treg cells

has not been uncovered in cancer, likely because the presence of Treg cells also indicates

that a spontaneous antitumor T cell response has been raised, which has positive prognostic

value. Therefore, the ratio of CD8+ T cells to Treg cells within the tumor microenvironment

may be a more appropriate biomarker. Studies in mice have shown that depletion of Treg

cells, through a variety of targeted approaches, can lead to tumor regression and augment
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the effector function of CD8+ TILs [70, 71, 72, 73, 74]. However, clinical trials using an

anti-human CD25 antibody or a IL-2-diptheria-toxin fusion protein to deplete Treg cells,

have shown little benefit [75, 76, 77]. On the contrary, because Treg cells express high levels

of CTLA-4 it has been proposed that one mechanism of action by anti-CTLA-4 antibody

therapy in humans is through the depletion of Treg cells [78]. Other strategies to target

Treg cells have focused on inhibiting their suppressive functions. For example, one potential

target is Neuropilin-1 (Nrp1), which is highly expressed on intratumoral Treg cells. Nrp1 is

thought to maintain Treg function in the tumor through interactions with its ligand Sema4a

[79] and blocking Nrp1 with mAbs delayed tumor growth [80]. Conditional deletion of Nrp1

in Treg cells destabilizes their suppressive function at the tumor site while retaining tis-

sue homeostasis elsewhere [81]. Effectively depleting Treg cells or inhibiting their function

remains an enticing avenue for future therapies.

1.6 CD8+ T cell dysfunction in the tumor microenvironment

During initial antigen encounter, CD8+ T cells recognizing their cognate antigen undergo

proliferation and differentiation into effector CTLs. After clearance of antigen, and subsi-

dence of inflammation, a contraction phase ensues where a majority of the responding CD8+

T cells undergo cell death and are removed from the circulating CD8+ T cell population.

A smaller population (5-10%) of CD8+ T cells differentiate into self-renewing memory cells

with functional capacities to respond rapidly to secondary antigen challenge [82]. These

memory cells are divided into subsets defined by their migrational patterns to survey lym-

phoid and non-lymphoid tissues and their capacity to rapidly respond and regain effector

function in response to secondary pathogen encounter. However, if antigen is not cleared,

as in the context of chronic viral infections or a growing tumor, immunological memory

formation breaks down and responding T cells can enter into a state of dysfunction. Much

of the work done dissecting this state has been performed in chronic viral models, namely

LCMV clone 13, and this state has been termed T cell "exhaustion". Virus-induced exhaus-
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tion is characterized by a gradual and sequential loss of effector functions: first the capacity

to produce IL-2 is lost, followed by TNF-α and then IFN-γ; and finally, cytotoxicity and

proliferative capacity are lost at late stages of "exhaustion" [83, 84]. Due to key features

that parallel chronic infection and cancer, i.e. the persistence of antigen and inflammation,

it has long been proposed that dysfunctional CD8+ TILs resemble virally-exhausted CD8+

T cells [85, 86]. However, the metabolic provisions and demands on the immune response,

the anatomical localization of the process, and the cellular components involved in these

two chronic diseases are disparate. Therefore, whether CD8+ TILs are truly analogous to

viral-induced exhausted CD8+ T cells remains unclear. Indirect evidence suggests that the

functional state of CD8+ TILs may differ compared to viral-induced exhausted CD8+ T

cells. For instance, the therapeutic efficacy of adoptive cell transfer therapy by inoculation

of ex vivo expanded tumor antigen-specific CD8+ TILs [87, 39, 88, 89], suggests that not all

CD8+ TILs are not terminally exhausted. When analyzed directly ex vivo, CD8+ TILs have

been reported to produce IFN-γ [90, 91]. In addition, tumor antigen-specific CD8+ TILs

also retain expression of perforin and granzyme B [92], suggesting that CD8+ TILs contain

effector molecules to lyse cancer cells, but fail to do so due to suppressive mechanisms in the

tumor microenvironment. Importantly, CD8+ T cell dysfunction in the tumor microenvi-

ronment is believed to be reversible. In pre-clinical cancer models, administration of mAbs

blocking activity of CTLA-4, PD-1, TIM-3 and LAG-3 were shown to improve CD8+ T

cell function [10]. Accordingly, the success of current immunotherapies targeting PD-1 and

CTLA-4 is thought to be, at least in part, due to restored function of tumor antigen-specific

CD8+ TILs.

In vitro models have revealed that T cells can transition into a state of dysfunction

through chronic TCR stimulation without adequate co-stimulation. This dysfunctional state

has been termed clonal anergy, and is thought to represent in vivo settings in which high levels

of antigen might be encountered in the absence of innate immune activation or inflammation.

The induction phase of anergy appears to be driven by excessive calcium signaling and NFAT
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transcriptional activity. Under those conditions, factors become induced that inhibit the

activation of the Ras pathway through TCR/CD28 ligation; one of those defined factors is

the lipid phosphatase diacylglycerol kinase (DGK) [93]. In vivo, anergy has been observed

after transfer of TCR transgenic cells into a naïve host expressing cognate self-antigen [94].

Anergic T cells can persist for weeks but fail to proliferate and produce reduced levels of

cytokines in response to subsequent stimulation. Inducing anergy in self-reactive T cells is a

peripheral tolerance mechanism responsible for sequestering potentially harmful T cells that

escape central tolerance. More recently, a subpopulation of self-reactive polyclonal anergic

CD4+ T cells was shown to differentiate into peripherally induced Treg (iTreg) cells [95],

providing an additional layer of peripheral tolerance. In the context of cancer, it is thought

that T cell anergy may occur because tumor cells and intratumoral DCs often express low

levels of co-stimulatory molecules [96]. Additionally, introduction of the CD28 co-stimulatory

ligands CD80 or CD86 into tumor cells can lead to spontaneous tumor regression in preclinical

models, supporting the idea that improved co-stimulation can enable T cell-mediated tumor

rejection [97, 98, 99].

A phenotypic parallel encompassing anergized, virally exhausted, and dysfunctional CD8+

TILs is the expression of cell surface receptors that regulate T cell functions. These receptors

can be classified as co-stimulatory or co-inhibitory and act as a rheostat controlling fine tun-

ing T cell activation. In response to specific antigen encounter, the expression of co-inhibitory

molecules serves to modulate the intensity of an immune response after antigen clearance,

presumably to prevent unintended tissue damage [100]. However, in chronic-viral models,

exhausted CD8+ T cells upregulate and maintain expression of an array of co-inhibitory

receptors, including PD-1, CTLA-4, and LAG-3 [101]. In the tumor microenvironment, a

similar pattern of co-inhibitory receptor expression has been observed on CD8+ TILs from

mouse [21, 102, 20] and human [90] tumors. Engagement of these receptors has been shown

to blunt proliferation and cytokine production by T cells, and blocking interactions between

these receptors and their corresponding ligands can restore T cell function.
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1.7 Immunotherapies based on restoring T cell function within

the tumor microenvironment

The expression of co-inhibitory receptors on CD8+ TILs has led to the development of

monoclonal antibodies to block the interaction of these receptors with their corresponding

ligands in hopes of restoring T cell effector function. These co-inhibitory receptors are

broadly referred to as checkpoints of immune activation and function, and the administration

of antibodies to neutralize their activity has been termed “checkpoint blockade therapy”. One

of the most well studied checkpoint blockade therapies is anti-PD-1/anti-PD-L1 antibody

therapy. PD-1 is expressed on CD8+ T cells after activation and remains expressed on a

subset of CD8+ TILs in the tumor microenvironment. PD-1 interacts with its ligand PD-

L1, which is expressed on tumor cells and non-malignant cells in the tumor environment.

Interruption of PD-1/PD-L1 interaction has shown significant clinical efficacy in a wide

variety of cancers [103]. While the mode of action of anti-PD-1/PD-L1 therapy is still under

investigation, it has been shown that responding patients exhibited a change in CD8+ T

cell locality from the invasive tumor margin to inside the tumor [104]. Also observed was an

expansion of CD8+ TILs, which are believed to be specific for tumor associated antigens [105].

In fact, recent reports suggest that neoantigen specific CD8+ T cells may play an essential

role in tumor rejection after immune checkpoint blockade therapy [106, 107, 108, 41, 38].

Despite the ability of the immune system to recognize cancer cells, not all patients respond

to checkpoint blockade therapy. Anti-PD-1/PD-L1 therapy exhibits an almost bimodal re-

sponse; some patients experience complete eradication of tumors, but a majority derive little

or no clinical benefit. A few theories have been proposed to explain this dichotomy. Two

major subsets of tumor microenvironments can be defined by the presence or absence of a

transcriptional profile indicative of an endogenous antitumor response. The T cell-inflamed

tumor subset contained T cell markers (e.g. CD8A and GZMK) and chemokines known to re-

cruit T cells to the tumor (e.g. CXCL9 and CXCL10), whereas the non-T cell-inflamed lacked
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these markers. The biology of the T cell-inflamed subset suggests that spontaneous T cell

priming and trafficking into the tumor had occurred. By segregating tumors according to the

T cell-inflamed or non-inflamed phenotype, we find that the majority of patients responding

to checkpoint blockade therapy contain a T cell-inflamed tumor phenotype [109], suggesting

that in these patients, the immune system has been restrained, but primed for reinvigora-

tion. However, even in the T cell-inflamed subset, fewer than half of the patients respond

to checkpoint blockade therapy, suggesting that additional negative regulatory mechanisms

must be overcome to achieve effective clinical responses. The non-T cell-inflamed subtype of

tumor is remarkably devoid of immune cell signatures; even the negative regulatory pathways

normally seen in the T cell-inflamed tumor [3, 63]. The mechanisms behind the evolution of

these tumors is currently under intense investigation [110], and a few recent observations have

helped understand this phenotype. By studying and comparing gene expression patterns be-

tween the T cell-inflamed and non-T cell-inflamed tumors, our lab recently discovered an

immune evasion mechanism driven by oncogenic activation of the Wnt/β-catenin pathway.

The mechanism was ascertained to be a loss of chemokines critical for the recruitment of the

Batf3-DC lineage to the tumor site, and thus a failure to activate the innate immune system.

Also proposed to explain the non-T cell-inflamed phenotype is a lack of tumor-associated

antigens to be recognized by T cells. While this may be true in rare instances, a compari-

son of the mutational load between the T cell-inflamed versus non-T cell-inflamed did not

reveal any correlation, suggesting that other mechanisms are contributing to the exclusion

of intratumoral T cells [111].

To convert non-T cell-inflamed tumors into tumors with a T cell-inflamed phenotype,

researchers and physicians are interrogating a plethora of immunomodulatory targets and

combinatorial strategies. A prime example is the synergistic effect of combinatorial anti-PD-

1/PD-L1 and anti-CTLA-4 checkpoint blockade therapy [112]. This has led to the develop-

ment of other inhibitors of additional negative regulatory molecules. For example, LAG-3,

much like PD-1, is upregulated after activation and is known to diminish T cell function
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[113]. In pre-clinical models, blocking LAG-3 synergizes with anti-PD-L1 therapy inducing

potent tumor control [114]. Clinical trials targeting LAG-3 are ongoing, but have shown

modest efficacy to date [115, 116]. Therapies targeting other inhibitory receptors including

TIGIT and TIM-3 are in the early stages of development, but have shown robust efficacy

in murine cancer models [100]. The molecular mechanisms underlying the function of these

co-inhibitory receptors is largely unknown and under active investigation. In addition to

interfering with co-inhibitory receptor pathways, co-stimulatory receptors, also expressed

on T cells after activation and in the tumor, are promising candidates for immunotherapy.

These include the TNFR superfamily members 4-1BB, OX-40, and GITR [12]. Agonistic

antibodies against several co-stimulatory receptors have shown therapeutic efficacy in mouse

models. These include antibodies against 4-1BB [117], GITR [118], and OX-40 [119]. How-

ever, the deep mechanism of action of these approaches has not been completely elucidated.

It is also unknown whether endogenous co-stimulation in the tumor microenvironment is

sufficient for the functional activity of anti-PD-1/PD-L1 checkpoint blockade therapy. Re-

cent studies revealed that PD-1 can blunt T cell function by dampening CD28 signaling

[120] and the efficacy of anti-PD-L1 therapy depends on CD28 signaling [121]. This has

led to an emerging idea that CD8+ T cells in the tumor microenvironment are primed to

receive co-stimulatory signals but fail to do so due to the absence of ligand in the tumor

milieu or due to active suppression of co-stimulatory signaling through the cross-talk of

co-inhibitory receptors. Therefore, it will be important to determine if agonist antibodies

against co-stimulatory molecules can augment the efficacy of checkpoint blockade therapies

and increase the number of patients that are able to benefit from immunotherapy.

A core problem in the development of therapies targeting tumor antigen-specific CD8+

T cells to reinvigorate their effector function, has been a lack of positive cell surface markers

to identify these cells. Identifying the cell surface phenome may provide new additional

targets for immunotherapy as well as provide a means to study tumor antigen-specific CD8+

TILs with minimal manipulation. Also important to understand is the function of CD8+
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TILs during tumor progression. Even when CD8+ TILs fail to control tumor growth, it is

thought that they are not inert; therefore, it is important to determine whether dysfunctional

CD8+ TILs actively modulate the tumor microenvironment in a pro- or antitumor manner.

In addition, examining the functional and phenotypic changes that occur in CD8+ TILs

after effective immunotherapy will lead to a better understanding of CD8+ T cell biology

in the tumor microenvironment and may give rise to new ways to reinvigorate these cells.

Therefore, as a bridge to study dysfunctional CD8+ TILs, our lab turned to a model of in

vitro T cell anergy to first characterize the genetic profile of anergic T cells. In these studies,

we uncovered a role for the transcription factor Egr2 in regulating anergized CD4+ T cell

clones [122]. The Egr2-driven transcriptional profile included expression of the co-inhibitory

molecule LAG-3, and co-stimulatory molecule 4-1BB, both previously found to be expressed

on CD8+ TILs. As I will demonstrate in the results section, these markers provided a useful

strategy to study dysfunctional CD8+ TILs in great detail and investigate the function of

these cells in shaping the antitumor response before and after effective immunotherapy.
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Part II

Materials and Methods



Mice and tumor inoculation

Female C57BL/6 mice ranging from 6 to 8 weeks were purchased from Taconic Farms.

CD45.1 and Rag2-/- mice on the C57BL/6 background were obtained from Taconic Farms

and bred at the University of Chicago. 2C/Rag2-/- and P14/Rag2-/- mice have been previ-

ously described [123]. B16.SIY.dsRed [61], C1498.SIY.GFP [124], and MC57.SIY [125] tumor

cells were engineered to express either dsRed or GFP in frame with the H2-Kb-restricted

model antigen SIYRYYGL and have all been previously described [125]. For experiments,

mice were 6 to 9 weeks of age and received 2x106 tumor cells subcutaneously on either the

left flank or both the left and right flank. All mice were maintained according to the National

Institute of Health Animal Care guidelines and studied under IACUC-approved protocols.

To generate the targeting construct for the Egr2EGFP knock-in reporter mice (generated

by Dr. Jonathon Powell, Johns Hopkin University), a 12.6kb mouse genomic DNA fragment

including the Egr2 gene was excised with SacII and cloned into a pEasy-Flox vector adjacent

to the thymidine kinase (TK) selection marker. A cassette containing IRES2-eGFP and a

LoxP-flanked neomycin selection marker was inserted into an Nhel site between the trans-

lation stop codon (TGA) and the polyadenylation signal of the egr2 gene. ES cell clones

from 129 mice were electroporated and selected for Neomycin resistance. ES cell clones were

verified for homologous insertion in the endogenous locus by PCR and southern blot with 5’

and 3’ probes. Mice were backcrossed to C57BL/6 for over 8 generations.

TIL isolation

Tumors were harvested from mice at the indicated time points. Tumors were dissociated

through a 50 μm filter and washed with PBS. TILs were further enriched by layering Ficoll-

Hypaque beneath the cell suspension followed by centrifugation without breaks for 30 min

at 400 x g. The buffy-layer was isolated and washed twice with PBS before staining. For

isolating specific cell populations by FACS, tumors were pooled when indicated and the
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cell layer was re-purified by Ficoll-Hypaque centrifugation twice. For day 28 tumors, after

Ficoll-Hypaque separation T cells were further purified by negative bead selection accord-

ing to manufacturer’s instructions (MagniSort, eBiosciences). Cells were then washed with

PBS, stained at 4◦C for 15 minutes before resuspending in complete DMEM (cDMEM: 10%

FBS, 100U/mL Penicillin-Streptomycin, 1% MEM Non-Essential Amino Acids, 50 μM β-

ME, 0.01M MOPS), and were sorted into either RLT lysis buffer (QIAGEN) or cDMEM

depending on the experimental assay. Cells sorted into RLT buffer were put directly on dry

ice as soon as the sort was finished.

Flow cytometry and antibodies

Cell suspensions were washed twice in PBS before staining an FACS buffer (10% FBS,

2mM EDTA, 0.001% NaN3). Cells were stained for 30 min on ice and fixed in 1% PFA.

Antibodies against the following molecules were used: CD3 (17A2, AX700), 2B4 (2B4,

FITC), CD127 (A7R34, PE), OX-40 (OX-86, PE), 4-1BB (17B5, Biotin, APC), CD160 (7H1,

PE-Cy7), LAG-3 (C9B7W, PerCPeFluor710), PD-1 (RMP1-30, PE-Cy7), NRP1 (3E12,

BV421), GITR (DTA-1, FITC), ICOS (7E.17G9, BV421), KLRG-1 (2F1, eF450, BV605),

TIGIT (1G9, APC), TIM-3 (RMT3-23, PE), CD4 (RM4-5, BV605), CD45.1 (A20, FITC),

CD45.2 (104, PE), CD8α (53-6.7, BV711). Fixable Viability Dye 506 (eBioscience) was used

for live/dead discrimination. Staining of SIY-specific T cells was performed utilizing the

SIYRYYGL-Pentamer (PE) (Proimmune); a SIINFEKL-pentamer (PE) was used as a non-

specific control. All flow cytometric analysis was conducted on an LSRFortessa (BD) and

analyzed using FlowJo software (Tree Star).

Quantitative real-time PCR

Total RNA was extracted from sorted cell populations using the RNEasy Micro Kit (QI-

AGEN) following the manufacturer’s protocol. cDNA was synthesized using the High Ca-
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pacity cDNA Reverse Transcription kit (Applied Biosystems) according to manufacturer’s

instructions. Transcript levels were determined using primer-probe sets (Table 3.2) developed

through the online ProbeFinder Software and the Universal Probe Library (Roche) with the

exception of IL-2 (Mm00434256_m1) and 18S (Hs99999901_s1). To minimize batch effect,

when possible, all samples probed for a gene were run on the same 96-well qRT-PCR plate.

All primer-probe sets either contained a primer spanning an exon-exon boundary or primers

spanning an intron. Expression levels of transcripts were normalized to 18S expression.

In vivo proliferation assay

in vivo proliferation was measured by a BrdU pulse 24 hours prior to flow cytometric analysis.

Each mouse received 0.8 mg BrdU injected i.p. on day 12 after tumor inoculation. TILs were

isolated and surface stain was performed as described above. Following surface staining, cells

were fixed and permeabilized using the Foxp3 staining kit (BD), according to manufacturer’s

protocol, and incubated with 100 μl PBS/DNase solution (300 μg/ml) for 30 minutes at 37◦C.

Cells were washed and incubated for 30 minutes at room temperature with anti-BrdU (FITC,

Bu20a) and then washed with and resuspended in PBS.

In vitro stimulation assays

Tissue culture-treated 96-well round bottom plates were coated with anti-CD3ε (1 μg/ml;

2C11) in DPBS overnight at 4◦C or for 2 hours at 37◦C. Cells were sorted into cold cDMEM

media and put on ice as soon as the sort was finished. Cells were then pelleted, resuspended

in 50 μl cDMEM and incubated with soluble anti-CD28 (2 μg/ml; PV-1) for 10-12 hours for

a final volume of 100 μl. After stimulation supernatants were removed for ELISA or bead-

based immunoassay (LegendPlex), and cells were washed once with DPBS and resuspended

in 25 μl of RNAlater Stabilization Solution (QIAGEN) or 300 μl of RLT buffer. Cells were

stored at -80◦C until RNA isolation was performed.
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Protein quantification

Measurement of protein concentration was determined either by a standard ELISA or bead-

based immunoassay (LEGENDplex, BioLegend). ELISAs were performed according to man-

ufacturer’s protocol (Ready-SET-Go ELISA; eBioscience) on supernatants from in vitro stim-

ulations. Absorbance values were obtained at 450 nm using an Emax microplate reader

(Molecular Devices) and IL-2 concentration was determined by standard curve. Protein con-

centration values were normalized to the number of sorted cells plated. LEGENDplex assays

were performed according to manufacturer’s protocols. IL-2 concentration was confirmed by

both methods in separate experiments with no significant difference in IL-2 concentration

between the two methods.

Spectratype analysis and sequencing

Mice were injected with 2x106 B16.SIY.dsRed tumor cells subcutaneously. 14 days later,

tumors were harvested and specific CD8+ TIL subpopulations were sorted into RLT buffer

(QIAGEN) and immediately frozen. cDNA was synthesized from sorted cell populations and

CDR3 regions were amplified by PCR with 21 different Vβ-5’ primers paired with a FAM-

Cβ1.1 primer (Table 3.1). Three VβPCR reactions did not reach significant amplification

for analysis and were removed from the analysis. For sequencing, Cβ-VβPCR products were

purified using the QIAquick PCR purification kit (QIAGEN) and sequenced at the Univer-

sity of Chicago Genomics Core Facility. Cβ-VβPCR products were analyzed by capillary

electrophoresis at the University of Chicago Genomics core and CDR3 peaks were aligned

using the Liz500 ladder. Spectratype graphs were displayed using the GeneiousR9 software

[126]. To generate the frequency profile for each Vβ spectratype, the area under each peak

was measured using peak studio (http://fodorlab.uncc.edu/software/peakstudio). The Ham-

ming Distance [127] was calculated between each Vβ spectratype from each CD8+ spleen

and TIL population within a given mouse. To determine significance between the HD from
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each comparison the HDs for each Vβ from 3 mice were averaged and a One-Way ANOVA

with Dunn’s correction for multiple comparisons was performed.

TCR transgenic T cell transfer experiments

Cell suspensions were generated from spleens and lymph nodes from congenic 2C/Rag2-/-

/CD45.1/2 and/or P14/Rag2-/-/CD45.2 mice and T cells were purified by CD8+ negative

selection (Miltenyi Biotechnologies) over magnetic columns according to the manufacturer’s

protocol. TCR Transgenic (Tg) T cells were washed with PBS, resuspended at a concentra-

tion of 10x106/ml and 1x106 TCR Tg cells were adoptively transferred into CD45.1 tumor

bearing mice by tail vein transfer in a volume of 0.1 mL. After indicated times, 2C T cells

and corresponding host CD8+ T cells were sorted and stimulated as described above.

In vitro cytotoxicity assay

Per individual experiment, 10 C57BL/6 mice were injected s.c. with 2 x 106 B16.SIY cells

on both left and right flanks. On day 14, all 20 tumors were pooled and dissociated using

the Tumor Dissociation Kit (Miltenyi Biotec) following the manufacturer’s protocol. Tumor

cell suspensions were washed 3-5 times with PBS and TILs were enriched for by Ficoll-

Hypaque gradient centrifugation. TILs were stained, sorted and put directly on ice. TILs

were titrated and added directly to a 96-well plate containing 50,000 P815 mastocytoma cells

and 1 μg/mL anti-CD3ε. For a positive control, OT-I cells were isolated from OT-I/Rag2-/-

mice and stimulated with plate-bound anti-CD3ε (0.25 μg/mL), anti-CD28 (2 μg/mL) and

100 U/mL IL-2 for 2-3 days. For a negative control, P815 cells were cultured alone or

cultured with naïve CD8+ T cells isolated from lymph nodes. After 12 hours of incubation,

cells were stained for Thy1, CD45, CD8α, Fixable Viability Dye 450 (eBioscience) and/or

propidium Iodide.
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Gene expression analysis

Total RNA for the CD8+ TIL subpopulations was isolated following the manufacturer’s

protocol (RNEasy Micro Kit: QIAGEN) from sorted cells pooled from 10 mice. Samples

were analyzed by the University of Chicago Genomics Facility using Illumina MouseRef8

microarray chips. Two experimental replicates were performed, and the results were log2

transformed and averaged. Probe sets that revealed a 1.5-fold difference abs(log2(ratio)>

1.5)) relative to CD8+4-1BB–LAG-3–PD-1– cells were identified and used for subsequent

analysis. The microarray data are available in the Gene Expression Omnibus database

(http://www.ncbi.nlm.nih.gov/gds) under accession number GSE79919. For cross-study

comparisons, log2-fold change values were extracted using the GEO2R online software from

the hypofunctional CD8+ TIL data set, GSE79858 ((GSM2107353, GSM2107353 and

GSM2107355) versus (GSM2107350, GSM2107351, GSM210732)) and the CD8+ T cell ex-

hausted data set, GSE41870 ((GSM1026819, GSM1026820, GSM1026821) versus

(GSM1026786, GSM1026787, GSM1026788, GSM1026789)). Upregulated genes showing a

2-fold difference were used for analysis. Multiple genes names with from the GEO2R ex-

tracted data were identified and matched to gene names from the Illumina data set. The

rank-rank hypergeometric overlap (RRHO) analysis [128] was conducted through the online

software (http://systems.crump.ucla.edu/rankrank/index.php) and the associated Biocon-

ductor package "RRHO" [129].

Gene ontology enrichment analysis

In a pair-wise fashion, shared upregulated genes (Supplementary Table 3) were used as the

input for the ClueGO software with the Cytoscape application [130]. Both the Biological

Process and Immune System Process Gene Ontology Annotations were used for analysis.

Only pathways with a Bonferroni step down correction p-value > 0.01 were considered when

generating pathway nodes. Non-redundant pathways with the greatest number of genes
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found within each node were used.

Antibody and FTY720 treatments

Mice were treated i.p. with 100 μg/mouse of anti-4-1BB (Bio-X-Cell; LOB12.3) antibody

and/or 100 μg/mouse anti-LAG-3 (Bio-X-Cell; C9B7W). For tumor outgrowth experiments,

mice were treated on day 7, 10, 13 and 16 after tumor inoculation. For ex vivo functional

experiments mice were treated on day 7, 10 and 13 and cells were sorted on day 14. For

experiments blocking lymph node egress, 25 μg of FTY720 was given by gavage one day prior

to first antibody treatment (day 6) and continued every day until endpoint on day 14.

Single cell cloning

Single cell sorting was performed using a FACS Aria II cell Sorter (BD Biosciences). Cells

were sorted into single wells of a 96 well plate containing complete DMEM media. Visible

colonies from single cells occurred after approximately 2 week. In a temporal sequential

order, when single cell clones obtained confluence they were transferred to a 24 well plate

and maintained until all single cell clones were acquired or until 18 clones from each single

cell sort was obtained. Once achieved, all cell clones were trypsonized and re-seeded in the 24

well plate at approximately 100,000 to normalize cell numbers. After 1-2 days of expansion

and cell clones were trypsonized and an aliquot of each clone was tested for disruption

of the targeted gene through failure to upregulate H-2Kb and/or PD-L1 in response to

IFN-γ. Responsiveness to IFN-γ was performed by plating cell clones in a 96 well plate

and stimulating with murine IFN-γ (5 ng/mL) for 16-20 hours. Cell clones that exhibited

disruption of the target gene were then sequentially expanded in a 100x15 cm2 petri dish

followed by an expansion in a 225cm2 flask. Stocks of the cell lines were subsequently frozen

and stored at -150◦C
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Lentiviral transduction and transfection

Individual single-guide RNA (sgRNA) expression vectors were constructed as follows. For-

ward and reverse 26-nt oligonucleotides (Table 5.1) were mixed at 10 mM each in 10 mM

Tris-HCl (pH8.0) and 5 mM MgCl2 in a total volume of 100 μl. The mixture was incubated

at 95◦C for 5 min and cooled to room temperature. The duplex oligonucleotides were then

cloned into the BbsI site of pKLV-U6sgRNA(BbsI)-PGKpuro2ABFP (Addgene, #50946).

sgRNA sequences targeting IFNγR2 and Jak1 were described previously [131]. To generate

the sgRNA sequences for PD-L1 and H-2Kb, the online ATUM guide-RNA design tool was

used (www.atum.bio/eCommerce/cas9/input).

The vector pLV-U6g-EPCG expressing Cas9 (Sigma) was used for stable transduction

of Cas9. For transient transfection of Cas9, a vector containing Cas9 with a blasticidin

resistance gene (Bsr) (a generous gift from Haouchu Huang, University of Chicago) or a

Cas9-GFP vector (Sigma) was used.

Vector transfection was performed using Lipofectamine 3000 reagent (Thermo Fisher

Scientific) according to the manufacturers protocol. For stable expression of sgRNAs or

Cas9-GFP, HEK293T cells were cultured in complete DMEM without antibiotics at 50-

70% confluence in a 6 well plate. HEK293T cells were then transfected with lipofectamine

particles containing the target vector and a psPAX2 packaging vector (Addgene, #12260).

Supernatant was collected and added to tumor cells at 48 and 56 hours after transfection.

The day before viral supernatant collection, tumor cells were plated in a 24 well plate at

10,000 tumor cells per well. Cells were transduced with lentiviral supernatant from HEK293T

cell culture with a 1:1000 dilution of polybrene (Sigma). At confluence, cells were transferred

to a 100x15 cm2 petri dish and expand for three days. After expansion cells were sorted

based on GFP (Cas9) or BFP (sgRNA) expression.
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Generation of mutant tumor cell lines

To establish a founder B16.SIY.dsRed tumor cell line, B16.SIY tumor cells were single

cell sorted and the intensity of dsRed was measured for each B16.SIY founder line. Two

B16.SIY.dsRed founder lines with similar dsRed expression to the polyclonal B16.SIY.dsRed

population were engrafted into C57BL/6 mice and measured for tumor growth and respon-

siveness to anti-PD-L1/anti-CTLA-4 (BioXCell) checkpoint blockade therapy. To generate

loss-of-function mutations in the IFNγR2 and Jak1 genes, the #9 B16.SIY.dsRed founder

line was transduced with lentiviral supernatant from HEK293T cells with the correspond-

ing sgRNA vectors. Cells were allowed to recover for 3 days and then transfected with the

Cas9-Bsr vector. Cells were selected for resistance to blasticidin for 2 days and then single

cell sorted based on BFP expression.

To generate IFNγR2 H-2Kb double-mutant cells, #9 B16.SIY cell line was first trans-

fected with both Cas9-GFP (Sigma) and pKLV-U6-sgRNA(H-2Kb)-PGKpuro2ABFP vec-

tors. Cells were single cell sorted for BFP and GFP expression. Single cell clones were

then tested for inability to upregulate H-2Kb in response to IFN-γ stimulation. One clone

was chosen, expanded and transfected with Cas9-GFP and pKLV-U6-sgRNA(IFNγR2)-

PGKpuro2ABFP vectors. Cells were single cell sorted and tested for the inability to up-

regulate PD-L1 in response to IFN-γ stimulation. The #9 B16.SIY IFNγR2 H-2Kb double

mutant cell line was then transduced with the empty vector pKLV-U6-PGKpuro2ABFP to

normalize BFP expression and allow for identification of the tumor cells when performing

flow cytometry.

MC38 and B16F10 cells were transduced to stably express Cas9-GFP (Sigma: pLV-U6g-

EPCG) and sorted 2-3 times for GFP expression. To generate loss-of-function mutations

in the IFNγR2 and Jak1 genes, cells were transiently transfected with the corresponding

pKLV-U6-sgRNA-PGKpuro2ABFP vectors and single cell sorted based on GFP and BFP

expression and tested for disruption of the targeted gene by IFN-γ stimulation.

All cell lines were routinely tested for mycoplasma contamination using the HEKBlue
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(InvivoGen) reporter cell line, following the manufacturer’s protocol.
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Part III

The EGR2 targets LAG-3 and 4-1BB

describe and regulate dysfunctional

antigen-specific CD8+ T cells in the

tumor microenvironment



Chapter 2

Introduction

Although the presence of tumor-infiltrating lymphocytes (TILs) indicates the generation of

an endogenous antitumor immune response by the host, immune regulatory pathways can

subvert the effector phase and enable tumor escape. Negative regulatory pathways include

extrinsic suppression mechanisms but also a T cell-intrinsic dysfunctional state. Much of

the literature on CD8+ T cell dysfunction is derived from studies using chronic viral models.

This type of dysfunction has been termed exhaustion, and is characterized by a gradual loss

of cytokine production, proliferative capacity, and cytotoxicity. Concordant with a loss of

function is an increase in expression of co-inhibitory receptors. One such receptor is PD-1

[132], which is upregulated during T cell activation and binds to two ligands, PD-L1 and

PD-L2 [133]. Blockade of PD-1/PD-L1 interaction with an anti-PD-L1 antibody can restore

the function of a subset of exhausted CD8+ T cells [134]. PD-1 is also expressed on CD8+

TILs, and anti-PD-1/anti-PD-L1 blockade therapy, has produced durable clinical responses

in a variety of malignancies [103], likely through the release of inhibitory effects mediated

by PD-1 on tumor antigen-specific CD8+ T cells. Despite the unparalleled success of PD-1

blockade therapy, only a subset of patients are cured or experience long-lasting stable disease.

This has led to intense investigation to understand the biological state of CD8+ TILs in the

context of failed tumor control, with one aim being to identify additional targetable receptors

expressed on tumor antigen-specific CD8+ TILs.

Two methods are generally used to identify and characterize tumor antigen-specific CD8+

T cells: staining and sorting bulk tumor suspensions with peptide-MHC multimers, or in

vitro expansion of T cells from sorted CD8+ TIL subpopulations. Both methods induce

T cell stimulation, which could alter downstream functional analyses. Nonetheless, these

approaches have revealed important insights into the phenotypic characteristics of tumor

antigen-specific CD8+ TILs. Studies using peptide-MHC multimer staining found high ex-

pression of PD-1 on MART-1- [86, 135] or NY-ESO-1-specific [136] CD8+ T cells isolated
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from human tumors. In addition to PD-1, work from Speiser and colleagues [90, 137] demon-

strated that tumor antigen-specific CD8+ T cells isolated from tumor infiltrated lymphnodes,

can co-express multiple co-inhibitory receptors, including TIM-3, LAG-3, 2B4, and BTLA.

In vitro expansion of sorted CD8+ TIL subpopulations expressing PD-1, LAG-3, or TIM-3

revealed that any of these markers could identify the majority of tumor-reactive CD8+ T

cells [138]. Furthermore, inclusion of 4-1BB expression enriched for tumor-reactive CD8+

T cells [138, 139]. These studies promoted the idea that antibody-mediated interference

of multiple co-inhibitory receptors may act synergistically to alleviate suppression of tumor

antigen-specific CD8+ TILs. Interference of PD-1 in combination with LAG-3 [140] or TIM-3

[136] was able to improve NY-ESO-1-specific CD8+ TIL function in vitro and induce robust

tumor control in preclinical models [141, 114]. In addition, an attractive approach is to

agonize co-stimulatory receptors expressed on tumor antigen-specific CD8+ TILs, such as

4-1BB, while simultaneously blocking co-inhibitory receptors, which may provide augmented

T cell stimulation needed to overcome the suppressive effects of co-inhibitory receptors [117].

These studies highlight the general idea that multiple targetable receptors are expressed on

tumor antigen-specific CD8+ TILs, however, a comprehensive analysis of the cell surface

receptors characterizing dysfunctional tumor antigen-specific TILs has been lacking, which

may reveal new therapeutic targets.

Based on chronic viral models and the fact that tumors progress despite a CD8+ T

cell infiltrate, it is predicted that CD8+ TILs are in a dysfunctional state similar to T

cell exhaustion. However, studies interrogating CD8+ TIL function in cancer patients have

revealed conflicting results, mainly surrounding the ability of CD8+ TILs to produce IFN-γ.

The capacity to produce IFN-γ is an important readout in models of T cell exhaustion, as

the inability to do so is a characteristic terminally differentiated T cells that are not likely

to be rescued by PD-1 blockade therapy [84]. By cell sorting Melan-A-specific CD8+ TILs

followed by ex vivo stimulation, one study found that IFN-γ production was lost [90], yet, in

another study, IFN-γ production was maintained [142]. It was proposed that only a subset of
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tumor antigen-specific CD8+ TILs enter into an exhausted-like state, which may be identified

by expression of PD-1. Melan-A-specific PD-1+ CD8+ TILs were shown to lack IFN-γ

production [86], however, in another study NY-ESO-1-specific PD-1+ CD8+ TILs retained

IFN-γ, and instead the TIM-3+PD-1+ fraction was found to produce less IFN-γ [136], albeit

IFN-γ production was not completely lost in this population. These studies are convoluted by

the use of peptide-MHC multimers, which can alter T cell function. In a different approach,

co-expression of PD-1 and CTLA-4 was used to identity antigen-specific CD8+ TILs, and PD-

1+CTLA-4+ CD8+ TILs were found to retain IFN-γ production [143]. These differing results

may be a reflection of the variable nature of the tumor microenvironment. It is possible

that each individual tumor exerts different pressures and stresses on CD8+ TILs resulting in

different functional characteristics. Alternatively, it may be that the methods used to identify

and extract tumor antigen-specific CD8+ TILs alter T cell function, thereby confounding

results. Therefore, to aid in the development of new therapeutic approaches, new strategies

are needed to identify tumor antigen-specific CD8+ TILs with minimal manipulation in order

to accurately measure their function.

Recently, our laboratory identified the transcription factor Egr2 as a critical regulator of

the anergic state in CD4+ T cell clones [122, 144]. Egr2 is also involved in negative regulation

of T cell activation in several in vivo model systems [145]. Egr2 contributes to upregulation of

DGK-α and -ζ which act to blunt TCR-mediated Ras pathway activation [93]. By comparing

gene expression profiling of anergized cells along with Egr2 ChIP-Seq analysis, we identified

multiple additional Egr2-driven gene targets, including Tnfrsf9 (4-1BB) and Lag3, which

encode cell surface proteins. We reasoned that flow cytometric analysis for expression of

these and other Egr2 targets may identify the subset of T cells with a dysfunctional state in

the tumor microenvironment.

In this study, based on the hypothesis that coexpression of 4-1BB and LAG-3 might

define dysfunctional T cells in tumors, we investigated the functional characteristics of CD8+

TILs expressing 4-1BB and LAG-3 using mouse tumor models. We found that the co-
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expression of 4-1BB and LAG-3 effectively identified tumor antigen-specific, dysfunctional

CD8+ TILs enriched in the expression of Egr2 target genes. Functionally, 4-1BB+LAG-

3+ CD8+ TILs failed to secrete IL-2 after in vitro stimulation, yet still produced IFN-γ

and Treg cell-recruiting chemokines and lysed target cells ex vivo, arguing they are not

completely functionally inert. Combinatorial treatment of tumor-bearing mice with anti-

LAG-3/anti-4-1BB antibodies restored the function of these T cells, and promoted in situ

accumulation of KLRG-1hi effector cells. Additional gene expression profiling provided a

complete phenotyping of this T cell subset, which revealed expression of a broad array of both

inhibitory and co-stimulatory receptors. These approaches have enabled the characterization

of the population of tumor antigen-specific CD8+ T cells that arise specifically within the

tumor microenvironment having altered functional properties, and have highlighted new

targets for novel immunotherapeutic approaches to restore desired functionality and promote

tumor regression.

Sections of this chapter were published in the Journal of Experimental Medicine [19] and

have been reproduced with permission from the copyright holder.
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Chapter 3

Results

3.1 4-1BB and LAG-3 identify a major population of CD8+ TILs

To determine whether 4-1BB and LAG-3 could accurately identify tumor antigen-specific

dysfunctional CD8+ TILs, we examined the expression pattern of LAG-3 and 4-1BB using

the well-characterized B16.SIY model of melanoma. On day 7 following tumor inoculation,

the 4-1BB+ LAG-3+ population comprised 15.8% of all CD8+ TILs. The frequency of this

population significantly increased to 44% by day 21. The frequency of 4-1BB– LAG-3+ (4–

L+) population also increased 1.9-fold from day 7 to day 14 to comprise 25% of the CD8+ TIL

compartment. In contrast, the frequency of the 4-1BB– LAG-3– (4–L–) population decreased

by 2.7-fold by day 21. Since there was no significant increase in the proportion or number of

4-1BB+LAG-3– CD8+ TILs within the time frame of the experiment (Figure 3.1A and B)

this population was not studied further. Similar patterns were seen when analyzing absolute

numbers of cell subsets (Figure 3.1C and D). Acquisition of these phenotypes was specific

for the tumor microenvironment, as they were not observed in the spleen or tumor-draining

lymph node (TdLN) (Figure 3.1A). These data suggest that the tumor microenvironment

preferentially supports the induced co-expression of 4-1BB and LAG-3.
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Figure 3.1: Co-expression of 4-1BB and LAG-3 identifies a significant fraction
of the CD8+ TIL compartment
(A) Representative analysis of 4-1BB and LAG-3 expression on CD8+ T cells from B16.SIY
tumors and the spleen and TdLN from tumor bearing mice on day 7, 14 and 21 after s.c.
tumor inoculation. (B-D) Longitudinal summary of the composition, n=5; four to five
independent experiments per time point, (C) absolute cell number, n=5; seven to nine
independent experiments per time point, and (D) cellular density of the CD8+ 4-1BB/LAG-
3 TIL subpopulations, n=5; two to five independent experiments per time point. Absolute
cell numbers were determined by acquiring the complete tumor sample by flow cytometery.
*P<0.05, **P<0.01, ***P<0.001 A two-way ANOVA with Bonferroni post-hoc test was used
for (B, C, D).

The selective increase in cell numbers and proportional shift towards the 4-1BB– LAG-

3+ and 4-1BB+ LAG-3+ populations during tumor progression suggested that expansion

of these populations was occurring within the tumor microenvironment. To investigate this

possibility, CD8+ TILs were stained for Ki67 at day 14 after tumor inoculation and analyzed

by flow cytometry. In fact, 81% of 4-1BB– LAG-3+ cells and 85% of 4-1BB+ LAG-3+ cells

were Ki67+ compared to only 32% of the 4-1BB– LAG-3– TILs (Figure 3.2A). To further

investigate this process, mice were pulsed with BrdU on day 12, and 24 hours later the

CD8+ TIL subpopulations were analyzed for BrdU incorporation. Indeed, the 4-1BB– LAG-

3+ and 4-1BB+ LAG-3+ populations incorporated more BrdU compared to the 4-1BB–
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LAG-3– population (Figure 3.2B). These data suggest that once CD8+ T cells arrive at the

tumor site, a fraction of TILs expands within the tumor, and that these expanding TILs can

be identified by increased expression of 4-1BB and LAG-3.

To determine if upregulation of LAG-3 and 4-1BB was simply a product of the B16.SIY

tumor model or if it is a more general feature of CD8+ T cells within tumors, we analyzed

T cells from four additional progressively growing tumor models, C1498.SIY, MC38.SIY,

EL4.SIY and B16F10 parental. TILs were analyzed for expression of 4-1BB and LAG-3 at

day 14. We found that the pattern of expression was similar to that seen in CD8+ TILs

isolated from B16.SIY tumors (Figure 3.2C and E). The results from the B16F10 parental

tumor confirm that presence of SIY is not required to see co-expression of 4-1BB and LAG-

3. In order to determine whether the 4-1BB+ LAG-3+ TIL subset was generated only in

progressing tumors or also in tumors that were rejected, we analyzed T cell phenotypes

in the 1969.SIY and MC57.SIY fibrosarcoma tumor models, which are more immunogenic

and undergo spontaneous rejection. Interestingly, distinctly fewer 4-1BB+ LAG-3+ cells

were found among the CD8+ TIL compartment in the 1969.SIY and MC57.SIY tumors

(Figure 3.2D and E). Over time, co-expression of 4-1BB and LAG-3 was maintained in

B16.SIY tumors but not MC57.SIY tumors (Figure 3.2F). These data suggest that the

acquisition of the 4-1BB+ LAG-3+ TIL phenotype preferentially occurs within the tumor

microenvironment and only upon conditions of tumor progression rather than regression.
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Figure 3.2: Co-expression of 4-1BB and LAG-3 identifies a significant fraction
of the CD8+ TIL compartment found in progressing but not regressing tumors
(A) Day 14 summary of the proportion of the CD8+ 4-1BB/LAG-3 TIL subpopulations that
are Ki67+. n=3-5; two independent experiments. (B) Summary of BrdU uptake on day 13
in the CD8+ 4-1BB/LAG-3 TIL subpopulations after a 24 hour BrdU pulse. n=5; three
independent experiments. (C-E) Representative flow plots (C and D) and summary (E) of
the 4-1BB/LAG-3 populations in other tumor models. Mice were inoculated with 2x106

C1498.SIY, MC38.SIY, EL4.SIY, B16 Parental, MC57.SIY or 1969.SIY subcutaneously and
analyzed for 4-1BB and LAG-3 expression on day 14 after tumor inoculation. n=3-5; two
to 5 independent experiments for each time point. (F) Mice were inoculated on both flanks
with 2x106 MC57.SIY or B16.SIY, at indicated time points tumors from each mouse were
pooled and analyzed for co-expression of 4-1BB and LAG-3 in the CD8+ TIL compartment.
n=3-5; two independent experiments for each time point. All error bars indicate mean SEM.
*:P < 0.05, **:P0.01, ***:P < 0.001. A two-way ANOVA with Bonferroni post-hoc test was
used for (F) and Kruskal-Wallis (non-parametric) test was used for (A, B, E) analysis at one
time-point.
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3.2 CD8+4-1BB+LAG-3+ TILs express Egr2 and multiple Egr2

targets

Based on previous studies describing Egr2 as a critical regulator of T cell activation in vitro

and in vivo [145, 146, 147] accompanied by our previous finding that Egr2 regulates the ex-

pression of 4-1BB and LAG-3 in an in vitro model of anergy [144], we investigated whether

Egr2 expression itself was also characteristic of T cells within the CD8+ TIL compartment.

To this end we utilized an Egr2-IRES-GFP (Egr2GFP) knock-in reporter mouse. Approx-

imately 14% of all CD8+ TILs were GFP+ on both day 7 and day 14 (Figure 3.3A). To

confirm that Egr2 is faithfully reported we sorted CD8+ TILs expressing high and low levels

of EGFP and subsequently screened for Egr2 and several Egr2 targets by qRT-PCR. The

Egr2-GFPhi population expressed greater levels of Egr2 and many Egr2-target genes pre-

viously defined using in vitro anergy models. These include Tnfrsf9, Lag3, Ngn, Sema7a,

Crtam, Ccl1 and Nrn1 (Figure 3.3B). Expression of 4-1BB and LAG-3 in the Egr2-GFPhi

CD8+ TILs was confirmed by flow cytometry. The majority of Egr2-GFPhi cells expressed

LAG-3 and/or 4-1BB. The Egr2GFPlo cells also showed expression of 4-1BB and LAG-3

on a subpopulation at day 14 (Figure 3.3C). This result suggests either that CD8+ TILs

expressing Egr2 encompass only a subset of the TILs expressing LAG-3 and/or 4-1BB, or

that Egr2 is transiently expressed and is subsequently downregulated after the induction of

LAG-3 and 4-1BB.

Using previously identified Egr2 target genes [144], we examined the Egr2-driven tran-

scriptional program in sorted 4-1BB–LAG-3– and 4-1BB+LAG-3+ cells by qRT-PCR. Of the

43 Egr2 target genes examined, 10 showed detectably increased expression in 4-1BB+LAG-

3+ population, while expression of a similar subset of genes was increased in the 4-1BB–LAG-

3+ population (Figure 3.3D). Collectively, these data show that Egr2 is expressed in a sub-

population of CD8+ TILs expressing LAG-3 and/or 4-1BB, and that a subset of known Egr2

targets was detected in these larger T cell populations as a whole.
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Figure 3.3: Egr2 and a component of the Egr2-transcriptional network are en-
riched in 4-1BB+LAG-3+ CD8+ TILs
(A) Representative flow plot and summary of Egr2EGFP expression. Egr2EGFP mice were
inoculated with 2x106 B16.SIY tumors s.c. CD8+ T cells from the tumor, TdLN and spleen
were analyzed for Egr2EGFP expression on day 7 and day 14. n=4-5; two-independent ex-
periments. (B) Expression of Egr2 target genes [144]. CD8+ TILs from day 14 tumor bearing
mice were sorted based on high or low expression of Egr2EGFP and analyzed directly for
expression of Egr2 targets by qRT-PCR. Two tumors on opposite flanks pooled per mouse.
n=3; two independent experiments. (C) Representative flow plots and summary of the 4-
1BB/LAG-3 subpopulations in CD8+ Egr2GFPhi and Egr2GFPlo TILs on day 7 and 14.
n=4-5. Two-independent experiments per time point. (D) Expression of Egr2 targets in the
4-1BB+LAG-3+ and 4-1BB–LAG-3– subpopulations. The subpopulations were sorted and
analyzed directly for the expression of targets by qRT-PCR. Two tumors on opposite flanks
pooled per mouse. n=4; two-independent experiments. *:P < 0.05, **:P<0.01, ***:P<0.001.
A two-way ANOVA with Bonferroni post-hoc test was used for longitudinal studies (A and
C) and a Mann-Whitney test was used to compute significance in (B, D).
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3.3 Egr2 contributes to initial expression of LAG-3 and 4-1BB

after T cell entry into the tumor microenvironment

We next examined whether Egr2 was required for expression of LAG-3 and 4-1BB among

CD8+ TILs in vivo. To this end we utilized Egr2flox/flox X pLCK-CreERT2 x ROSA-YFP

mice, in which after oral tamoxifen administration a fraction of the CD8+ T cells delete Egr2

and express YFP (Figure 3.4A). This allowed us to compare both Egr2-sufficient (YFP–)

and Egr2-deficient (YFP+) CD8+ within the same tumor. To determine that Egr2 was in

fact deleted from the YFP+ fraction, we sorted both YFP+ and YFP– CD8+ TILs and

measured Egr2 transcripts directly ex vivo and upon restimulation. As expected, the YFP+

CD8+ TILs expressed substantially less Egr2 transcripts compared to the YFP– counterparts

(Figure 3.4A). To determine if Egr2 is required for 4-1BB and LAG-3 expression we analyzed

CD8+ TILs at day 7 and 14 after tumor inoculation and compared the YFP+ and YFP–

populations to mice not treated with tamoxifen. Indeed, at day 7, the YFP+ fraction

expressed less 4-1BB and LAG-3 compared to the YFP– population and the WT CD8+ TILs.

However, expression of 4-1BB and LAG-3 was not significantly different at day 14 (Figure

3.4B). This suggests that other transcriptional regulators may compensate and contribute

to the expression of LAG-3 and 4-1BB.

Egr3 has been shown to have overlapping function with Egr2 [147] and HIF1α can con-

tribute to 4-1BB expression [148]. To investigate whether these transcription factors may

compensate for 4-1BB and/or LAG-3 expression we sorted Egr2GFPhi and Egr2GFPlo CD8+

TILs expressing 4-1BB and LAG-3 on day 7 and analyzed expression of Egr3 and HIF1α by

qRT-PCR. Egr3 and HIF1α were indeed expressed in both the Egr2GFPhi and Egr2GFPlo

populations. We confirmed differential expression of Egr2 and CCL1 between the Egr2GFPhi

and Egr2GFPlo populations to assure sort purity (Figure 3.4C). Together, these data indi-

cate that Egr2 contributes to upregulation of 4-1BB and LAG-3 expression at early time

points, but that other transcriptional regulators may compensate and drive expression of
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LAG-3 and 4-1BB as the T cell-tumor interaction progresses.

Figure 3.4: Egr2 regulates early expression of 4-1BB and LAG-3 in CD8+ TIL
(A) Egr2flox/flox x pLCKCreERT2 x YFP-Rosa26 mice given 5 doses of tamoxifen by gavage
and inoculated 3 days later with 2x106 B16.SIY cells. YFP+ or YFP– CD8+ TILs were
sorted and analyzed for Egr2 transcript directly and after in vitro stimulation. Two tumors
on opposite flanks pooled per mouse. n=3; two independent experiments. (B) Represen-
tative flow plots and summary of 4-1BB/LAG-3 co-expression in YFP+ or YFP– CD8+

TILs on day 7 and 14. n=3; two independent experiments. (C) Expression of Egr3 and
Hif1α in Egr2GFPhi and Egr2GFPlo from day 7 CD8+ TILs isolated from Egr2GFP mice.
n=5; two-independent experiments. Error bars indicate mean SEM. *:P < 0.05, **:P<0.01,
***:P<0.001. A Mann-Whitney test was used to compute significance in (A,B,C)
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3.4 CD8+4-1BB+LAG-3+ TILs are oligoclonal

Not all T cells in the tumor microenvironment are specific for tumor-associated antigens,

as memory T cells specific for irrelevant antigens are often found among TILs, and non-

specific T cell trafficking has been documented in vivo [149]. We hypothesized that the

4-1BB+LAG-3+ CD8+ TILs are tumor antigen-specific because LAG-3, 4-1BB and Egr2

are upregulated after TCR stimulation and our initial characterization suggested that this

population expands within the tumor microenvironment in situ. To test this hypothesis,

three complementary techniques were employed. First, we isolated the CD8+ TILs based

on LAG-3 and 4-1BB expression by cell sorting and performed TCRβ spectratype analy-

sis. Compared to the 4-1BB–LAG-3– TILs and CD8+ splenocytes, the 4-1BB+LAG-3+

TILs had a non-Gaussian distribution and shared one or two dominant peaks (Figure 3.5A).

Analysis of several Vβs displaying one dominant peak revealed that Vβ7 contained a sin-

gle CDR3β sequence shared between the 4-1BB–LAG-3+ and 4-1BB+LAG-3+ populations,

indicating a clonal relationship (Figure 3.5A). To measure the oligoclonality of the CDR3β

repertoires, the Hamming Distance (HD) was calculated for each Vβ between the CD8+

TIL subpopulations and the splenic CD8+ population within three separate mice (Figure

3.6). By transforming each spectratype into area under the curve frequency profiles, the

HD computes the changes in frequency and reports a value of comparison between 0 and

1, with 0 indicating a completely identical frequency profile and 1 signifying a completely

discordant profile. As a control, we calculated the HD of the splenic CD8+ populations

between different mice (Figure 3.5B, black bar). Since the splenic CD8+ spectratypes are

largely Gaussian this value represents the HD between two similar distributions. Analysis

of the HD between the CD8+ TIL subpopulations revealed that the 4-1BB+LAG-3+ and

4-1BB–LAG-3+ but not the 4-1BB–LAG-3– CDR3β distributions are significantly different

(less Gaussian) compared to the splenic CD8+ population (Figure 3.5B). These data indicate

that the 4-1BB+LAG-3+ and 4-1BB–LAG-3+ populations are oligoclonal expanded subsets

of TILs, suggesting likely antigen specificity in these subpopulations.
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Figure 3.5: CD8+4-1BB+LAG-3+ TILs have a skewed CDR3β repertoire
Co-expression of 4-1BB and LAG-3 identifies tumor antigen-specific TILs in progressing tu-
mors. (A) Representative CDR3β distributions from the different 4-1BB/LAG-3 subpopula-
tions and CD8+ T cells isolated from the spleen. Boxed regions represent dominant peaks in
the 4-1BB+LAG-3+ CD8+ TIL subpopulation. (B) As a measure of skewness, the Hamming
Distance (HD) for each Vβ spectratype was calculated between each TIL subpopulation and
CD8+ T cell spleen population within the same mouse. As a control the HDs from CD8+

splenocyte populations between mice (grey bar) were calculated. *:P < 0.05, **:P<0.01,
***:P<0.001 A Kruskal-Wallis (non-parameteric) test was used for (B) spectratype analysis.
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Figure 3.6: Spectratype Analysis of different CD8+ TIL populations
CDR3β distributions in three mice of the different 4-1BB/LAG-3 subpopulations from the
tumor and spleen and the H-2Kb/SIY+ CD8+ TILs. Boxed regions represent dominant
peaks
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3.5 H-2Kb/SIY-specific CD8+ TILs are enriched for 4-1BB and

LAG-3 expression in progressing tumors

As a second approach, we utilized the B16.SIY melanoma and MC38.SIY adenocarcinoma

models and monitored CD8+ T cells specific for the H-2Kb-restricted SIY epitope (SIYRYYGL).

SIYRYYGL/Kb pentamer+ (H-2Kb/SIY) cells were found in expanded numbers within

B16.SIY and MC38.SIY tumors at day 14 after tumor inoculation (Figure 3.7A). Nearly

47% of the H-2Kb/SIY+ cells expressed both 4-1BB and LAG-3, in contrast to 32% of

the H-2Kb/SIY– population (Figure 3.7A and C). This enrichment of antigen-specific CD8+

TILs in the 4-1BB+LAG-3+ populations suggests that these markers identify tumor antigen-

specific TILs. The H-2Kb/SIY– cells also contained significant numbers of 4-1BB+LAG-3+

cells, which is consistent with the notion that tumor antigens other than SIY are also rec-

ognized by subsets of CD8+ TILs in vivo (Figure 3.7C). H-2Kb/SIY+ cells in the spleen

(not shown) or TdLN did not co-express 4-1BB and LAG-3, indicating that this phenotype

is acquired within the tumor microenvironment.

We also analyzed these features in the context of tumor antigen-specific CD8+ TILs in

two spontaneously rejected tumor models. To this end we evaluated H-2Kb/SIY-specific

CD8+ TILs cells from MC57.SIY and 1969.SIY tumors. At day 14 after tumor inoculation,

approximately 5% of the H-2Kb/SIY-specific CD8+ TILs were found in the 4-1BB+LAG-3+

fraction. As with the B16.SIY tumors, no H-2Kb/SIY-specific CD8+ T cells co-expressed

4-1BB and LAG-3 in the TdLN or spleen (not shown) (Figure 3.7B). Unlike the B16.SIY

and MC38.SIY tumors, no significant enrichment of 4-1BB+LAG-3+ H-2Kb/SIY-specific

CD8+ TILs was observed in these regressor tumors (Figure 3.7B and C). These data suggest

that tumor antigen specificity per se does not determine dysfunctionality, and that this is a

feature unique to the microenvironment of progressing tumors.

46



Figure 3.7: H-2Kb/SIY-specific CD8+ TILs in progressing but not regressing
tumors express 4-1BB and LAG-3
(A and B) Representative flow analysis of the 4-1BB/LAG-3 subpopulation in H-2Kb/SIY+

and H-2Kb/SIY– CD8+ TILs on day 14 after B16.SIY and MC38.SIY or (B) MC57.SIY and
1969.SIY tumor inoculation. n=3-4; three to five independent experiments. (C) Summary
of the composition of H-2Kb/SIY+ and H-2Kb/SIY– CD8+ TILs co-expressing 4-1BB and
LAG-3 comparing B16.SIY, MC38.SIY, MC57.SIY and 1969.SIY tumors on day 14 after
tumor inoculation. n=5; three to four independent experiments. *:P < 0.05, **:P<0.01,
***:P<0.001. A Kruskal-Wallis (non-parameteric) test was used for (C) H-2Kb/SIY analysis.

47



3.6 Tumor-specific 2C T cells express 4-1BB and LAG-3 after

entry into the TME

As a third measure to determine if tumor antigen-specific CD8+ T cells acquire the 4-

1BB+LAG-3+ phenotype, we transferred congenically marked 2C and P14 transgenic (Tg)

T cells, isolated from 2C/Rag2-/- and P14/Rag2-/- mice, into tumor-bearing hosts. The

2C TCR is specific for the SIY model antigen expressed by B16.SIY tumor cells, while P14

is an irrelevant TCR specific for the LCMV-derived gp33-41 epitope; both TCRs are H-

2Kb-restricted. 2C and P14 Tg CD8+ T cells were transferred via tail vein 7 days after

tumor inoculation. Seven days after transfer, tumors and TdLNs were extracted and the

phenotypic profile of the transferred populations was analyzed. This system allowed for the

analysis of two T cell populations with defined antigen specificities within the same tumor

microenvironment, as well as the polyclonal host CD8+ T cells. The 2C T cells were more

efficiently recruited and expanded within the tumor microenvironment compared to the P14

T cells and encompassed a large fraction of the total CD8+ TIL population (Figure 3.8A).

Of the 2C T cells, nearly all expressed LAG-3 and or 4-1BB while this was true for only

a small percentage of the P14 cells (Figure 3.8B and C). Consistent with the SIY/H-2Kb-

pentamer analysis, the co-expression of LAG-3 and 4-1BB on 2C T cells was not observed in

the TdLN. Together, these results firmly demonstrate that the 4-1BB+LAG-3+ phenotype

is a property of tumor antigen-specific TILs under conditions of tumor progression.
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Figure 3.8: Adoptively transferred tumor-specific 2C but not irrelevant P14 TCR
Tg T cells co-express 4-1BB and LAG-3 in the tumor
(A-C) On day 7 after tumor inoculation 1x106 P14/CD45.2 and 2C/CD45.1/2 Tg T cells were
adoptively transferred, via tail vein, into CD45.1 congenic tumor bearing hosts and analyzed
for the (A) total number of recovered cells in the tumor, (B and C) profile of 4-1BB and
LAG-3 expression in 2C, P14 and host CD8+ TILs. n=5; two-independent experiments. All
error bars indicate mean SEM. *:P < 0.05, **:P<0.01, ***:P<0.001. A Mann-Whitney test
was used to compute significance in (A) and a two-way ANOVA with Bonferroni post-hoc
test was used for (C).
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3.7 CD8+ TILs expressing LAG-3 and 4-1BB exhibit defective

IL-2 production

Based on the characteristics of the in vitro T cell anergy model that led to the identifi-

cation of Egr2 as an important regulator, we hypothesized that the tumor antigen-specific

4-1BB+LAG-3+ CD8+ TIL population might be dysfunctional in their capacity to produce

IL-2. To this end we sorted each subpopulation and stimulated with anti-CD3 and anti-

CD28 mAb and analyzed IL-2 production by qRT-PCR and ELISA. Since nearly all CD8+

TILs displayed an activated phenotype we used CD8+CD44+ splenocytes as a positive con-

trol. Indeed, the 4-1BB+LAG-3+ cells showed a 100-fold reduction in Il2 mRNA and as

much as a 40-fold reduction in IL-2 protein levels compared to the 4-1BB–LAG-3– popula-

tion (Figure 3.9A and 4B). As a second approach, we examined Egr2hi TILs (which are also

largely 4-1BB+LAG-3+) by utilizing the Egr2-GFP reporter mice. Indeed, ex vivo stimu-

lated Egr2-GFPhi CD8+ TILs also exhibited reduced Il2 transcript compared to Egr2-GFPlo

cells (Figure 3.9C). As a final approach, we adoptively transferred congenically marked 2C

T cells intravenously into tumor-bearing hosts and recovered the 2C T cells 7 days later

from the tumor and TdLN. 2C T cells isolated from tumors exhibited a reduced capacity

to produce Il-2 transcripts, at a level equivalent to 4-1BB+LAG-3+ TILs, compared to 2C

CD44+ T cells isolated from the TdLN (Figure 3.9D). In chronic infection models, expression

of PD-1 has been suggested to identify intrinsically dysfunctional or "exhausted" CD8+ T

cells. To determine if PD-1 alone might be sufficient to identify cells that lack the capacity to

produce IL-2, we isolated CD8+ TILs that lacked expression of LAG-3 and 4-1BB and then

tested for the ability of the PD-1+ fraction to express Il2. Approximately 10% of CD8+

TILs were 4-1BB–LAG-3–PD-1+ on day 14 and 21 (Figure 3.9E and F). Upon ex vivo stim-

ulation, this population retained the capacity to produce IL-2 mRNA at a level comparable

to the 4-1BB–LAG-3– cells (Figure 3.9G). These results indicate that PD-1 expression alone

is not sufficient to identify dysfunctional TILs in the tumor microenvironment.
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Figure 3.9: Co-expression of 4-1BB and LAG-3 but not PD-1 define dysfunc-
tional CD8+ TILs with diminished IL-2
(A and B) Sorted cells from day 14 B16.SIY tumor bearing mice were stimulated in vitro
with anti-CD3ε and anti-CD28 for 12 hours and analyzed for (A) Il2 transcript by qRT-
PCR and (B) IL-2 protein by ELISA. Two tumors on opposite flanks pooled per mouse.
n=4-5; three independent experiments. (C) Egr2hi and Egr2lo TILs were sorted from day
14 B16.SIY tumor bearing Egr2GFP mice and stimulated in vitro for 12 hours and analyzed
for Il2 transcript by qRT-PCR. Two tumors on opposite flanks pooled per mouse. n=5; two
independent experiments. (D) On day 7 after tumor inoculation 1x106 2C/CD45.1/2 Tg T
cells were transferred into mice, 7 days later host 4-1BB+LAG-3+ T cells sorted from the
tumor and 2C T cells sorted from the tumor or TdLN were stimulated in vitro and analyzed
for expression of Il2 transcript by qRT-PCR. Two tumors on opposite flanks pooled per
mouse. n=3; two independent experiments. (E and F) Representative flow analysis of PD-1
expression on 4-1BB/LAG-3 CD8+ TIL subpopulations and (F) summary of the composition
of the 4-1BB–LAG-3–PD-1+ subpopulation in the CD8+ TIL compartment on day 14 and
21. n=5; three independent experiments. (G) 4-1BB–LAG-3–PD-1+ and 4-1BB+LAG-3+

CD8+ TILs were sorted from day 14 tumor bearing mice, stimulated in vitro and analyzed
for Il2 transcript by qRT-PCR. Two tumors on opposite flanks pooled per mouse. n=3;
two independent experiments. All error bars indicate mean SEM. *:P<0.05, **:P<0.01,
***:P<0.001, ****:P<0.0001. A Kruskal-Wallis (non-parametric) test was used for analysis
of multiple comparisons (A, B, and D) and a Mann-Whitney test was used for pair-wise
comparisons (C and G).
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3.8 CD8+ TILs expressing LAG-3 and 4-1BB produce IFN-γ and

Treg-recruiting chemokines

To further examine functional alterations during tumor progression we tested for protein

levels of IL-2, IFN-γ and TNF-α after TCR stimulation. As the loss of the ability of CD8+

TILs to produce cytokines is suggested to be a temporal process initiated following entry into

the tumor microenvironment [102, 21] or progressively after 30 days in the chronic LCMV

model [150], we tested for cytokine production on days 7, 14, 21 and 28. The 4-1BB+LAG-

3+ population lost the capacity to produce IL-2 as early as day 7 while the 4-1BB–LAG-3+

population lost IL-2 production between day 7 and day 14 (Figure 3.10A). Interestingly,

the 4-1BB–LAG-3– population did not lose the ability to produce IL-2 at any time point

tested (Figure 3.10A), supporting the notion that this population is not tumor antigen-

specific and that differentiation into the dysfunctional state is an antigen-dependent process

[21]. Unexpectedly, the 4-1BB+LAG-3+ population produced more IFN-γ at all time points

after day 7 compared to their negative counterparts, albeit with a slight decrease in IFN-γ

production over time. While the increase in IFN-γ was maintained until later time points,

TNF-α production was lost by day 28 (Figure 3.10A).

We next evaluated production of cytokines directly in the tumor without in vitro res-

timulation, which may more closely reflect which T cells were receiving TCR stimulation in

situ. Each T cell population was sorted directly ex vivo without any culturing and mRNA

levels were measured by qRT-PCR. Elevated Ifnγ and Gzmb transcripts were observed from

the 4-1BB+LAG-3+ subpopulation, along with a slight decrease in Tnfα levels, compared

to the 4-1BB–LAG-3– cells (Figure 3.10B). As an additional approach, we confirmed pro-

duction of IFN-γ in primary TILs by injecting tumors with Brefeldin A prior to analysis by

intracellular cytokine staining. Consistent with the mRNA expression, the 4-1BB+LAG-3+

population produced significantly greater amounts of IFN-γ protein (Figure 3.10C). Thus,

the 4-1BB+LAG-3+ TILs are not completely devoid of functionality, as they continue to
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produce IFN-γ despite defective production of IL-2. In fact, this phenotype is consistent

with what had been reported previously with in vitro T cell anergy models [151].

Figure 3.10: Dysfunctional CD8+ TILs retain production of IFN-γ and cytotoxic
molecules
(A) Longitudinal analysis CD8+ TIL subpopulation cytokine production capacity. CD8+

TIL subpopulations were sorted and stimulated with anti-CD3ε and anti-CD28 for 10-12
hours and the concentration of IL-2, IFN-γ and TNF-α was measured. Concentration was
normalized to cell number. Two tumors on opposite flanks pooled for day 7 and 14. n=4-5;
two-independent experiments. (B) Ifnγ , Tnfα and Gzmb transcript levels in the 4-1BB/LAG-
3 subpopulations analyzed directly ex vivo. Two tumors on opposite flanks pooled per mouse.
n=3-5; three-independent experiments. (C) Representative flow plot and summary of IFN-γ
production analyzed directly ex vivo. Briefly, 100 μl of PBS containing 2 mg/mL GolgiPlug
was injected intratumorally on day 14 after tumor inoculation. 8 hours later TILs were
isolated. All steps were performed on ice with media containing 1 mg/mL GolgiStop until
fixation. n=5; two independent experiments. A Kruskal-Wallis (non-parametric) test was
used for (A-C) cytokine analysis.
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3.9 Dysfunctional TILs retain cytolytic capacity and produce

Treg-recruiting chemokines

The high levels of IFN-γ and Gzmb produced by the 4-1BB+LAG-3+ population led us to

hypothesize that this population may still retain cytotoxic capacity. To test this possibility

we performed re-directed lysis by co-culturing anti-CD3 bound P815 mastocytoma target

cells with the different CD8+ TIL subpopulations directly after sorting. 4-1BB+LAG-3+

CD8+ TILs isolated from day 14 tumors were able to lyse target cells at a comparable

efficacy to in vitro primed OT-I cells. 4-1BB+LAG-3+ TILs isolated from day 21 tumors

were still able to lyse target cells, albeit to a lesser extent compared to primed OT-I cells

(Figure 3.11A).

We have previously shown that CD8+ T cells in the tumor can be the source of the

chemokine CCL22 that recruits FoxP3+ regulatory T (Treg) cells to the tumor microenvi-

ronment [63]. In addition, the chemokine Ccl1 was an Egr2 target in anergic T cells [144],

and previous work had suggested that CCL1 also could contribute to Treg recruitment in

the tumor context in vivo [152]. However, whether all CD8+ T cells in the tumor produce

these chemokines or if they are only produced by subpopulations of T cells had not been

determined. To address this possibility we analyzed the CD8+ TIL phenotypic subpop-

ulations for Ccl1 and Ccl22 mRNA expression directly ex vivo by qRT-PCR. Indeed, the

4-1BB+LAG-3+ TIL population produced substantially greater Ccl1 and Ccl22 compared to

their negative counterparts or to splenic CD8+CD44+ T cells (Figure 3.11B). As a control,

expression of a distinct chemokine Ccl5 was found not to be differentially expressed (data

not shown).

In the light of several negative regulatory aspects of 4-1BB+LAG-3+ TIL, it was of

interest to evaluate whether they produced the immune regulatory cytokine IL-10. IL-10

has been reported to be induced upon Egr2 upregulation in CD4+ T cells [145]. In addition,

the expression of LAG-3 has been used to identify a population of Foxp3– CD4+ (Tr1) T
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cells that secrete IL-10 and exhibit regulatory properties [153]. To determine if IL-10 is being

produced by TILs in situ and to explore the phenotypic composition of IL-10+ TILs, we used

IL-10EGFP reporter (TIGER) mice. Examination of the CD8+ and CD4+ TIL compartments

revealed an increase in the frequency of IL-10-producing TILs in both compartments (Figure

3.11C). Compared to CD4+ TILs, a smaller fraction of CD8+ TILs were positive for IL-10 on

day 7, however the frequency of IL-10-producing CD8+ TILs increased significantly by day 21

(Figure 3.11C). Analysis of the different CD8+ subpopulations revealed that the majority of

IL-10+ CD8+ TILs fell into the 4-1BB+LAG-3+ or 4-1BB–LAG-3+ subpopulations (Figure

3.11D) and nearly all IL-10+ CD4+ and CD8+ TILs were positive for 4-1BB and/or LAG-3

(Figure 3.11E).

Together, these data show that co-expression of 4-1BB and LAG-3 delineates tumor

antigen-specific CD8+ TILs that lack the ability to produce IL-2 yet retain the ability to

produce IFN-γ and kill target cells in vitro, secrete chemokines capable of Treg recruitment,

and produce IL-10. Given the fact that IFN-γ is responsible for the upregulation of PD-L1

and IDO in the tumor microenvironment, chemokines produced by CD8+ TIL contribute

to Treg recruitment [63], and IL-10 has known immunomodulatory properties [154], these

data suggest the possibility that the 4-1BB+LAG-3+ population might contribute to the

network of immune suppressive mechanisms within the tumor microenvironment that limit

the efficacy of antitumor immunity.
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Figure 3.11: Dysfunctional CD8+ TILs retain the capacity to lyse target cells ex
vivo and produce ccl1, ccl22, and IL-10.
(A) CD8+ TIL subpopulations at indicated time points were sorted and plated with 50,000
P815 target cells and 1 μg/mL anti-CD3ε. Lysed target cells were measured by positive
staining for propidium iodine and/or live/dead fixable viability dye. P815 target cells plated
without CTLs were used as a negative control (black bar). Primed OTI cells were used as
a positive control. Tumors from 10 mice with 2 tumors on opposite flank were pooled to
obtain sufficient quantities of CD8+ TILs. Data are representative of three independent
experiments. (B) Ccl1 and Ccl22 transcript levels in the 4-1BB/LAG-3 subpopulations an-
alyzed directly ex vivo by qRT-PCR. n=4; two independent experiments. (C) IL-10EGFP

(TIGER) reporter mice were inoculated with 2x106 B16.SIY cells and IL-10 expresion was
tracked over time. n=5; two independent experiments. (D) IL-10 expression by different 4-
1BB/LAG-3 CD8+ TIL subsets on day 14. n=5; three independent experiments. (E) Com-
position of IL-10+ CD4+ and CD8+ TILs on day 21. n=5; two independent experiments.
*:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001. A two-way ANOVA with Bonferroni
post-hoc test was used for (A) cytolytic assay and a Kruskal-Wallis (non-parametric) test
was used for(B-D) chemokine analysis. 56



3.10 Dysfunctional CD8+ TILs exhibit suppressive activity in

vitro and in vivo

Because of these phenotypic parallels between dysfunctional CD8+ TILs and Foxp3–CD4+

(Tr1) T cells, we investigated whether CD8+LAG-3+ TILs might have suppressive function.

To begin to address this question, an in vitro suppression assay was performed using CD4+

T cells as responders. Due to the difficulty to obtain sufficient numbers of 4-1BB+LAG-3+

CD8+ T cells for larger functional assays, we used LAG-3 as the sole marker of dysfunctional

CD8+ T cells, as nearly all 4-1BB+ CD8+ TILs co-express LAG-3, and 4-1BB–LAG-3+

CD8+ TILs exhibit a similar functional profile to their 4-1BB+-expressing counterparts. As

a control we purified CD4+Foxp3+ Treg cells from the spleens of non-tumor-bearing mice as

well as from tumors harvested from tumor-bearing mice. LAG-3+ and LAG-3– CD8+ TILs

were purified from tumors on day 14 by cell sorting and titrated along with cell trace violet

(CTV)-labeled CD4+Foxp3– responder T cells and 300,000 irradiated splenocytes as feeder

cells. Co-cultures were stimulated with anti-CD3 mAb for 60 hours. Interestingly, LAG-3+

CD8+ TILs were able to suppress CD4+ T cell proliferation to a comparable level to splenic

Treg cells and also to Treg cells isolated from the same tumors (Figure 3.12A and B).

We next sought to address the question whether LAG-3+ CD8+ TILs could exhibit sup-

pressive activity in the context of an antitumor immune response in vivo. To do this we

developed an adoptive transfer model in which a suppressive cell population dampens an

endogenous antitumor T cell response, resulting in increased tumor growth. The model

was built upon our laboratory’s previous observation that adoptive transfer of Treg-depleted

splenocytes (Treg-dep) into Rag2–/– mice can lead to robust tumor control, through the

combination of Treg depletion and homeostatic proliferation [155]. Importantly, the tumor

control was lost when Treg cells were not depleted, providing an experimental window to

examine the effect of regulatory T cell populations. In this model, we adoptively trans-

fer T cell populations i.v. into Rag2–/– mice followed by subcutaneous B16.SIY tumor cell
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implantation 5 days later (Figure 3.12C). We have termed this model “tumor rejection rever-

sal” (TRR). To optimize the TRR model we first determined the number of Treg-depleted

conventional T cells required to induce tumor control. Using Foxp3EGFP reporter mice,

we isolated CD8+ and CD4+Foxp3– T cells by FACS and adoptively transferred titrated

numbers into Rag2–/– mice. We found that adoptive transfer of 1x106 cells of each CD8+

and CD4+Foxp3– T cell populations was sufficient to delay tumor growth compared to non-

Treg-depleted cells (data not shown). Using this setup, we co-transferred titrated numbers of

FACS-purified CD4+Foxp3+ Treg cells to ascertain the minimum number of cells sufficient

to reverse tumor control. We found that co-transfer of 50,000 Treg cells was sufficient to

reverse the spontaneous control induced by Treg-depleted T cells (data not shown). Next,

using the same number of cells, we tested the capacity of LAG-3+ and LAG-3– CD8+ TILs

to blunt tumor control. While LAG-3– CD8+ TILs had no impact on tumor growth con-

trol by conventional splenic T cells, LAG-3+ CD8+ TILs were able to blunt tumor growth

control to a comparable level seen with splenic Foxp3+ Treg cells, as well as increase the

weight of tumors at endpoint (Figure 3.12D and E). Together, these results indicate that,

despite lacking expression of Foxp3, LAG3+ CD8+ TILs are in fact immune regulatory and

suppress antitumor immunity in vivo.
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Figure 3.12: Dysfunctional CD8+ TILs exhibit suppressive activity in vitro and
in vivo.
(A) Representative histograms of CD4+Foxp3– cell proliferation as measured by cell trace vi-
olet dilution. Suppressive cell populations were co-cultured at a 1:1 ratio with CD4+Foxp3–

responder cells. (B) Summary of responder cell proliferation with titrated numbers of sup-
pressive cell populations. n=1-2; 5 independent experiments. (C) Diagram of the TRR
model to test for suppressive activity in vivo. (D) Tumor outgrowth in Rag2-/- after adop-
tive transfer of populations being tested for suppressive activity and/or Treg-depleted T cells.
n=2-5; four independent experiments. *:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001.
(E) Tumor weight (g) at endpoint (day 20-21). n=2-5; four independent experiments. A
two-way ANOVA with Bonferroni post-hoc test was used for (B and D) and a Kruskal-Wallis
(non-parametric) test was used for (E).
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3.11 A more similar molecular program is observed between

CD8+ T cells isolated from tumors compared to chronic viral

infection

Having in hand surface markers that appeared to define tumor antigen-specific dysfunctional

CD8+ TILs, we wanted to compare the gene expression profile of this population to other

published profiles of dysfunctional CD8+ T cells to determine genes that may regulate or

be used to profile cells in this dysfunctional state. To this end, we conducted a cross-study

comparison of the transcriptional profiles of the "dysfunctional" 4-1BB+LAG-3+ CD8+

TILs, "hypofunctional" CD8+ TILs from a study utilizing the murine CT26 tumor model

[102] and LCMV "exhausted" GP33 specific CD8+ T cells [156]. We only considered genes

with a 2-fold increase over controls from each study independently. Over a 2-fold greater

number of genes was found to be shared between our current dysfunctional TIL dataset and

the previously published hypofunctional CD8+ TIL data, than with the exhausted T cell

profile (Figure 3.14A). In addition, a rank-rank hypergeometric overlap (RRHO) analysis

indicated a greater statistically significant overlap (Figure 3.14B) and a greater correlation

(Figure 3.14C) between the dysfunctional and hypofunctional CD8+ TIL gene expression

profiles compared to the virally-induced exhausted CD8+ T cell profile, suggesting a more

similar molecular program between CD8+ T cells isolated from tumors compared to chronic

viral infection.
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Figure 3.13: Dysfunctional CD8+ TILs share a core genetic program
(A) Differential gene analysis between CD8+ T cells in two tumor models and the chronic
LCMV viral model. Probe sets that revealed a 2-fold difference compared to their negative
counterpart were considered to be differentially expressed. (B) Statistical analysis of the
cross-study comparison of gene expression profiles. Rank-Rank Hypergeometric plots of
each pair-wise comparison. (C) Pair-wise correlation of expression values between each data
set. Rho (ρ) is the spearman rank correlation coefficient.
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3.12 Gene Ontology term analysis between CD8+ T cells from

tumor and chronic LCMV models

To investigate the molecular pathways between these three populations we grouped gene on-

tology networks into nodes and determined the most significant pathways within each node

(Figure 3.14A). Interestingly, gene ontology (GO) terms shared between our dysfunctional

T cell dataset and the published hypofunctional T cell dataset were greatly enriched in cell

cycle genes, consistent with our observation that the dysfunctional population is largely

Ki67+. GO terms shared between dysfunctional and exhausted gene sets encompassed ef-

fector programs such as regulation of cell killing, chemotaxis, interferon-γ production. GO

terms shared between hypofunctional and exhausted gene sets consisted of cell cycle path-

ways, negative regulation of lymphocytes, and interferon-γ production. These data suggest

that while some conserved molecular programs likely exist in these dysfunctional differenti-

ation states, many pathways may be differentially regulated between chronic viral infections

and in the tumor context.
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Figure 3.14: Shared gene ontology terms between dysfunctional CD8+ TILs and
exhausted CD8+ T cells
(A) In a pair-wise fashion, shared upregulated genes were used as the input for the ClueGO
software with the Cytoscape application [130] Stacked bars represent gene term nodes. Top
y-axis represents the pVal of terms displayed. Bottom y-axis represents the percent of genes
found within the defined term. Only pathways with a Bonferroni step down correction
p-value > 0.01 were considered when generating pathway nodes.
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3.13 Gene expression profiling reveals that CD8+4-1BB+LAG-3+

TILs express an extensive array of additional co-stimulatory

and co-inhibitory receptors

While many inhibitory receptors, including Pdcd1 (PD-1), Havcr2 (TIM-3), Cd244 (2B4),

Klre1, and Lag3 were shared between all data sets, the co-stimulatory receptors Tnfrsf4 (OX-

40) and Tnfrsf9 (4-1BB) were upregulated in dysfunctional and hypofunctional CD8+ TIL

data sets. Therefore, to enrich in potential markers and therapeutic targets on tumor specific

CD8+ TILs we aimed to characterize the complete cell surface phenotype of the 4-1BB+LAG-

3+ CD8+ TIL population. Comparing the different CD8+ TIL subpopulations we found

several additional upregulated co-stimulatory receptors: Tnfrsf18 (GITR), Nkg2d (KLRK1)

and Cd27. The transcript for Nrp1 (neuropilin-1), which encodes for a cell surface receptor

protein implicated in CD4+ Treg function [157], was also highly expressed (Figure 3.17A).

We confirmed expression of many of these molecules by flow cytometry at day 7, 14 and

21 after tumor inoculation (Figure 3.17B). We also extended our analysis to include the co-

stimulatory molecules ICOS and CD160 and the inhibitory receptor T cell immunoreceptor

with Ig and ITIM domains (TIGIT) because ICOS and CD160 were close to the cutoff value

and no probe was present for TIGIT in the gene array. In addition, recent reports indicate

that targeting these receptors can be therapeutic in murine models of cancer [158, 159].

PD-1, TIGIT, TIM-3, CD27 and NRP1 were expressed the majority of the 4-1BB+LAG-3+

TIL population and expression was maintained over time. 2B4, CD160, CTLA4, OX-40,

and GITR subdivided a lesser fraction of the 4-1BB+LAG-3+ population. The expression

of several inhibitory receptors, 2B4, TIM3 and CD160 increased over this 3-week time frame

while expression of the co-stimulatory receptors, ICOS and OX-40, decreased (Figure 3.17B).

To address if the dysfunctional CD8+ TILs are terminally-differentiated short term effec-

tor cells or memory-like cells, we additionally analyzed the expression of KLRG-1 and IL-7Rα

[160]. Most of the CD8+ TILs were negative for KLRG-1 expression and there was no differ-
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ence between the 4-1BB+LAG-3+ and 4-1BB–LAG-3– populations. However, the majority

of the 4-1BB+LAG-3+ TILs did not express the IL-7 receptor (IL-7Rα) compared to their

negative counter parts (Figure 3.17C). These results suggest that the 4-1BB–LAG-3– TIL,

which are not apparently specific for antigens expressed in the tumor microenvironment, are

more memory-like, yet at the same time the tumor antigen-specific LAG-3+4-1BB+ subset

has not fully acquired a terminal effector phenotype.
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Figure 3.15: Dysfunctional CD8+ TILs express a wide range of co-inhibitory and
co-stimulatory receptors
(A) Gene expression profile of cell surface receptors in the 4-1BB/LAG-3 CD8+ TIL subsets.
Probe sets that revealed a 1.5-fold increase in the 4-1BB+LAG-3+ population relative to
the 4-1BB–LAG-3–PD-1– population are displayed. Columns show the log2-transformed
signal intensity. (B) Longitudinal study of selected up-regulated cell surface receptors. Flow
plots are representative of the CD8+ TIL subsets on day 14. n=5; two to five independent
experiments for each time point. (C) Representative flow plot and summary of KLRG-
1 and IL-7Rα expression among the 4-1BB/LAG-3 subpopulations on day 14 after tumor
inoculation. n=5; two independent experiments. *:P < 0.05, **:P<0.01, ***:P<0.001,
****:P<0.0001. A two-way ANOVA with Bonferroni post-hoc test was used for all analyses.
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3.14 Targeting 4-1BB and LAG-3 exerts antitumor activity in vivo

While it was conceivable that LAG-3 and 4-1BB were just phenotypic markers for dys-

functional tumor antigen-specific CD8+ TIL, it was of interest to assess whether targeting

these receptors might have therapeutic utility. To this end, an agonistic anti-4-1BB mAb

was administered alone or in combination with a blocking anti-LAG-3 mAb in mice bearing

established B16.SIY tumors. While each antibody treatment alone had some therapeutic

effect as reflected by slower tumor growth, the combination was particularly potent (Fig-

ure 3.17A). Analysis of the tumor microenvironment revealed that improved tumor control

with the combination therapy was accompanied by an increase in the number of CD8+ TILs

specific for the SIY antigen (Figure 3.17B), consistent with results reported previously with

anti-PD-L1 + anti-CTLA-4 mAb [161, 162].

Figure 3.16: Mice treated with anti-4-1BB + anti-LAG-3 antibody exhibit syn-
ergistic control of tumor growth
(A) Tumor outgrowth measured in mm2. Arrows indicate on which days mice received
antibody therapy. n=5; two independent experiments. (B) Composition of H-2Kb/SIY+

CD8+ TILs on day 14. Mice received antibody doses (100 μg each) on days 7,10, 13 and 16.
n=5; two independent experiments. *:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001.
A two-way ANOVA with Bonferroni post-hoc test was used for all analyses.
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3.15 Targeting 4-1BB and LAG-3 normalizes the phenotypic

composition of CD8+ TILs

We next examined whether the therapeutic effect of anti-4-1BB + anti-LAG-3 mAbs was

associated with a loss of phenotypic markers defining dysfunctional T cells in the steady

state. We were concerned that re-analyzing the T cells for expression of LAG-3 and 4-

1BB might be problematic, as the administered Abs could theoretically modulate the target

receptors from the cell surface. To this end, we took advantage of the coordinate expression

of additional receptors as identified above by gene expression profiling. Preliminary analyses

of the bulk TIL subpopulations revealed decreased expression of NRP1 and 2B4 following

anti-LAG-3 + anti-4-1BB treatment (data not shown). We therefore analyzed co-expression

of 2B4 and NRP1 on SIY-reactive CD8+ TILs identified by pentamer staining. Indeed, a

2.7-fold-decrease in the co-expression of 2B4 and NRP1 was observed upon anti-4-1BB +

and anti-LAG-3 mAb treatment (Figure 3.17A), indicating a loss of the surface phenotype

associated with T cell dysfunction. To determine whether this change was accompanied by a

shift towards an effector phenotype, expression of KLGR-1 was examined. Indeed, a marked

increase in KLGR-1 expression was observed on the SIY-reactive TILs following treatment,

and a 3.7-fold increase in the KLRG-1hiIL-7Rαlo population was observed (Figure 3.17B).

It was conceivable that treatment with anti-LAG-3 + anti-4-1BB mAbs was not altering

the phenotype of T cells already within the tumor but rather was supporting recruitment

of newly primed functional T cells from secondary lymphoid organs. In order to distinguish

these possibilities, we utilized the S1PR inhibitor FTY720, which prevents T cell egress

from lymph nodes [163]. We had previously shown that the efficacy of anti-PD-L1-based

immunotherapies was preserved in the presence of FTY720, arguing for re-functionalization

of TILs as the major mechanism of action [161]. FTY720 administration was started on day

6 after tumor inoculation, 24 hours before the start of anti-LAG-3 + anti-4-1BB treatment,

and was continued every day until TIL analysis on day 14. Peripheral blood analyzed at
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the same time point revealed marked depletion of circulating T cells (Figure 3.17C). Despite

this loss of circulating T cells, the down regulation of 2B4 and NRP1 and the shift towards

the KLRG1hiIL-7Rαlo phenotype was nonetheless preserved (Figure 3.17D and E).

Figure 3.17: Targeting dysfunctional TILs by anti-4-1BB + anti-LAG-3 antibody
treatment normalizes phenotypic profile
(A and B) Representative flow plot and summary of (A) NRP1/2B4 and (B) KLRG-1/IL-7Rα
expression in H-2Kb/SIY+ CD8+ TILs without FTY720 on day 14 after tumor inoculation.
(C) Analysis of T cells found in the blood after FTY720 treatment. (D and E) Representative
flow plots after FTY720 administration. Mice received antibody treatment as in (Figure3.17)
and FTY720 was administered at a dose of 25 μg/mouse by gavage starting one day before
treatment and continuing one dose per day until analysis (day 6 to day 13). n=5; two-
independent experiments.*:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001. A two-way
ANOVA with Bonferroni post-hoc test was used for all analyses.
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3.16 Targeting 4-1BB and LAG-3 restores the ability of

dysfunctional CD8+ TILs to produce IL-2

To examine functional restoration of the TILs, we sorted the KLRG-1loIL-7Rαlo and KLRG-

1hiIL-7Rαlo CD8+ TIL populations from B16.SIY tumors on day 14 following treatment and

analyzed for IL-2 after restimulation in vitro. Indeed, the KLRG-1loIL-7Rαlo and KLRG-

1hiIL-7Rαlo populations showed an increased capacity to produce IL-2 upon stimulation

(Figure 3.18A). The relative level of Il2 mRNA was comparable between the two CD8+

TIL populations and control CD8+CD44+ TdLN T cells. Collectively, these data suggest

that anti-4-1BB/anti-LAG-3 combinatorial treatment induces significant changes in the phe-

notype profile and promotes functional restoration of tumor antigen-specific CD8+ T cells

already present within the tumor microenvironment.

Figure 3.18: Targeting dysfunctional TILs by anti-4-1BB + anti-LAG-3 antibody
restores their ability to produce IL-2
(A) IL-2 production after treatment. Sorted cells from treated or untreated day 14 B16.SIY
tumor bearing mice were stimulated in vitro for 12 hours and analyzed for Il-2 transcript
by qRT-PCR. Protein concentration was determined by the bead-based LEGENDplex im-
munoassay and normalized to cell number. Two tumors on opposite flanks pooled per mouse.
n=2-3; two independent experiments. *:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001.
A two-way ANOVA with Bonferroni post-hoc test was used for all analyses.
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Vβ Primer Sequences
Wilson IMGT Sequence
Cβ1.1 TRBC1 CTCAAACAAGGAGACCTTGGGTGG
Vβ1 TRVB5 CAGACAGCTCCAAGCTACTTTTAC
Vβ2 TRVB1 ATGAGCCAGGGCAGAACCTTGTAC
Vβ3 TRVB26 GAAATTCAGTCCTCTGAGGCAGGA
Vβ4 TRVB2 CTAAAGCCTGATGACTCGGCCACA

Vβ5.1 TRVB12-2 CTTTGGAGCTAGAGGACTCTGCCG
Vβ5.2 TRVB12-1 CCTTGGAACTGGAGGACTCTGCTA
Vβ6 TRVB19 GCCCAGAAGAACGAGATGGCCGTT
Vβ7 TRVB29 GGATTCTGCTAAAACAAACCAGACATCTGT

Vβ8.1 TRVB13-3 GCTTCCCTTTCTCAGACAGCTGTA
Vβ8.2 TRVB13-2 GCTACCCCCTCTCAGACATCAGTG
Vβ8.3 TRVB13-3 GGCTTCTCCCTCTCAGACATCTT
Vβ9 TRVB17 CTCTCTCTACATTGGCTCTGCAGG
Vβ10 TRVB4 CTTCGAATCAAGTCTGTAGAGCCG
Vβ11 TRVB16 TGAAGATCCAGAGCAGCGGGCCCC
Vβ12 TRVB15 CCACTCTGAAGATTCAACCTACAGAACCC
Vβ13 TRVB14 CAAGATCCAGTCTGCAAAGCAGGG
Vβ14 TRVB31 GCACGGAGAAGCTGCTTCTCAGCC
Vβ15 TRVB20 GCATATCTTGAAGACAGAGGC
Vβ16 TRVB3 CTCTGAAAATCCAACCCACAGCACTGG
Vβ17 TRVB24 TCTGAAGAAGACGACTCAGCACTG
Vβ18 TRVB30 GCAAGGCCTGGAGACAGCAGTATC

Table 3.1: Vβ Primer Sequences
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Primer/Probe Sets
Gene Primer Forward Primer Reverse Roche Probe Number
Lag3 tgctttgggaagctccagt gctgcagggaagatggac 79

Tnfrsf9 ccggtcttaagcacagacct gaacggtactggcgtctgtc 108
Egr2 ctacccggtggaagacctc aatgttgatcatgccatctcc 60

Sema7a tcaatcggctgcaagatgt cgcagacagctgagtagttcc 15
Crtam agatccaacaacgaggagaca tcatgcaacgcttagactgg 71
Ccl1 tcaccatgaaacccactgc agcagcagctattggagacc 71
Ngn caccctagcctaacctcaacc tgaaaacctcctcccctctt 45
Arl3 ctggcagatccagtcctgtt acccagttcatgccatcct 100

Exph5 atgagggaggagagcggtat cagcttgttgtccaaatcgtc 67
Fhl2 agaaaaccatcatgccaggt acaggtgaagcaggtctcgt 74
Nrn1 atcctcgcggtgcaaata gcccttaaagactgcatcaca 108
Ptgfrn ccggggagatctcatcaaa tcgaaggccatgtcatctg 12
Rankl gaagacacactacctgactcctg cccacaatgtgttgcagttc 88
Hif1a gctgctcactgtgaaggaagt tggggaatgcattttaccat 2
Egr3 caatctgtaccccgaggaga ccgatgtccatcacattctct 74
Tnfa ctgtagcccacgtcgtagc ttgagatccatgccgttg 25
Gzmb gctgctcactgtgaaggaagt tggggaatgcattttaccat 2
Ccl1 tcaccatgaaacccactgc agcagcagctattggagacc 71
Ccl22 tcttgctgtggcaattcaga gcagagggtgacggatgtag 74

Table 3.2: Primer/Probe Sets
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3.17 Discussion Part I

Recent work has indicated that spontaneous T cell responses against tumors occur frequently,

but that infiltrating T cells are functionally impaired by inhibitory mechanisms such as PD-

1/PD-L1 interactions. The clinical success of anti-PD-1 mAbs in the treatment of multiple

cancers has fueled continued investigation into the biologic properties of dysfunctional tumor-

infiltrating T cells in vivo. However, the identification and detailed study of the subset of

T cells within the tumor microenvironment specific for tumor antigens among the sea of

irrelevant T cells has been constrained by a lack of cell surface markers for their identification.

Based on our previous work identifying the transcription factor Egr2 as a critical regulator

of T cell anergy in vitro, we applied knowledge of Egr2 targets to evaluate the applicability

of these targets toward understanding dysfunctional TILs in vivo.

By using three techniques, CDR3β spectratyping, H-2Kb-pentamer staining, and adoptive

2C T cell transfer; we found that 4-1BB and LAG-3 identify the major population of tumor

antigen-specific CD8+ TILs. By using these markers to isolate and study tumor-specific

T cells we avoided techniques frequently used in the literature, namely pentamer staining

and TCR transgenic T cells, which may alter the function of T cells or provide limited

information due to the use of a single specificity. Therefore, with the discovery of 4-1BB and

LAG-3 as markers we were able to isolate minimally altered tumor-specific CD8+ TILs to

perform detailed functional studies that yielded new and unexpected results.

Using conditional Egr2 KO mice and Egr2 reporter mice, we confirmed a contribution

of Egr2 itself in this process. While these T cells also express PD-1, contrary to popular

belief, expression of PD-1 alone was not sufficient to define the dysfunctional tumor antigen-

specific TIL population. Flow cytometric sorting enabled thorough functional and molecular

characterization of these cells. Gene expression profiling revealed the broad collection of ad-

ditional immunoregulatory molecules expressed, which includes additional novel targets for

immunotherapy. Functionally, the bottom line is that these cells were not inert, but rather

produced IFN-γ (which induces PD-L1 and IDO), Treg-recruiting chemokines, and IL-10,
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arguing that they participate in the immune suppressive nature of the tumor microenviron-

ment. Indeed, we found that the dysfunctional CD8+ TILs can suppress CD4+ proliferation

in vitro. Moreover, by developing a model to test for in vivo suppressive activity, we found

that the dysfunctional CD8+ TIL population can impeded the antitumor immune response.

Finally, combinatorial targeting of the dysfunctional CD8+ TIL population through anti-

4-1BB and anti-LAG-3 specific Abs was therapeutically synergistic, by a mechanism associ-

ated with refunctionalization of T cells already present within the tumor. The reinvigoration

was characterized by a regain in the ability to produce IL-2, down regulation of co-inhibitory

receptors, and a shift to the KLRG1+ effector phenotype.
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Part IV

Tumor intrinsic IFN-γ sensing regulates

adaptive immune resistance



Chapter 4

Introduction

A striking and unexpected feature of tumor-specific CD8+ TILs is the retained ability to pro-

duce IFN-γ within the tumor microenvironment. Laser capture microdissection from human

tumors have revealed the expression of IFN-γ transcripts from CD8+ T cells, particularly

from areas showing increased PD-L1 expression [164]. A baseline tumor biopsy IFN-γ-based

gene signature, suggestive of active IFN-γ signaling, is a strong predictive biomarker for

response to anti-PD-1 therapy [109]. In murine studies, sorted tumor antigen-specific CD8+

T cells from the tumor microenvironment show high basal IFN-γ production, via a technique

that enables direct analysis ex vivo [19]. Together, these observations argue against a termi-

nally "exhausted" CD8+ T cell differentiation state in the context of cancer in which chron-

ically activated T cells have lost all effector functions, as has been observed in the chronic

LCMV mouse model [83]. These observations also raise the question of what functional roles

IFN-γ is playing in this context. IFN-γ appears to be necessary for immune-mediated tumor

rejection in multiple mouse models in vivo, based on studies of IFN-γ–/– mice or adoptive

transfer of IFN-γ–/– T cells [165, 166, 61]. In the B16 melanoma model, it has been reported

that the positive action of IFN-γ produced by T cells on tumor control could be either on

host cells or on tumor cells, and the effect was correlated with diminished angiogenesis [61].

Studies utilizing overexpression of a dominant-negative IFNγR on tumor cells have indicated

that in some circumstances, IFN-γ signaling at the level of tumor cells is required for suc-

cessful immune-mediated tumor regression [167]. In addition, loss-of-function mutations in

genes involved in the IFN-γ signaling pathway were identified in two patients with recurrent

tumors following initial response to anti-PD-1 treatment, arguing that loss of IFN-γ signaling

can be associated with secondary acquired resistance [168]. IFN-γ has been shown to exert

anti-proliferative effects on tumor cells, and also to upregulate expression of class I MHC

molecules and components of the antigen-processing machinery [169]. However, at the same

time, IFN-γ contributed to negative regulation within the tumor microenvironment, in part
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through upregulation of PD-L1 and IDO, on either tumor cells or myeloid cells [63, 170].

A recent report suggested that chronic IFN-γ signaling in tumor cells augmented adaptive

resistance by driving STAT1-dependent expression of inhibitory ligands [171]. Consistent

with these results, in a mouse model of lung inflammation, elimination of IFN-γ signaling on

host cells led to elimination of PD-L1 upregulation and exacerbation of tissue injury [172].

Together, these studies suggest both positive and negative roles for IFN-γ signaling for effec-

tive immune-mediated tumor control. A greater understanding of the cellular and molecular

events downstream from IFN-γ within tumor cells is critical to understand the mechanistic

role for this cytokine in antitumor immunity and immunotherapy efficacy.

In order to identify potential immune escape mechanisms that tumor cells might evolve to

avoid T cell-mediated destruction, we have utilized an unbiased CRISPR/Cas9-mutagenesis

screen in B16.SIY tumor cells exposed to antigen-specific 2C TCR Tg effector CTLs in vitro.

Among genes identified in this analysis were the IFNγR signaling components IFNγR2 and

Jak1, which appeared to be necessary for T cell-mediated killing of tumor cells in vitro

Recognizing this cell system as a useful tool for studying the dominant role of IFN-γ signaling

on tumor cells in vivo, we established an experimental model for addressing this role through

construction of single CRISPR/Cas9-directed deletions of these genes and subcutaneous

tumor implantation into wildtype C57BL/6 mice.
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Chapter 5

Results

5.1 Generation of IFN-γ-insensitive B16.SIY cells by

CRISPR/Cas9 mutagenesis of the IFNγR2 and Jak1 genes

To examine the role of tumor-intrinsic IFNγR2 and Jak1 we generated IFNγR2- and Jak1-

mutant B16.SIY cells using the same single-guide RNAs (sgRNA) that were effective from the

CRISPR-library. We began by first normalizing genomic heterogeneity in our B16.SIY cell

line by deriving a founder B16.SIY population by single cell cloning. We selected a subclone

that showed similar SIY-dsRed expression compared to the bulk population, exhibited typical

progressive tumor growth when transplanted into syngeneic mice, and responded to anti-

PD-L1 therapy as did the bulk tumor cell population (Figure 5.1A and B). To mutate the

IFNγR2 or Jak1 we stably transduced the sgRNA along with a BFP reporter and transiently

transfected with a Cas9 plasmid containing blasticidin resistance. We found that mutagenesis

was more efficient when the sgRNA was stably transduced, and the BFP reporter allowed

us to more easily identify and isolate tumor cells for subsequent experiments. After single

cell sorting we confirmed loss of responsiveness to IFN-γ by the failure to upregulate H-2Kb

after IFN-γ stimulation in vitro (Figure 5.1C).
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Figure 5.1: Generating IFN-γ insensitive B16.SIY tumor cells
(A) Comparison of dsRed expression between 15 different B16.SIY.dsRed single cell clones.
B16.SIY.dsRed tumor cells were single cell sorted into 96-well plates and grown for two
weeks. (B) Tumor outgrowth measured in mm (diameter). Treatment groups received 100
μg of anti-PD-L1 + anti-CTLA-4 on days 7, 9, and 12. (C) Schematic of single cell cloning
and validation after CRISPR/Cas9-mutagenesis. *:P < 0.05, **:P<0.01. A two-way ANOVA
with Bonferroni post-hoc test was used for (B)
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5.2 IFNγR2- and Jak1-mutant tumor cells are insensitive to

IFN-γ and resistant to in vitro mediated T cell killing

We used two different sgRNAs for both genes to control for off-target effects. After single

cell sorting we chose 4 subclones (one for each sgRNA) and confirmed disruption of the

IFNγR and Jak1 genes (Figure 5.2A). DNA was extracted from these subclones and the

genotype was determined by sequencing (Figure 5.2B). CRISPR/Cas9-targeted mutagenesis

induced a premature stop codon in all alleles in all clones, with the exception of Jak1.37

allele 2, which obtained an in-frame 6 base pair deletion (Figure 5.2B). To control for any

additional epitopes from the BFP protein, we transduced the WT B16.SIY subclone with

an empty-BFP reporter. To validate our initial in vitro CRISPR/Cas9 screen we used the

same killing assay with the IFNγR2- and Jak1-mutant B16.SIY cells and found that these

mutant subclones were indeed relatively resistant to in vitro 2C-mediated cytolysis in vitro,

confirming our initial genome-wide screen results (Figure 5.2C).
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Figure 5.2: Generating IFN-γ insensitive B16.SIY tumor cells
(A) H-2Kb expression after IFN-γ stimulation of WT and IFNγR2- and Jak1-mutant sub-
clone populations in vitro. (B) Genotype of the IFNγR2- and Jak1-mutant subclones. (C)
2C-mediated in vitro killing of WT or IFNγR2- and Jak1-mutant subclones. *:P < 0.05. A
Kruskal-Wallis (non-parametric) test was used for (C).
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5.3 IFN-γ-insensitive tumors are paradoxically spontaneously

controlled in vivo in multiple tumor models

In order to assess the behavior of IFNγR2- and Jak1-mutant tumor cells in vivo, they were

transplanted subcutaneously into C57BL/6 mice. Unexpectedly, both IFNγR2- and Jak1-

mutant B16 tumors were spontaneously rejected by day 14. This was not due to increased

immunogenicity from BFP expression as WT-BFP B16.SIY tumors grew progressively (Fig-

ure 5.3A). To be certain that loss of IFN-γ signaling was responsible for the spontaneous

control of the IFNγR2-mutant tumor, we retrovirally re-introduced IFNγR2 and Jak1 into

IFNγR2- and Jak1-mutant cells respectively, and confirmed successful IFN-γ signaling by

H-2Kb upregulation after IFN-γ stimulation and in vivo (Figure 5.3B and C and data not

shown for Jak1). These IFNγR2- and Jak1-mutant tumors with restored IFN-γ signaling

exhibited similar progressive growth kinetics compared to wild type tumors in B6 mice (Fig-

ure 5.3D and data not shown). This restoration of tumor growth kinetics indicates that

on- or off-target mutations from CRISPR/Cas9-mutagenesis, which could lead to increased

immunogenecity through generation of neoantigens, was not responsible for the spontaneous

control of IFN-γ-insensitive tumors.

It was desirable to assess whether a similar effect would be seen in another tumor system

beyond B16.SIY melanoma. Therefore, we generated MC38 IFNγR2- and Jak1-mutant

tumors using a similar CRISPR/Cas9 method and confirmed loss of IFN-γ signaling in vitro

(Figure 5.3E). As we observed with the B16.SIY model, MC38 IFNγR2- and Jak1-mutant

tumors exhibited markedly slowed tumor growth in vivo (Figure 5.3F). Next, since B16.SIY

and MC38 are known to be antigenic, we tested whether this phenotype was observed in a

less antigenic model, B16F10. To test this, we mutated IFNγR2- and Jak1 and confirmed

successful disruption of IFN-γ signaling (Figure 5.3G). Because B16F10 tumors are highly

aggressive, we decreased the number of tumor cells inoculated to 100,0000 to allow for more

time for the immune system to mount a response. While the difference in tumor growth was
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minor, the IFNγR2- and Jak1-mutant B16F10 tumors trended towards slower tumor growth

(Figure 5.3H). These data indicate that the antigenicity of the tumor likely is a contributing

factor to the growth kinetics if IFN-γ-insensitive tumors.
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Figure 5.3: IFN-γ-insensitive tumors are spontaneously controlled in vivo
(A) Outgrowth kinetics of IFNγR2- and Jak1-mutant tumors measured in mm3. Mice were
inoculated with 2x106 of indicated tumor cell populations. n=5; two independent experi-
ments. (B) Representative histogram of H-2Kb expression after IFN-γ stimulation in vitro.
50,000 tumor cells were incubated for 16-20 hours with 2 μg/mL IFN-γ. (C) Representative
flow plot of H-2Kb expression on tumor cells from B16.SIY WT tumors (left) or IFNγR2
Mut.10-IFNγR2 (right) tumor isolated on day 7. H-2Kb expression is compared to tumor
cells isolated from B16.SIY IFNγR2 Mut.10 tumors. n=5; two independent experiments.
(D) Tumor outgrowth kinetics of B16.SIY IFNγR-Mut.10-IFNγR2. n=5; three independent
experiments. (E) H-2Kb expression of MC38 IFNγR2- and Jak1-mutant tumors cells after
IFN-γ stimulation as in (B). Two independent experiments. (F) Tumor outgrowth kinetics of
MC38 IFNγR2- and Jak1-mutant tumors. n=5; two independent experiments. (G) H-2Kb

expression of B16F10 IFNγR2- and Jak1-mutant tumors cells after IFN-γ stimulation as in
(B). (H) Tumor outgrowth kinetics of B16F10 IFNγR2- and Jak1-mutant tumors in B6 mice.
Mice were inoculated with 100,000 of the indicated tumor cells. n=5; two independent ex-
periments. *:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001. A two-way ANOVA with
Bonferroni post-hoc test was used for all analyses.
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5.4 Spontaneous tumor control is dependent on CD8+ T cells

B16 melanoma is an example of a tumor that shows low expression of class I MHC at

baseline, which is upregulated by IFN-γ thereby increasing recognition by CD8+ T cells.

As such, it was conceivable that IFN-γ-insensitive tumors became controlled by a distinct

immunologic mechanism in vivo, such as by NK cells. To address the cellular requirements

for this acquired rejection, Rag2–/– mice were engrafted with WT or mutant tumor cells

and tumor growth was assessed over time. Both IFNγR2- and Jak1-mutant tumors grew

progressively in Rag2–/– mice indicating the observed tumor control is dependent on the

adaptive immune system (Figure 5.4A). Next, to investigate which immune cell population

was required for tumor control we depleted CD8+ T cells, CD4+ T cells or NK cells with

depleting antibodies in C57BL/6 mice before tumor engraftment. While tumor growth in

CD4+- and NK-depleted mice was comparable to non-treated mice (Figure 5.4C and D),

CD8-depleted mice failed to control IFNγR2- and Jak1-mutant tumors (Figure 5.4B). These

data indicate that CD8+ T cells are required for rejection of the IFN-γ-insensitive tumors.
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Figure 5.4: CD8+ T cells are required to control IFNγR2- and Jak1-mutant
tumors
(A) Outgrowth kinetics of IFNγR2- and Jak1-mutant tumors in Rag2-/- mice. n=5; two
independent experiments. (B-D) Tumor outgrowth kinetics in mice treated with depleting
antibodies against (B) anti-CD8α, (C) anti-NK1.1, or (D) anti-CD4. n=5; two independent
experiments. *:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001. A two-way ANOVA
with Bonferroni post-hoc test was used for all analyses.
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5.5 The antitumor response against Jak1- and IFNγR2-mutant

B16.SIY tumors is augmented and dependent on reduced

tumor intrinsic IFN-γ sensing

Next we characterized the antitumor T cell response against IFNγR2 and Jak1-mutant tu-

mors. First, we measured the frequency of SIY-reactive CD8+ T cells in the spleens of mice

by an IFN-γ ELISPOT assay. On day 7 after tumor inoculation, we observed a modest

increase in the frequency of IFN-γ producing effector cells in response to the SIY antigen

(Figure 5.5A). Next, we measured the frequency of tumor antigen-specific CD8+ T cells in

the tumor by H-2Kb/SIY pentamer staining. Strikingly, on day 7 after tumor challenge,

we observed a 3-fold increase in the frequency of H-2Kb/SIY+ CD8+ TILs in IFNγR2- and

Jak1-mutant tumors compared to WT tumors. (Figure 5.5B). It was conceivable that off-

target mutations were responsible for the increase in H-2Kb/SIY+ CD8+ TIL. We thought

this unlikely as tumor outgrowth was returned to normal when IFN-γ signaling was restored

(Figure 5.3D). However, it remained possible that the spontaneous tumor control and in-

crease in H-2Kb/SIY+ CD8+ TILs were unrelated to the lack of IFN-γ signaling in tumor

cells, with the latter being driven by off-target mutations. To address this possibility, we

measured the frequency of antigen-specific CD8+ TILs in IFNγR2-mutant tumors with rein-

troduced IFNγR2 or Jak1. An analysis of H-2Kb/SIY-specific CD8+ TILs on day 7 after

tumor inoculations revealed that reintroduction of IFNγR2 and Jak1 reverted the frequency

of antigen-specific CD8+ TILs to WT levels (Figure 5.5C and D). Together, these data in-

dicate that priming of SIY-specific CD8+ T cells was slightly augmented against IFNγR2-

and Jak1-mutant tumors 5.5A), but it is unlikely that this fully explains the 3-fold increase

in SIY-reactive cells in the tumor. Three possibilities remain to explain the increase in

H-2Kb/SIY+ CD8+ TILs: first, it could be that T cell recruitment to the tumor site is

increased; second, expansion of SIY-reactive TILs is augmented; and third, CD8+ TIL cell

death is diminished.
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Figure 5.5: CD8+ T cells are required to control IFNγR2- and Jak1-mutant
tumors
(A) ELISPOT measuring IFN-γ production in response to soluble SIY. C57BL/6 mice were
inoculated s.c. with the indicated tumor cell lines, splenocytes were harvested on day 7
and restimulated with SIY (1.6 nM) for 16 h. n=5; two independent experiments. (B)
Representative flow plots and summary of the frequency of H-2Kb/SIY+ CD8+ TILs isolated
from WT, IFNγR2- and Jak1-mutant tumors. n=4-5; 4-5 independent experiments. (C
and D) Representative flow plots and summary of the frequency of H-2Kb/SIY+ CD8+

TILs isolated from WT, IFNγR2-mutant, IFNγR2-mutant with reintroduced IFNγR2, Jak1-
mutant and Jak1-mutant with reintroduced Jak1. *:P < 0.05, **:P<0.01, ***:P<0.001,
****:P<0.0001. A Kruskal-Wallis (non-parametric) test was used for all analyses.
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5.6 CD8+ TILs express similar levels of effector molecules against

wild-type and IFN-γ-insensitive tumors

Knowing that CD8+ T cells were the imperative immune cell population mediating tumor

control we next sought to determine whether CD8+ TILs exhibited heightened cytokine

expression against IFNγR2- or Jak1-mutant tumors, as this may help explain why these

tumors are spontaneous rejected. To do this, we isolated CD8+ TILs on day 7 after tumor

engraftment and measured for expression of Ifng, Gzmb, Tnfa, Prf1, and Il2 by qRT-PCR.

We did not observe any major differences in expression of these cytokines among CD8+ TILs

isolated from WT, IFNγR2-, and Jak1-mutant tumors (Figure 5.6A). These data indicate

that the CD8+ TIL compartment contains the necessary cytotoxic functions to eradicate

IFNγR2- and Jak1-mutant tumors but not WT tumors, suggesting another aspect of CD8+

TILs may be responsible for tumor control.

Figure 5.6: Effector gene expression against WT and IFN-γ-insensitive tumors
are expressed at similar levels
(A) CD8+ TILs were isolated on day 7 after engraftment of indicated tumors by cell sorting.
n=4; two independent experiments.*:P < 0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001. A
Kruskal-Wallis (non-parametric) test was used for all analyses.
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5.7 Restored expression of PD-L1 re-establishes progressive tumor

growth of IFN-γ-insensitive tumors

The augmented antitumor T cell response in the absence of IFNγR2 on tumor cells led us

to hypothesize that a negative regulatory pathway dependent on IFN-γ sensing might have

been eliminated, enabling improved T cell-mediated tumor rejection. The obvious candidates

were PD-L1 and IDO. With WT B16.SIY tumors analyzed at day 7 ex vivo, we found that

very little IDO mRNA was expressed by the tumor cells themselves; rather, high levels of

expression were observed among non-tumor immune cells (Figure 5.7A). In contrast, very

high expression of PD-L1 was observed by the tumor cells and host APCs directly (Figure

5.7B and C), as we had reported previously [63]. Therefore, we analyzed expression of PD-

L1 by IFN-γ-insensitive tumors following in vivo growth for 7 days. In fact, IFNγR2 and

Jak1-mutant tumor cells showed a marked reduction of PD-L1 expression compared to WT

tumor cells (Figure 5.7B and D). This was confirmed by qRT-PCR analysis on sorted tumor

cells (Figure 5.7E). These results suggested the possibility that reduced PD-L1 expression

might be responsible for improved tumor control. To test this notion, we retrovirally restored

expression of PD-L1 in IFNγR2- and Jak1-mutant B16.SIY cells (Figure 5.7F). Interestingly,

restored expression of PD-L1 in IFNγR2- and Jak1-mutant tumor cells re-established the

progressive growth kinetics seen with WT tumors (Figure 5.7G) but did not substantially

decrease the frequency of H-2Kb/SIY+ CD8+ TILs (Figure 5.7H). These results suggested

that PD-L1 may be acting directly at the T cell:tumor cell interface to inhibit CD8+ T

cell cytotoxicity. If this were true, by removing tumor recognition by CD8+ T cells, IFN-

γ-insensitive tumors should not be spontaneously rejected. To test this, we deleted H-2Kb

in the IFNγR2-mutant tumor and tracked tumor growth. Indeed, IFN-γ-insensitive tumors

lacking H-2Kb grew progressively (Figure 5.7I). These results indicate that IFNγR2- and

Jak1-mutant tumors are better controlled immunologically through defective expression of

PD-L1, in a manner dependent on direct tumor recognition by CD8+ TILs.
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Figure 5.7: Restored expression of PD-L1 re-establishes progressive tumor
growth of IFN-γ insensitive tumors
(A) Ido mRNA levels in tumor cells and host APCs from WT, IFNγR2-, and Jak1-mutant
tumors. n=5; 2 independent experiments. (B) Representative histogram of PD-L1 MFI
on indicated tumor cell populations. n=5; 5 independent experiments. (C) Representative
histogram of PD-L1 MFI on CD45+MHCII+ cells isolated from indicated tumors. n=5;
two independent experiments. (D) Percent of indicated tumor cell populations positive for
PD-L1. n=5; 3 independent experiments. (E) Pdl1 mRNA levels in indicated tumor cell
populations. n=5; two independent experiments. (A-D) All cell isolations occurred on day
7. (F) Representative histogram of PD-L1 expression in vitro after retroviral transduction
of PD-L1. n=3; two independent experiments. (G) Outgrowth kinetics of IFNγR2- and
Jak1-mutant tumors when PD-L1 is re-expressed. n=5; two independent experiments. (H)
Summary of the frequency of H-2Kb/SIY+ CD8+ TILs isolated from WT, IFNγ-insensitive
tumors, and IFNγ-insensitive tumors with retroviral re-expression of PD-L1. (I) Outgrowth
kinetics of IFNγR2 H-2K2-double mutant tumors. n=5; two independent experiments. *:P
< 0.05, **:P<0.01, ***:P<0.001. A Kruskal-Wallis (non-parametric) test was used for A,D,
and E, and a two-way ANOVA with Bonferroni post-hoc test was used for G, H, and I
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Guide RNA Sequences
Gene Target sgRNA1 sgRNA2

IFNγR2 TCACCGAGATGTTTTTCGG CCCTTTGATGTGTTCCACG
Jak1 CCACAGTGATGATTCGGTT TTGGTGCTCTCATCGTACA

H-2Kb ACCAGCAGTACGCCTACGA
PD-L1 GTAGAAAACATCATTCGCTG GCTTCCCACTCACGGGTTGG

Table 5.1: Single-guide RNA sequences
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5.8 Discussion Part II

An IFN-γ gene signature has been observed in many cancer types and is associated with

improved clinical response to immunotherapy [173, 174, 175]. While, IFN-γ has many well-

known antitumor properties, IFN-γ signaling can be co-opted by tumor cells to induce the

expression of negative regulatory receptors and molecules. Early studies dissecting the ef-

fects of IFN-γ on tumor cells used a dominant negative IFNγR1 or tumor cells generated

in IFNγR1–/–. These studies pointed to the effects of IFN-γ as solely antitumor, mainly

through the upregulation of antigen presentation machinery. Therefore, it was not surpris-

ing that disruption of the IFNγR2 gene rendered tumor cells resistant to T cell mediated

killing in vitro. However, contrary to our initial hypothesis, IFN-γ-insensitive tumors were

spontaneously rejected when implanted into mice. When IFNγR2 and Jak1 expression was

restored, tumor growth was normalized, indicating that IFN-γ-insensitive tumors were not

more immunogenic, which may occur during the Cas9 mutagenesis process. Moreover, in

another tumor model, MC38, tumor growth was also delayed in IFN-γ-insensitive tumors.

However, both the B16.SIY and MC38 models are generally considered to be immunogenic.

Which may explain why no significant difference in tumor growth was observed in IFN-γ-

insensitive B16F10 tumors.

Depletion of CD8+ T cells, NK cells, and CD4+ T cells, revealed a necessary role for

CD8+ T cells for the rejection of IFN-γ-insensitive tumors. In line with this observation was

the necessity of H-2Kb expression by tumor cells from the CD8+ T cell mediated tumor con-

trol. Functional profiling of CD8+ TILs directly ex vivo did not reveal any differences in the

expression of cytotoxic genes, indicating that the CD8+ TIL compartment contained the nec-

essary components to mediate tumor rejection. By using H-2Kb/SIY-pentamer staining we

were able to track the tumor antigen-specific CD8+ T cell response against IFN-γ-insensitive

tumors. This analysis revealed a marked increase in the frequency of H-2Kb/SIY+ CD8+

TILs. This augmentation was reverted when IFNγR2 or Jak1 was reintroduced, suggesting

that some negative regulators may not be upregulated due to the inability of tumor cells to

93



sense IFN-γ.

The most well-known and well defined example of an IFN-γ-inducible negative regulator

is PD-L1. In fact, in several murine models of cancer [63, 176] and in some human cancer

cell lines [170], IFN-γ seems to be the main driver of PD-L1 expression. Flow cytometric

and transcript analysis of IFN-γ-insensitive tumor cells revealed a lack of PD-L1 expression.

Reintroduction of PD-L1 in these tumors restored tumor growth but did not substantially

decrease the frequency of H-2Kb/SIY+ CD8+ TILs. We believe that PD-L1 may be acting

directly at the T cell:tumor cell interface to inhibit CD8+ T cell cytotoxicity. In line with

this hypothesis, PD-L1-deficient tumors did not exhibit an increase in the frequency of

H-2Kb/SIY+ CD8+ TILs, indicating that other IFN-γ-regulated genes are responsible for

this accumulation. It will be important to determine the complete IFN-γ-driven negative

regulatory pathways, as this may lead to the development of new and novel immunotherapies.
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Part V

Discussion



Chapter 6

Identifying and describing dysfunctional antigen-specific CD8+

TILs and their role in the endogenous antitumor T cell response

6.1 From in vitro anergy to in vivo dysfunction

Dysfunction of tumor antigen-specific TILs is characteristic of the T cell-inflamed tumor mi-

croenvironment phenotype, and likely explains the paradox of progressing tumors in the face

of ongoing immunity (Figure 6.1). However, identifying tumor antigen-specific TILs among

the background of passively trafficking irrelevant T cells, and understanding this phenotype

as a differentiation state, had been hampered by a lack of accurate surface markers. Based

on previous work identifying the transcription factor Egr2 as a critical regulator of T cell an-

ergy under reductionist conditions in vitro, we applied knowledge of Egr2 targets to evaluate

applicability of these markers toward understanding dysfunctional T cells within tumors in

vivo. Our current data indeed confirm that co-expression of LAG-3 and 4-1BB is sufficient to

identify the majority of tumor antigen-specific CD8+ T cells within the tumor microenviron-

ment. Co-expression of these markers was not observed within peripheral lymphoid organs

in tumor-bearing mice, suggesting that a property unique to the tumor context drives 4-1BB

and LAG-3 expression. In addition, acquisition of LAG-3 and 4-1BB expression was not ob-

served within tumors that were undergoing successful rejection, arguing that the acquisition

of this phenotype occurs under conditions of incomplete antigen clearance.

While the molecular characterization of anergic CD4+ T cells in vitro provided the foun-

dational information that enabled the study of dysfunctional CD8+ TILs in vivo, it is clear

that these two T cell states are not identical and only partially overlapping. Egr2 was ex-

pressed in a subpopulation of CD8+ TILs and this population was enriched in several Egr2

target genes, including 4-1BB and LAG-3. However, Egr2 expression did not define the entire

population of 4-1BB+LAG-3+ TIL. In addition, conditional deletion of Egr2 in T cells only

showed a partial functional role of Egr2 in regulating 4-1BB and LAG-3 expression suggest-
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ing that other factors such as HIF-1α and Egr3 might compensate in the regulation of these

receptors. In addition, NF-κB and NFAT/AP-1 have been implicated in 4-1BB expression

after TCR stimulation [177, 178]. It will be of interest to elucidate the full transcription

factor network that mediates the dysfunctional state of CD8+ TILs in vivo, as inhibiting

these pathways may lead to novel immunotherapeutics.

6.2 Describing dysfunctional CD8+ TILs and possible immune

regulatory functions

The induction of T cell exhaustion during chronic infection is thought to be a mechanism

to limit collateral damage to the host [179], and IFN-γ has been implicated in both pro-

inflammatory and immune-regulatory roles in chronic infection [180, 181]. Therefore, dys-

functional antigen-specific CD8+ TILs may contribute to the overall immune suppressive

network within the tumor microenvironment (Figure 6.1). IFN-γ produced by antigen-

specific CD8+ TILs results in upregulation of PD-L1 on tumors cells and IDO expression

by infiltrating myeloid cells [63]. In addition, the production of the chemokines CCL22 and

CCL1 by these T cells likely contributes to Treg recruitment into the tumor microenviron-

ment. Our laboratory had previously shown that PD-L1 and IDO upregulation, as well as

Treg accumulation within the tumor, all depend on CD8+ T cells [63], and our current work

has indicated that the 4-1BB+LAG-3+ subset is the major source of IFN-γ and chemokines

mediating these effects. Thus, the dysfunctional CD8+ TILs might be viewed as part of the

regulatory network from this perspective. Further work will be needed to understand the

full functional contribution of these cells to immune regulation within the tumor microenvi-

ronment.

Significant effort has been aimed at understanding the molecular mechanisms of T cell

dysfunction using various model systems, both in vitro and in vivo. The term T cell anergy

was originally applied to describe a hyporesponsive state resulting from TCR ligation in the
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absence of co-stimulation in CD4+ Th1 clones [182]. However, the term T cell anergy has

since been used to describe many different types of tolerance phenomena [28]. T cell exhaus-

tion was originally described in models of chronic viral infection, particularly the LCMV

clone 13 model [183]. It has been assumed that the similarities between chronic infection

and progressing tumors, such as persistent antigen exposure and involvement of negative

regulatory pathways, implied an identical or similar dysfunctional state in these two disease

contexts [184]. Indeed, many of the co-inhibitory receptors expressed on CD8+ TILs and

exhausted virus-specific T cells are shared as well as a component of the gene expression net-

work (Figure 3.14) [185, 90]. However, the mechanisms inducing and maintaining CD8+ TIL

dysfunction are likely regulated by additional factors that differ between chronic infections

and cancer, such as the balance between metabolic provision and demands on the T cells

[186], as well as the tissue localization of the effects. In addition, T cells in different tumor

microenvironments could differentiate into unique dysfunctional states. Therefore, it may be

preferable to describe this phenotype more descriptively, as "T cell dysfunction within the

tumor microenvironment" rather than "anergy" or "exhaustion". Furthermore, our current

work emphasizes that the term dysfunction does not imply complete lack of function. In-

deed, cytolytic capacity of the 4-1BB+LAG-3+ population was retained as analyzed directly

ex vivo. Therefore, the failure of the endogenous immune response to eliminate the tumor

does not appear to be attributable to a lack of intrinsic cytolytic activity by antigen-specific

T cells.

6.3 A range of co-inhibitory and co-stimulatory receptor

expression on antigen-specific dysfunctional CD8+ TILs

The use of 4-1BB and LAG-3 as markers of dysfunctional tumor-reactive T cells enabled flow

cytometric sorting for gene expression profiling without altering transcript levels that could

be caused by TCR ligation through MHC/multimer binding. Comparison of two tumor-
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specific dysfunctional CD8+ TIL gene expression profiles to the LCMV-specific exhausted

profile indicated a greater overlap of the genetic signature in the tumor context. In addition,

pathways regulating the cell cycle were enriched among the CD8+ TIL profiles suggesting

that unchecked proliferation may be an additional characteristic of the dysfunctional state

within the tumor microenvironment. Gene expression analysis also revealed upregulated

transcripts encoding additional co-inhibitory receptors, but also several co-stimulatory re-

ceptors. This latter observation was unexpected based on the phenotype of dysfunctional

CD8+ T cells in chronic infection models [185, 187]. Observations in these models sug-

gest that co-stimulatory receptors on exhausted CD8+ T cells are expressed at low levels

or wane over time [188, 187, 150], on the contrary, dysfunctional CD8+ TILs continually

expressed several co-stimulatory receptors (4-1BB, OX-40 and GITR). These data suggest a

scenario in which persistently activated CD8+ TILs are in a state of chronic activation and

are awaiting engagement by co-stimulatory ligands, which might be inadequately available

within the tumor microenvironment. This notion is consistent with the therapeutic effect

of combined 4-1BB ligation added to LAG-3 blockade, which might be viewed as rescuing

TILs from a paucity of 4-1BB signaling. The net composition of ligands for co-stimulatory

versus co-inhibitory receptors within the tumor could contribute to the ultimately functional

phenotype of tumor antigen-specific TILs and will be an interesting question to pursue in

future studies.

6.4 Phenotypic and functional changes after therapeutic targeting

of dysfunctional TILs by anti-4-1BB + anti-LAG-3 antibody

treatment

Our gene expression profiling of the dysfunctional CD8+ TIL population allowed us to de-

termine additional cell surface receptors co-expressed by this population and track these

markers during antibody therapy. While the significant decrease in NRP1 and 2B4 and in-
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crease in KLRG-1 expression in the tumor-specific H-2Kb/SIY+ cells suggest a phenotypic

response in the 4-1BB+LAG-3+ TIL subset, it remains possible that a precursor population

found in the 4-1BB–LAG-3– subset could be a source of cells for the observed changes in

the CD8+ TIL population overall. We believe this is unlikely due to several observations.

First, approximately 17% of H-2Kb/SIY+ CD8+ TILs are found in the 4-1BB–LAG-3– sub-

population and since transcript levels of Tnfrsf9 (4-1BB) and Lag3 do not change upon

treatment (unpublished data), it remains likely that the phenotypic changes occur in the 4-

1BB+LAG-3+ subpopulation. Second, the 4-1BB–LAG-3– population displays a phenotype

closely resembling memory precursor effector cells (MPEC; KLRG-1loIL-7RαhiCD44+, which

are thought not to give rise to short-lived effector cells (SLEC; KLRG-1hiIL-7Rαlo) [189, 190].

While we do not formally prove a direct causal relationship between antibody treatment and

phenotypic changes in the 4-1BB+LAG-3+ population, indirect evidence suggests that this

is the case.

Our previous work had suggested that restoration of IL-2 production in the CD8+ TIL

compartment strongly correlated with the therapeutic efficacy of anti-CTLA-4 + anti-PD-

L1 or combined with an IDO inhibitor [161]. Our current results also identified restored

IL-2 production by tumor antigen-specific CD8+ TILs in response to anti-4-1BB + anti-

LAG-3 therapy. Thus, restoration of IL-2 might be a useful pharmacodynamic biomarker to

be measured in post-treatment biopsies in patients participating in immunotherapy clinical

trials. However, it is not yet known if restored IL-2 production is functionally important for

antitumor T cell efficacy or serves as a correlate to refunctionalized CD8+ TILs, a possibility

that should be investigated in future studies.

Both anti-4-1BB and anti-LAG-3 mAbs are being tested in early phase clinical trials,

and it is attractive to consider a combination study in human cancer patients. The ability

of CD8+ TILs to upregulate KLRG-1 and downregulate 2B4 and NRP1 expression could be

additional translational biomarkers. As some patients do not respond to anti-PD-1-based

therapies, novel combinations may have utility in such individuals. Moreover, the additional
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co-stimulatory and co-inhibitory receptors identified in our current work could represent

functionally relevant targets for new immunotherapy strategies.

101



Figure 6.1: Phenotypic and functional characterization of dysfunctional CD8+

TILs and new potential therapeutic targets.
After entering the tumor microenvironment, antigen-specific CD8+ T cells upregulate both
co-inhibitory and co-stimulatory receptors. As the tumor progresses, they lose the ability
to produce IL-2 and TNF-α, retain the production of IFN-γ and the ability to lyse target
cells, and begin to produce CCL1, CCL22, IL-10 and exhibit suppressive activity. Targeting
of these now dysfunctional antigen-specific CD8+ TILs by means of agonizing 4-1BB and
blocking LAG-3, restores the restores the function of these cells and drives them into an
effector memory T cell phenotype.
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Chapter 7

Tumor intrinsic IFN-γ sensing regulates adaptive resistance

7.1 Centering on the IFN-γ pathway as a critical regulator of

adaptive and acquired resistance

Based on our observation that dysfunctional CD8+ TILs produce abundant amounts of IFN-γ

in the tumor microenvironment, we became interested on what role IFN-γ was playing during

the different phases of tumor progression. While it is well known that IFN-γ is generally

necessary for T cell-mediated tumor rejection in vivo, IFN-γ can also induce expression of

negative regulatory factors when secreted within the tumor microenvironment [176, 170, 175].

The extent and relative contribution of this process among tumor cells versus host cells during

the different phases of tumorigenesis had been incompletely elucidated. Our current data

indicate that, at least in some tumor models, IFN-γ signaling at the level of the tumor cell

can drive a dominant immune-regulatory process, through upregulation of PD-L1 expression.

The functional contribution of PD-L1 on tumor cells versus host APCs in engaging PD-1

on TILs and inhibiting T cell function has been controversial but likely varies with the tumor

type and degree of antigenicity. In human cancer patients, T cell-infiltrated tumors can show

PD-L1 upregulation on either tumor cells or myeloid cells, and each can be associated with

anti-PD-1 therapeutic efficacy in defined contexts [191]. In mouse models, PD-L1–/– hosts

have been reported to show improved antitumor immunity in some model systems [192, 193],

but in other models CRISPR-Cas9-mediated disruption of the PD-L1 gene in tumor cells

can be sufficient for improved tumor control [194]. In our current work, we utilized the

B16.SIY and MC38 models, which have high antigenicity and prime strong CD8+ T cell

responses, even though the tumors eventually grow progressively. It seems clear now that a

major mechanism for that ultimate tumor growth is through PD-L1 upregulation on tumor

cells via persistent IFN-γ production in the tumor microenvironment (Figure 7.1).
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7.2 Discrepancies between in vitro and in vivo models systems

Our in vitro CRISPR screen led us to the hypothesis that tumor cell-intrinsic IFN-γ signaling

pathway was necessary for T cell-mediated tumor cell killing in vitro. These results are

consistent with other recently published CRISPR screens that similarly identified IFN-γ

signaling mutants using in vitro T cell selection systems [195, 196]. We validated that

loss of IFNγR2 and Jak1 rendered tumor cells resistance to T cell-mediated lysis in vitro.

Yet, the opposite result was observed when these tumor cells were implanted into mice in

vivo. These discrepant phenomena are likely explained by differing requirements for tumor

cell killing and for class I MHC upregulation in vitro versus in vivo. Short-term in vitro

lysis assays are highly sensitive to the level of class I MHC expression by target cells, and

cultured B16 melanoma cells show undetectable expression of H-2Kb by flow cytometry in

vitro. However, following implantation subcutaneously into mice, class I MHC upregulation

is observed. While most of this upregulation is IFN-γ-dependent, a component is likely IFN-

γ-independent. In order to prove whether the low levels of class I MHC on IFN-γ-insensitive

B16.SIY cells were sufficient for T cell recognition in vivo, we utilized CRISPR/Cas9 to delete

H-2Kb and indeed found reversion to a progressively growing tumor phenotype. IFNγR2-

H-2Kb-double-mutant tumors grew progressively in vivo. Together, these results make an

argument for directly using in vivo tumor model systems for screening strategies aiming to

identify candidate immune evasion mechanisms mediating immunotherapy resistance.

7.3 IFN-γ driven immune suppressive mechanisms regulating the

magnitude of the antitumor CD8+ T cell response

Our results revealed that an increased frequency of antigen-specific CD8+ T cells was de-

tected in the setting of IFN-γ-insensitive tumors. While it is conceivable that PD-L1 ex-

pression on tumor cells limits T cell expansion in the tumor microenvironment, it is worth

considering broader potential mechanisms by which lack of IFN-γ signaling on tumor cells
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might translate into increased accumulation of tumor antigen-specific CD8+ TILs. In gen-

eral, IFN-γ drives a significant transcriptional program in host cells that promotes increased

antigen processing, antigen presentation, and secretion of immune cell-recruiting chemokines.

It is conceivable that absence of IFN-γ responsiveness on tumor cells liberates additional IFN-

γ that can have positive effects on host APCs. But it is also possible that IFN-γ induces

upregulation of additional ligands that are inhibitory for T cells. IFN-γ has been shown

to upregulate expression of FasL, which has recently been reported to contribute to TIL

apoptosis in vivo [197]. In addition, IFN-γ upregulates expression of class II MHC, which

in addition to presenting peptides to CD4+ T cells also is a ligand for the inhibitory recep-

tor LAG-3 [198, 199], which we also have reported is expressed by tumor antigen-specific

CD8+ TILs [19]. Some of these considerations also may help to explain why previous reports

found that tumor cells expressing a dominant negative IFNγR1 exhibited increased tumor

growth, as this dominant negative receptor can still bind IFN-γ and sequester it from the

tumor microenvironment. Future work will be required to continue to dissect the additional

complexities of IFN-γ signaling within the tumor microenvironment.
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Figure 7.1: IFN-γ drives immune suppressive mechanisms in the tumor microen-
vironment.
After entering the tumor microenvironment, antigen-specific CD8+ T cells produce IFN-γ
which is sensed by tumor cells resulting in the upregulation of immune regulatory pathways.
While the full extent of the IFN-γ driven negative regulatory network is not fully elucidated,
such pathways include the upregulation of inhibitory ligands, secretion of immune suppres-
sive molecules and upregulation of FasL, which may directly induce T cell apoptosis. If
tumor cells cannot sense IFN-γ, these negative regulatory pathways are not upregulated and
the tumor is eradicated.
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