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Zeus has led us on to know,

the Helmsman lays it down as law

that we must suffer, suffer into truth.

We cannot sleep, and drop by drop at the heart

the pain of pain remembered comes again,

and we resist, but ripeness comes as well.

From the gods enthroned on the awesome rowing-bench

there comes a violent love.

-Aeschylus, The Oresteia

Translated by Robert Fagles
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ABSTRACT

Subsets of human tumors are infiltrated with tumor antigen-specific CD8+ T cells (TIL),

yet despite this infiltration, tumors progress. TIL are thought to be inactivated by the im-

munosuppressive tumor microenvironment, especially through the engagement of inhibitory

receptors such as CTLA-4 and PD-1. Antibodies that block CTLA-4, PD-1, or PD-L1 can

enhance the ability of CD8+ TIL to control tumors, and have had great success in leading to

durable responses in cancer patients. However, not all patients respond to these therapies,

even when TIL are present. Combination immunotherapy is one strategy being tested to

improve immunotherapy response rates. We have recently found that the co-stimulatory

receptor 4-1BB is expressed on a subset of antigen-specific CD8+ TIL. Agonist antibodies

that stimulate 4-1BB have led to tumor regression in pre-clinical studies. Therefore, we

set out to test whether agonist 4-1BB could synergize with blockade of PD-L1 or CTLA-4,

and to study the mechanisms of synergy. Unexpectedly, we found that CD8+ TIL actively

proliferate and undergo apoptosis, leading to a cycle of CD8+ TIL activation and death.

Agonist 4-1BB synergized with blockade of PD-L1 or CTLA-4 not through increasing TIL

proliferation, but through decreasing CD8+ TIL apoptosis, which led to a remarkable ac-

cumulation of antigen-specific CD8+ TIL. Gene expression profiling and experiments with

transgenic mice suggest that increased NF-κB signaling in CD8+ TIL was responsible for

many effects of anti-4-1BB immunotherapy. Additionally, we found that endogenous 4-1BB

signals promoted accumulation of CD8+ TIL during the endogenous anti-tumor immune

response. 4-1BB signaling in T cells was required for the efficacy of anti-PD-L1 antibodies,

and the deletion of dendritic cells led to failure of anti-PD-L1 immunotherapy. Our data

suggest that co-stimulation through 4-1BB is critical to counter antigen-driven apoptosis

of CD8+ TIL, and for the effectiveness of anti-PD-L1 immunotherapy. Strategies to max-

imize co-stimulation in the tumor microenvironment and inhibit TIL apoptosis should be

considered in the development of cancer immunotherapies.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Cancer and the immune system are linked in many different ways. From the early observation

of immune cell infiltrates into tumor lesions by Paul Ehrlich, to Peyton Rous discovery that

viruses could transform cells, to the success of checkpoint blockade immunotherapy, the fields

of cancer biology and immunology have been intertwined for as long as they have existed.

However, only in the wake of the recent success of immunotherapy of cancer in humans has it

been widely appreciated that the immune system can mount an endogenous response against

growing cancers. Interestingly, somatic mutations in the genome, which are necessary for the

development of cancer, also allow for the immune system to differentiate malignant cells from

normal cells, providing the host with a mechanism to mount an immune response against

tumors. Augmenting this spontaneous immune response has long been the goal of tumor

immunologists, in the hope that the immune system could provide the magic bullet to cure

cancer that has been so elusive. While current immunotherapy continues to be incredibly

successful and offers cures to some patients that would have seemed magical only a few

years ago, immunotherapys success has also served to highlight its current limitations. Low

response rates hamper todays immunotherapies, as scientists discover new ways in which

cancer eludes detection and destruction by the immune system. New strategies to widen to

the applicability of anti-cancer immunotherapy and to better understand its mechanisms of

action are the focus of many studies, including the experiments contained within this thesis.

1.2 Somatic mutations drive cancer

Cancer is driven by mutations to the genome that endow tumor cells with the so-called

“Hallmarks of Cancer” which include unlimited replicative potential, resistance to cell death,
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and the ability to metastasize to distant locations throughout the body (Hanahan, 2000).

That cancer was driven by abnormalities in hereditary material was first hypothesized over

100 years ago by Theodor Boveri, a German biologist who studied chromosomes and their link

to cellular behavior and heredity. Building on observations made by David von Hansemann,

a pathologist who correlated aneuploidy and neoplasia, Boveri proposed a causal relationship

between aberrant chromosomes and malignancy in 1914, in what would become a startlingly

prescient prediction for its time (Boveri, 2008; Weinberg, 2008). It took many more years,

however, for researchers to provide definitive proof that changes to the genome were indeed

the causal elements of human cancer.

Studies performed by Peyton Rous using a sarcoma virus, now known as the Rous sarcoma

virus or RSV, were critical to demonstrating that genetic material was the cause of cancer.

Rous showed in 1911 that cell-free tumor filtrates could transmit cancers from one chicken

to another (Rous, 1911). The vector for this transmission was RSV. In 1970 it was identified

that a specific RNA subunit of RSV was responsible for its transforming ability (Duesberg,

1970). This work, performed by Peter Duesberg and Peter Vogt, was the first identification

of a specific gene that leads to cancer, named src for sarcoma. It was still unclear, however,

that cancer-causing genetic material could originate from changes to a cells own genome

without viral infection. Shortly after the identification of src came studies from Michael

Bishop and Harold Varmus identifying that the src gene was in fact present in normal,

non-transformed cells, and that an activated version of cellular src had been incorporated

into RSV (Stehelin, 1976). This 1976 work demonstrated that the causal genetic agent of

a cancer virus was itself derived from normal cellular material, and led to the idea that

mutation or activation of specific genes could lead to cancer without viral involvement. This

work was truly groundbreaking at the time, fundamentally changing what was the current

understanding of cancer causality (Bister, 2015).

Direct evidence that changes to the normal genome cause cancer came from two other

lines of research. The first, similar to the work with RSV, utilized the rodent tumor viruses

2



Harvey murine sarcoma virus and Kirsten murine sarcoma virus. Analogous to RSV and

src, the Harvey and Kirsten viruses contained isoforms of the ras protein, named either H-

ras or K-ras depending on which virus the ras protein came from (Cox, 2010). In the late

1970s and early 1980s, Scolnick and colleagues identified that ras was also a cellular protein,

like src (Scolnick, 1974). In 1979, another group lead by Robert Weinberg, utilized what

was then new technology in molecular biology and transfected NIH/3T3 murine fibroblasts

with DNA from chemically transformed cells (Shih, 1979). This transfection transferred

malignant properties to NIH/3T3 cells, demonstrating that cellular DNA from non-virally

transformed cells could lead to cancer. The data from Scolnick and Weinberg was brought

together in 1982 when three groups, including Weinbergs, determined that the transforming

gene in the NIH/3T3 transfection experiments was, in fact, a mutated version of cellular ras

(Santos, 1982; Der, 1982; Parada, 1982). This led to the identification of mutated ras in

multiple cancer types, and eventually the general acceptance of mutations to cellular genes

as the causative agents in cancer initiation.

The second line of evidence linking mutations to cancer utilized a completely different

technique. Like Boveri many years before her, Janet Rowley performed studies on chro-

mosomes from human cancer cells to make discoveries of specific genetic alterations that

led to cancer. In 1973 she published two papers demonstrating that specific chromosomal

translocations were found in specific types of leukemias (Rowley, 1973a; Rowley, 1973b).

This included the identification of two translocations: t(15;17) resulting in the fusion of the

promyelocytic leukemia gene to that encoding the retinoic acid receptor (PML-RARA) that

is present in acute promyelocytic leukemia (APL), and t(9;22) that results in the fusion

of the breakpoint cluster region gene to the abelson proto-oncogene (BCR-ABL), which is

present in almost all cases of chronic myeloid leukemia (CML). Extremely adept at staining

chromosomes, Rowley discovered many specific chromosomal translocations found in spe-

cific types of blood cancer, raising the idea that specific genetic lesions gave rise to specific

types of cancers (Druker, 2014). Rowleys work would lead to several therapeutic strategies
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that targeted the specific mutations she had discovered. All trans retinoic acid binds to

both the retinoic acid receptor and PML-RARA fusion protein, and is used in combination

with anthracyclines or arsenic to treat APL, with overall 5 year survival rates near 90%

(Cooms, 2015). Even more famously, her discovery of the translocation t(9;22) that results

in the BCR-ABL fusion led to the development of the first FDA approved kinase inhibitor,

imatinib, which won FDA approval in 2001 (Woondong, 2013). Treatment of BCR-ABL+

CML with imatinib leads to overall survival rates also near 90% (Sacha, 2014). Together

these drugs led the way into a period of designing therapeutics against specific mutations

in cancer. The immune system can also target mutations present in cancer cells, and there-

fore, in an indirect sense, immunotherapy does as well. Tumor cells are not only driven by

somatic mutations to the genome, but also continue to accumulate additional mutations to

their genomes as a cancer progresses. These additional mutations can lead to therapeutic

resistance, or simply be passenger mutations with little functional consequence. With every

mutation, however, is an additional chance of generating a new T cell epitope that can lead

to a strong anti-tumor T cell response. Therefore mutations are a kind of Achilles heel for

cancer they endow tumor cells with their invulnerabilities, but also have the potential to

sensitize them to the arrows of the immune system.

1.3 Tumors contain T cell epitopes

It was for many years unclear if T cells could mount an endogenous response against tu-

mors. There were doubts about whether tumors could activate the innate immune system

to properly stimulate T cells. It was also unclear what antigens tumors might be able to

present to T cells that could lead to their activation. Also, due to peripheral tolerance mech-

anisms that lead to the hypofunctionality of self-reactive T cells, it was unclear as to whether

there would be functional T cells that could recognize antigens on tumor cells. However,

we know now that tumor cells can activate dendritic cells (DCs) that infiltrate the tumor

microenvironment. Evidence suggests this occurs when tumor-derived DNA activates DCs
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in a STING-dependent manner (Woo, 2014; Woo, 2015). It has also been clearly demon-

strated that antigens in tumors can be recognized by T cells. Many types of antigens can

be recognized by CD8+ T cells and lead to their activation: overexpressed self-antigens,

such as Her2 in breast cancer, otherwise germ cell-specific antigens, or so-called cancer testis

antigens such as the MAGE family of proteins, antigens restricted to specific cell lineages

such as those involved in the pigmentation of melanocytes, and antigens that are the result

of mutations (Coulie, 2014; Gubin, 2015). Recently, neoantigens that arise from somatic

mutations in tumor cells have received increased attention, as they are believed to give rise

to the strongest anti-tumor T cell responses, similar to foreign antigens. Advances in high

throughput peptide screening techniques have made detection of neoantigens feasible, and

allowed for the rapid identification of neoantigens and CD8+ T cells that are reactive to

them (Cohen, 2015; Gros, 2016). Studies have clearly demonstrated that neoantigens are

relevant for the anti-tumor immune response, and for immunotherapy of cancer. Increased

prevalence of neoantigens, and tumor mutational load, correlates with improved outcomes

to immunotherapy in some cancers, indicating that neoantigens play a crucial role in anti-

tumor immunity (Snyder, 2014; Lu, 2014; Rizvi, 2015; Le, 2015). However, it does not appear

that simply having an increased number of antigens is sufficient to increase the strength of

the anti-tumor immune response. The correlation between increased immunotherapy effi-

cacy and mutational load or number of neoantigens is likely stochastic, in that having more

neoantigens increases the possibility of generating a strongly stimulating T cell epitope. In

one lung cancer study, the presence of a neoantigen in the majority of cancer cells was corre-

lated with positive outcomes to immunotherapy, whereas increased mutations and sub-clonal

neoantigens were correlated with worse response to immunotherapy (McGranahan, 2016).

Therefore, the quality of neoantigen, as well as its relative abundance in the cancer cell

population, are critical; the simple presence of tumor-specific mutations or neoantigens does

not guarantee a positive response to immunotherapy.

Interestingly, the density of neoantigens does not predict whether tumors are T cell-
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inflamed or not (Spranger, 2016), indicating that the adjuvanticity and antigenicity of tumors

are separate. A functional anti-tumor immune response therefore requires two key conditions:

tumors must sufficiently recruit and activate innate immune cells, and sufficient numbers of

tumor-associated antigens must be present for T cell priming, expansion, and a continued T

cell response within the tumor microenvironment.

1.4 Innate immune activation

The immune system consists broadly of two compartments: innate immune cells that sense

conserved, pattern-associated signals, and adaptive immune cells that utilize somatically

recombined receptors to recognize specific peptide epitopes. Certain innate immune cells, like

macrophages and DCs, are specialized to present peptide antigens to T cells in the context

of MHC class I or II molecules (Sprent, 1995). This is achieved by engulfing extracellular

material through phagocytosis or pinocytosis, and processing engulfed proteins in types of

multi vesicular bodies where peptide fragments are loaded onto MHC. These loaded MHC

molecules are then transported to the surface of the APC for presentation to T cells (Roche,

2015). While macrophages are more phagocytic, DCs are superior at antigen presentation,

and are essential for the activation of anti-tumor T cell responses (Steinman, 1973; Steinman,

1978; Diamond, 2011; Fuertes, 2011). Antigen presentation can occur in the context of MHC-

II to CD4+ T cells, or MHC-I to CD8+ T cells (Roche, 2015). Because they are able to

mediate direct cell killing and interact with non-APC cell types through MHC-I, CD8+ T

cells are regarded as the most dominant effectors of the anti-tumor immune response. While

MHC-I usually is loaded with intracellular peptides, the Batf3-lineage of DCs that express

either CD8 or CD103 are adept at presenting peptides derived from extracellular material

on MHC-I a phenomenon known as cross-presentation (Hildner, 2008). Through cross-

presentation, CD8+ T cells are activated against antigens that originate from outside APCs,

including those derived from tumor cells.

A T cell response is initiated when APCs are activated by a pathogen associated molecular
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pattern (PAMP) or damage associated molecular pattern (DAMP) (Janeway, 2002; Kono,

2008). These PAMPs and DAMPs are conserved molecules that mediate the sensing of

pathogens or cellular damage by APCs. For example, one prominent PAMP is lipopolysac-

charide, a component of bacterial cells walls (Poltorak, 1998). PAMPs and DAMPs are

sensed by pattern recognition receptors (PRR), of which there are many. While some sen-

sors have evolved to detect bacteria, others have evolved to detect viruses through the sensing

of cytosolic DNA or RNA (Wu, 2014). Other PRRs detect cellular damage, and mostly sense

the release of intracellular contents into the extracellular space, such as ATP, or molecules

like HMGB1 (Takeuchi, 2010). Sterile inflammation is a product of PRRs sensing these cel-

lular components, and allows the immune system to respond to injury where wound healing

and tissue remodeling is required, but where there are no pathogens present (Chen, 2010).

After encountering PAMPs or DAMPs, DCs undergo rapid changes that allow them to

activate a T cell response (Reis e Sousa, 2004). DC activation leads to increased MHC

expression, increased antigen processing, increased expression of co-stimulatory molecules

and cytokines, and DC migration to T cell-rich areas of lymph nodes (Yanagihara, 1998).

In the lymph nodes, activated DCs present antigens to T cells, which themselves become

activated after encountering their cognate antigens.

1.5 T cell activation

In contrast to sensing broad categories of molecular patterns, the adaptive immune system,

comprised of B cells and T cells, utilize somatic recombination of their DNA to generate

unique receptors capable of recognizing antigens in a highly specific manner (de Villartay,

2003). Each T cell expresses a unique TCR that can optimally recognize a unique peptide-

MHC complex, allowing for tremendous specificity and diversity in the immune response. T

cells develop in the thymus, where their TCRs are screened for optimal recognition of pep-

tides in host MHC molecules, with T cells that bind too weakly or too strongly removed from

the developmental process through cell death, or divergence to alternative T cell lineages
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(Daley, 2013; Stritesky, 2013; McDonald, 2015; McDonald, 2014; Malchow, 2016). Self-

reactive T cells that enter the periphery are thought to be tolerized. When T cells receive

TCR stimulation in the absence of co-stimulation, or from quiescent DCs, they can enter a

hyporesponsive state called anergy (Hawiger, 2001). Anergic T cells have dampened func-

tions and are no longer able to respond robustly to antigenic stimulation (Schwarz, 1990).

Therefore only T cells that generate receptors within a certain range of affinity for self can

successfully develop in the thymus and remain fully functional T cells that are not tolerized

in the periphery.

Nave T cells in the periphery become properly activated only after antigen presentation

by fully activated APCs (Reis e Souza, 2006). APCs present peptide-MHC complexes on the

APC surface that bind to the T cells TCR, leading to TCR signaling (Huppa, 2003). When

T cells receive TCR signaling along with the proper co-stimulatory signals and cytokines,

they become activated, leading to their proliferation and differentiation (Reis e Souza, 2006).

Generation of a cytotoxic CD8+ T cell response is thought to be especially important for an

anti-tumor response, as they are able to directly recognize tumor cells through MHC-I and

mediate direct cell killing through delivery of cytotoxic granules and FasL (Garrido, 2016;

Kline, 2012).

After activation in lymph nodes, each activated CD8+ T cell proliferates rapidly to

generate large clonal populations. To exit the lymph node and reenter circulation, CD8+

T cells use the sphingosine-1-phosphate (S1P) receptor 1 (Matloubian, 2004; Shiow, 2006).

The blood contains high levels of S1P, which functions as a chemokine gradient to guide

T cells into circulation (Maceyka, 2014). Once in the circulation, CD8+ T cells use other

chemokines, CXCL9 and CXCL10, to sense where to enter the tumor microenvironment

(Spranger, 2015). Once at the tumor site, CD8+ T cells can carry out their effector functions,

including production of IFN-γ and cytolysis.
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1.6 Role of co-stimulation in T cell activation and cancer

T cells require multiple signals from DCs to become properly activated effector cells. These

signals include engagement of the TCR, the provision of co-stimulatory ligands, and cytokine

signaling such as IL-12 or IFN-α/β (June, 1994; Curtsinger, 2010). APCs present peptides

in the context of MHC-I that activate the TCR of CD8+ T cells. Activation through the

TCR is required for the activation of nave cells into effectors, but alone it is not sufficient to

generate a successful T cell response. Co-stimulation through other cell surface receptors is

also required during the priming of CD8+ T cells. Co-stimulation can be delivered through

a variety of ligands on APCs that bind receptors on T cells. CD28, an immunoglobulin

superfamily member, is perhaps the best characterized co-stimulatory receptor that T cells

express. CD28 receives signals through the B7 molecules, CD80 and CD86, which become

upregulated on APCs after APC activation (Reis e Sousa, 2006). In the context of TCR

signaling that takes place during cognate antigen presentation to T cells, the additional

ligation of CD28 by CD80 or CD86 results in the T cell upregulating IL-2 and the high

affinity IL-2 receptor subunit, CD25. IL-2 CD25 interactions then provide the additional

signals necessary for T cell survival and for the high rates of T cell proliferation that generate

large numbers of effector T cells (Acuto, 2003).

While CD28 is the classical co-stimulatory receptor associated with T cell co-stimulation,

there are others that also provide co-stimulatory signals to T cells. Several of these co-

stimulatory receptors belong to the TNF receptor superfamily, including CD27, OX-40,

GITR, and 4-1BB (Ward-Kavanagh, 2016). The ligands for these molecules, CD70, OX-

40L, GITRL, and 4-1BBL, respectively, can be expressed on APCs during their maturation

(Ward-Kavanagh, 2016). Engagement of 4-1BB has been shown to strongly affect CD8+ T

cells in particular, and in some situations can even replace CD28 signaling (Saoulli, 1998).

4-1BB is upregulated upon T cell activation, and binds to 4-1BBL, which can be expressed

on DCs as well as B cells and macrophages (Kwon, 1989; Ward-Kavanagh, 2016). Ligation of

4-1BB has been found to affect T cells in a variety of ways. Co-stimulation through 4-1BB
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can extend T cell proliferation during priming to augment the primary immune response

(Shuford, 1997; Habib-Agahi, 2007). Ligation of 4-1BB can also enhance T cell survival

through the upregulation of Bcl-xL (Lee, 2002). 4-1BB signaling may also play a role in

supporting memory T cell maintenance and secondary expansion (Pulle, 2006; Bertram,

2004).

It was once thought that after successful priming, effector CD8+ T cell function was

independent of further co-stimulation. This had been demonstrated experimentally in vitro

and in vivo (Flynn, 1996; Kim, 1999), and made sense for CD8+ T cells that would have to

kill non-APCs that might not express co-stimulatory molecules. However, the discovery

of the co-stimulatory molecule ICOS on T cells, and its ligand, ICOS-L, which can be

expressed on cells other than APCs, raised the question of whether T cells could receive

co-stimulation in non-lymphoid tissues (Hutloff, 1999; Mueller, 2000). Additionally, primed

T cells at effector sites can express multiple co-stimulatory molecules, including 4-1BB,

and many studies have indicated that engagement of different co-stimulatory receptors can

alter effector cell function (Chen, 2013). Interestingly, we have recently found that 4-1BB

is upregulated in vivo in the tumor microenvironment on tumor antigen-specific CD8+ T

cells (Williams, 2017). The agonist engagement of 4-1BB can induce tumor regression in

multiple mouse models (Melero, 1997; Williams, 2017). The expression of 4-1BB on CD8+

tumor-infiltrating T cells (TIL) raises the question of whether the anti-tumor efficacy of

agonist 4-1BB antibody is due to enhancing CD8+ T cell priming or the effector phase of

the anti-tumor CD8+ T cell response. Little is known about the requirements of activated

effector cells for co-stimulatory signals. A recent study suggests that interactions with APCs

in the tumor microenvironment promotes the effector responses of CD8+ TIL (Broz, 2014).

It remains unknown why these APCs are beneficial to the anti-tumor immune response, but

providing co-stimulation to CD8+ TIL remains a possibility.

Interestingly, forced expression of co-stimulatory molecules, including CD80, CD86, or

4-1BBL by tumor cells leads to their spontaneous immune-mediated control, suggesting that
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co-stimulation in the tumor microenvironment could directly enhance T cell function to

control tumors (Chen, 1992; Townsend, 1993; Yang, 1995; Mogi, 2000). It is still unknown,

however, to what extent endogenous co-stimulation augments CD8+ TIL function within the

tumor microenvironment. The expression of co-stimulatory molecules on tumor-infiltrating

APCs has not been well studied. It is also not clear how the temporal or spatial separa-

tion between T cell interactions with antigen-MHC complexes expressed on tumor cells and

co-stimulatory receptors potentially expressed on tumor-infiltrating APCs would allow for co-

stimulation to lead to enhanced tumor cell killing. However, tumor regression can be induced

by treating tumor-bearing mice with agonist antibodies against many co-stimulatory recep-

tors, including CD27, OX-40, GITR, and 4-1BB, indicating clearly that there is some role for

co-stimulation in immune mediated tumor control (French, 2007; Gough, 2008; Boczkowski,

2009; Melero, 1997). However, how increased co-stimulation functions to enhance tumor

control remains unknown. Interestingly, in multiple syngeneic murine tumor models, we

find 4-1BB expression on CD8+ TIL that also express PD-1 and LAG-3 (Williams, 2017).

The combination of 4-1BB agonist antibodies with blockade of CTLA-4 or LAG-3 can cause

potent tumor regression of syngeneic tumors (Curran, 2011; Williams, 2017), raising the

question of whether engaging 4-1BB directly on dysfunctional CD8+ TIL is necessary or

sufficient to mediate tumor control during combination immunotherapy.

1.7 T cell inflammation of tumors

The observation that immune cells can infiltrate tumors goes back to 1891 when Paul Ehrlich

observed accumulation of mast cells in human tumors (Westphal, 1891). Ehrlich went on

to propose in 1909 that the immune system could play a protective role against cancer

(Ehrlich, 1909). Today it is recognized that the infiltration of immune cells into tumors can

have prognostic value in cancer diagnosis (Jass, 1987; Pages, 2005). Importantly, CD8+ T

cell infiltration into tumors correlates with responsiveness to immunotherapy (Tumeh, 2014).

Subsets of multiple types of human tumors are inflamed by CD8+ T cells (Spranger, 2016).
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Studies from our laboratory and others have demonstrated that this is a process that begins

when DCs infiltrate the tumor microenvironment in response to chemokines made by tumor

cells (Spranger, 2015; Diamond, 2011; Fuertes, 2011).

When DCs are successfully recruited to the tumor microenvironment, they become acti-

vated in a STING-dependent manner, potentially by tumor cell-derived DNA, and produce

type I interferons (Woo, 2014). Especially important are the Batf3-lineage of DCs, identified

by their expression of either CD8α or CD103 (Hildner, 2008). These DCs are specialized

to process extracellular proteins and present the subsequent peptides on MHC-I where they

can activate CD8+ T cells. Deletion of these DCs leads to failed CD8+ T cell priming and

an inability to mount an effective immune response against tumors (Hildner, 2008). Type

I interferon signaling on Batf3 lineage DCs is crucial for their ability to activate CD8+ T

cells specific for tumor antigens (Fuertes, 2011; Diamond, 2011). Activated CD103+ DCs

migrate from the tumor site to lymph nodes in a CCR7-dependent manner, where CD103+

DCs cross-present tumor antigens to activate CD8+ T cells (Roberts, 2016). CD8+ T cells

proliferate in the lymph node and circulate back to the tumor to carry out effector func-

tions. DCs are therefore important in multiple temporal and anatomic locations to activate

the anti-tumor T cell response. Still underexplored is the potential role of co-stimulation

that DCs might provide to effector T cells in the tumor microenvironment, and how they

contribute to the maintenance of an ongoing effector T cell response.

1.8 Regulation of T cell infiltration into tumors

Only a fraction of tumors analyzed from patients appear to be inflamed with infiltrating

T cells (Harlin, 2009), and many factors have been found to influence the ability of the

immune system to sense and infiltrate tumors. Because infiltration of CD8+ T cells into

the tumor microenvironment is prognostic for whether a patient will respond to current

immunotherapies (Tumeh, 2014), it has been of great interest to determine factors that

regulate T cell recruitment to tumors. Some tumors avoid immune detection altogether by
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the immune system. Using data from human tumors, our laboratory recently found that

activated -catenin in tumor cells was able to repress the expression of chemokines necessary

for DC recruitment (Spranger, 2015). Failed recruitment of DCs led to a lack of T cell

priming against tumor associated antigens, and a lack of T cell infiltration into β-catenin-

expressing tumors. Interestingly, DCs were not only required for priming of T cells, but their

recruitment to the tumor microenvironment as well. T cells were recruited by chemokines

produced by DCs. Even after therapeutic vaccination or adoptive T cell transfer, β-catenin+

tumors did not attract T cells, highlighting the multiple important roles that DCs play in

the tumor microenvironment (Spranger, 2017).

Other tumor cell intrinsic pathways can also contribute to limiting the amount of T

cell infiltration after detection of tumors by the immune system. Loss of PTEN in tumor

cells can lead to decreased T cell infiltration (Peng, 2016). PTEN deletion in tumor cells

resulted in increased immune-suppressive cytokine production that was thought to reduce

T cell infiltration into tumors, which led to decreased effectiveness of PD-1 and CTLA-4

blockade immunotherapy. MYC amplification can also limit the number of T cells recruited

to a tumor site (Casey, 2016). MYC activation can lead to increased expression of PD-

L1, which can dampen T cell responses, and upregulation of CD47, which is a “dont eat

me signal to prevent cells from becoming phagocytosed by macrophages. MYC expression

can therefore prevent both innate and adaptive immune mechanisms from acting on tumor

cells. Inactivation of MYC led to the rejection of syngeneic tumors that grow progressively

when MYC is activated, and the overexpression of PD-L1 or CD47 could prevent rejection

of these tumors despite MYC inactivation, highlighting the importance of these molecules

in inhibiting immune responses.

Host factors also contribute to the level of T cell inflammation that occurs after immune

detection. One important such factor is the host microbiota. Our laboratory recently found

that C57BL/6 mice from different vendors had different levels of tumor control of trans-

planted melanomas (Sivan, 2015). All mice were able to mount a response against these
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tumors, indicating that it was not detection of the tumor cells that was changed between

mice. Rather, the number of T cells primed against tumor antigens was different between

vendors, and this resulted in different infiltration of T cells into the tumor microenvironment

and different effectiveness of immunotherapy. While these mice were all similar genetically,

their microbiota differed, and transfer of microbiota from the better protected mice could

confer increased immune control of tumors to mice from the other vendor.

Multiple factors therefore contribute to the ability of the immune system to detect a

growing tumor, and the number of T cells that infiltrate into tumors. Once T cells reach the

tumor, there are additional regulatory mechanisms that serve to dampen their function and

allow tumor progression.

1.9 T cell dysfunction in the tumor microenvironment

While T cells infiltrating the tumor microenvironment can have positive prognostic impli-

cations, the presence of activated TIL in progressing tumors also indicates that the en-

dogenous T cell response is ultimately incapable of preventing tumor progression. It is

currently thought that TIL are unable to prevent tumor progression because their functions

are blunted within the tumor microenvironment, due to the multiple immune-inhibitory

mechanisms present within tumors (Gajewski, 2013). Eventually, TIL enter a state of hypo-

responsiveness, often referred to as exhaustion or dysfunction (Speiser, 2016). Exhaustion or

dysfunction occurs in the face of a progressing tumor, and in other situations where a T cell

antigen is chronically present, such as chronic viral infection (Kahan, 2015). Such models

have been useful in defining the functions and transcriptional profile of exhausted CD8+ T

cells. Exhaustion from chronic antigen stimulation leads to a stepwise decline in T cell func-

tion, where the cytokines IL-2, TNF-α and finally IFN-γ are no longer expressed (Wherry,

2011). This coincides with a gradual loss of cytotoxic ability. Eventually, exhausted T cells

are thought to enter senescence or undergo apoptosis. Exhaustion appears to be a type of

terminal differentiation, with characteristic gene expression patterns, associated transcrip-
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tion factors, and unique epigenetic landscapes (Paley, 2012; Doering, 2012; Pauken, 2016;

Sen, 2016).

A CD8+ T cell dysfunctional state is also present within the tumor microenvironment,

and is a potential mechanism of tumor progression despite its infiltration with antigen-specific

CD8+ T cells (Speiser, 2016). The tumor microenvironment employs many immune suppres-

sive mechanisms that act in concert to promote tumor immune escape. For example, tumors

recruit suppressive cell populations, such as regulatory T cells and myeloid-derived sup-

pressor cells. Many mechanisms have been described to explain how these cell populations

downregulate effector T cell function. In particular, their secretion of anti-inflammatory

molecules like IL-10 and arginase are thought to play a critical role in CD8+ TIL func-

tional suppression (Gajewski, 2013). Another important mechanism of T cell inhibition

are inhibitory receptors expressed on effector T cells during and after their activation, like

CTLA-4 and PD-1 (Fuertes Marraco, 2015). Ligation of these receptors blunt T cell function.

Both CTLA-4 and PD-1 can send potent suppressive signals to effector T cells (Parry, 2005;

Wei, 2013). CTLA-4 limits the activation of T cells during priming through the inhibition

of co-stimulatory signaling through CD28. However, our laboratory has found that there

are roles for CTLA-4 in the tumor microenvironment after T cell priming (Spranger, 2014).

PD-1 is also thought to play a critical role in the tumor microenvironment. The ligand for

PD-1, PD-L1, can be expressed by both tumor cell and myeloid cell populations (Latchman,

2004). PD-1 can act like a rheostat for T cell function it is upregulated when activated

T cells encounter their antigen, and the engagement of PD-1 by PD-L1 serves to dampen

T cell function (Honda, 2014). CTLA-4 and PD-1 serve to restrain immune responses in

order to limit tissue damage during an immune response, and to prevent the development

of autoimmunity (Tivol, 1995; Nishimura, 1999). However, in the tumor microenvironment,

immune-mediated tissue destruction is desired. These immune inhibitory mechanisms are

co-opted within the tumor microenvironment and eventually restrain TIL function. It is

thought that immune suppression in the tumor microenvironment plays a critical role in
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promoting T cell dysfunction and tumor progression.

It is still unclear if these immunosuppressive mechanisms in the tumor themselves lead to

a state of dysfunction, or if the chronic exposure to tumor antigen that results from the failure

of TIL to completely eliminate tumor cells is primarily responsible for the dysfunctional state.

One study has shown that in the genetic absence of PD-1, exhausted cells still accumulate

after chronic viral infections, indicating that exhaustion can occur without PD-1 signaling

(Odorizzi, 2015). Additionally, other studies have found that chronic exposure to tumor

antigens can lead to a permanent programmed state of tolerance or dysfunction (Schietinger,

2012; Schietinger, 2016). While some data suggests that the dysfunction of CD8+ T cells

in viral models and tumor models is similar, our laboratory oratorys recent data as well as

data from other mouse and human studies have shown that CD8+ TIL are not exhausted in

the same way as in chronic viral infections (Williams, 2017; Boldajipour, 2016; Daud, 2016).

CD8+ TIL do not appear to be functionally inert. Although CD8+ TIL phenotypically

resemble exhausted T cells in hosts with chronic viral infections in their expression of multiple

inhibitory receptors, (Williams, 2017) their functionality is distinct. TIL from both murine

melanomas and from human cancer patients display only a partially exhausted phenotype

(Williams, 2017; Daud, 2016), but retain the ability to produce high levels of IFN-, as

well as the ability to lyse target cells ex vivo (Williams, 2017). These studies raise new

questions about the nature of T cell dysfunction in the tumor microenvironment, including

what function of CD8+ T cells is restored by immunotherapy that is necessary for tumor

control.

We have found in previous studies that after successful immunotherapy in mouse models,

CD8+ TIL are able to produce more IL-2 (Spranger, 2014; Williams, 2017). It is unclear

if increased IL-2 is a necessary function of TIL for tumor regression after immunotherapy,

or if increased IL-2 is simply a marker of a more functional T cell response that is able to

lead to tumor regression. In an adoptive transfer study, production of IL-2 by transferred T

cells was necessary for tumor regression, indicating a possible functional role for IL-2 after
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immunotherapy (Kline, 2012). Another possibility is that it is not only T cell function, but

also T cell number that is a critical factor in determining the ability of T cells to successfully

control tumors after immunotherapy. It is possible that TIL retain the required functionality

to reject progressing tumors, but are restricted in their accumulation by some mechanism

present in the tumor microenvironment. In one study PD-1 immunotherapy led to increased

numbers of T cells in patients tumors (Tumeh, 2014). There was also an increased number

of Ki-67+ CD8+ TIL, suggesting that increased proliferation after immunotherapy might

account for increased TIL number.

In chronic viral infection studies, it is known that exhausted CD8+ T cells undergo apop-

tosis (Wherry, 2011). Blockade of PD-L1 decreases the fraction of apoptotic CD8+ T cells

(Blackburn, 2008), resulting in an increased number of antiviral CD8+ T cells. Whether T

cells in tumors are undergoing apoptosis has not been well explored. It has been hypothe-

sized that FasL expression on tumor cells can kill TIL, leading to immune escape, however

conclusive evidence to support this notion is lacking (Igney, 2005). In adoptive transfer

experiments, overexpression of Bcl-2 in transferred antigen-specific T cells was sufficient for

increased tumor control (Charo, 2005). However, this was in the setting of sublethal irra-

diation and concomitant IL-2 administration, so it is difficult to determine what the effect

of increased T cell survival alone would be on tumor control. It is possible that increased

survival of T cells could play a role in their accumulation within tumors and increased tumor

control after immunotherapy.

1.10 Checkpoint blockade immunotherapy

Whatever the cause or nature of TIL dysfunction, in T cell-inflamed tumors, blocking the

immune-dampening signals transmitted by CTLA-4, PD-1, or PD-L1 through the admin-

istration of monoclonal antibodies is sufficient in some cases to lead to tumor regression

(Hodi, 2010; Topalian, 2012; Brahmer, 2012). Because CTLA-4 and PD-1 serve as check-

points that modulate immune activation, immunotherapies that interrupt their signaling are
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known as checkpoint blockade therapies. Blockade of CTLA-4 or PD-1/PD-L1 signaling has

had a huge impact on cancer treatment, offering previously unheard of durable control of

metastatic disease. However, durable benefit is limited to a minority of patients (Ji, 2012;

Tumeh, 2014). As CTLA-4 and PD-1 are thought to regulate unique aspects of T cell ac-

tivation, combined blockade was a logical next step for attempting to improve responses to

checkpoint blockade immunotherapy. Combined CTLA-4 and PD-1 blockade immunother-

apy has resulted in benefits in progression-free survival for the combination group compared

to CTLA-4 alone (Larkin, 2015). The field remains optimistic, however, that combinations of

different immunotherapies will increase the magnitude of responses and overall response rate

to immunotherapy. Innumerable clinical trials are underway testing the efficacy of agonist

antibodies against co-stimulatory molecules, including 4-1BB. It is possible that providing

positive co-stimulatory signals to T cells will enhance their functions in different ways than

removing inhibition through immune checkpoints.

In preclinical studies, combinations of agonist 4-1BB antibody plus either CTLA-4 or

PD-1 blockade results in enhanced tumor control compared to single treatments (Curran,

2011; Chen, 2015). The expression of 4-1BB on dysfunctional CD8+ TIL that also express

PD-1 and CTLA-4 (Williams, 2017) raises the question of whether activation of 4-1BB on

CD8+ TIL is responsible for the synergy with blockade of CTLA-4 or PD-1. 4-1BB is

expressed during T cell priming and also by effector T cells, and it is unknown if agonist

4-1BB antibodies improve tumor control by engaging 4-1BB during T cell priming or during

the effector T cell response. Our laboratory and others have found that blockade of CTLA-4,

PD-L1, or PD-1 enhances the function of T cells already within the tumor microenvironment

at the time of treatment (Spranger, 2014; Tumeh, 2014). However, it is unknown if this will

be the case with agonist 4-1BB antibodies.

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

is important for the outcome of immunotherapy. Recently published data suggest that

inhibiting CD28 signaling is the primary mechanism of PD-1 that inhibits T cell function
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(Hui, 2017), while another group found that co-stimulation through CD28 is critical for

the efficacy of PD-L1 blockade in chronic viral infections and cancer (Kamphorst, 2017).

This suggests that lack of co-stimulation might explain some patients who do not respond to

checkpoint blockade immunotherapy, despite the presence of infiltrating CD8+ T cells. If this

is true, then providing exogenous co-stimulation through the delivery of agonist antibodies

directed against co-stimulatory molecules may improve response rates to current checkpoint

blockade. Because many CD8+ TIL can express 4-1BB (Williams, 2017), it will be important

to understand what role 4-1BB plays in CD8+ TIL function and response to immunotherapy.

Provision of exogenous co-stimulation through agonist 4-1BB antibodies may enhance the

therapeutic effect of current checkpoint blockade immunotherapy, increasing the fraction of

patients that derive benefit. In this thesis I will describe work which tests the hypothesis that

tumor regression resulting from an agonistic anti-4-1BB antibody combined with blockade of

CTLA-4 or PD-L1 is mediated by CD8+ TIL present in the tumor microenvironment at the

time of immunotherapy administration. I will also describe experiments assessing whether

removal of 4-1BB signaling will impact the efficacy of blockade of PD-L1, as well as the

mechanisms of these effects. These concepts have been explored through the completion of

three Specific Aims:

1. Determine the cellular and molecular mechanisms necessary for tumor control after

agonist 4-1BB antibody plus blockade of CTLA-4 or PD-L1.

2. Determine the biochemical signaling pathways that mediate an enhanced CD8+ T cell

response to agonist 4-1BB antibody plus blockade of CTLA-4 or PD-L1.

3. Determine the importance of endogenous 4-1BB signaling to mounting an anti-tumor

T cell response and the efficacy of anti-PD-L1 immunotherapy.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Mice

C57BL/6 (B6NTac), Rag2-/- (RAGN12), and CD45.1 (B6.SJL) mice were purchased from

Taconic. Thy1.1 (000406) mice were purchased from The Jackson Laboratory.

Autochthonous melanoma mice were bred in our facility. These mice contain a tyrosinase

driven Cre-ER, two floxed alleles of PTEN, and a lox-stop-lox BRAFV600E cassette. Their

genotype is referred to as Tyr:Cre-ER+, LSL-BrafV600E+/, Ptenfl/fl. Originally, the Tyr:Cre-

ER mice were crossed onto LSL-BrafV600E and subsequently crossed with the loxP-Pten

mouse strain. Those mice were maintained as Tyr:Cre-ER+, LSL-BrafV600E+/-, Ptenfl/fl

(Cheung, 2008; Suzuki, 1998; Dankort, 2007; Bosenberg, 2006). Mice expressing a transgene

encoding the 2C TCR were bred in our facility. Lckpr– Bcl-xL mice were a kind gift from

Dr. Alegre (Zhou, 2005). 4-1BB-/- mice were a gift from Dr. Kwon and Dr. Croft (Kwon,

2002; Lee, 2006). All mice were housed at University of Chicago in specific pathogen-free

conditions in accordance with the National Institute of Health animal care guidelines. All

experiments were approved by the Institutional Animal Care and Use Committee at The

University of Chicago and followed international guidelines.

2.2 Cell culture and inoculation

B16.F10 cells that were engineered to express the model antigen SIY (B16.SIY), MC57.SIY,

1969.SIY, and MC38 cells were cultured in DMEM supplemented with 10% FBS. To this

medium 3-(N-Morpholino)propanesulfonic acid (MOPS), beta-mercaptoethanol, penicillin

and streptomycin were added, as described (Williams, 2017). This is referred to as complete

medium. For experiments, cells were released from culture flasks with 0.05% trypsin-EDTA

(Thermo-Fisher catalogue number 25300054). Complete medium was added to quench the
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trypsin, and cells were collected into 50 mL conical tubes. Cells were centrifuged at 500

x g for 3 minutes to collect cell pellets. Cells were washed with PBS once and counted

on a hemocytometer with trypan blue staining. Cells were resuspended at a concentration

of 20x106 cells per mL in PBS. 2x106 cells in a volume of 100 microliters were inoculated

subcutaneously into the right flank of animals for experiments. For tumor measurements,

tumors were measured with digital calipers. The lengths of the longest side and the side

perpendicular to the longest side were measured. These lengths were multiplied to obtain

the tumor area.

2.3 Antibody treatments

All therapeutic and depleting antibodies were purchased from Bio X Cell (West Lebanon,

NH). 100 micrograms of α4-1BB (LOB.12.3), αCTLA-4 (UC10-4F10-11) and αPD-L1

(10F.9G2) were given intraperitoneally beginning seven days after tumor inoculation. For

tumor outgrowth assays, antibodies were given on days 7, 10, 13 and 16 after tumor inoc-

ulation. To deplete CD4-, CD8- or NK1.1-expressing cells, 250 micrograms of either αCD4

(GK1.5) or αCD8 (2.43) or αNK1.1 (PK136) were given 24 hours before tumor inoculation,

and then subsequently at seven day intervals throughout the experiment

2.4 FTY720 administration

FTY720 was purchased from Enzo Life Sciences. FTY720 was dissolved in DMSO and then

diluted in PBS before administration. 5 micrograms per mouse was given daily by oral

gavage in 100 microliters of total volume. Oral gavage of FTY720 began seven days after

tumor inoculation, and continued for the duration of the experiment.
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2.5 Flow cytometry

Fluorescently-labeled SIY-loaded pentamers were purchased from ProImmune. Fluores-

cently labeled antibodies recognizing the following molecules were used in analyses: BD

Biosciences: CD45 (30-F11), CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), BrdU (Bu20a),

Ki-67 (35/Ki-67), and active caspase-3 (C92-605); eBioscience: LAG-3 (C9B7W), 4-1BB

(17B5) Biolegend: PD-1 (RMPI-30). Thermo-Fisher: γH2AX (CR55T33). Fixable viability

dyes, including ef780, were used to gate out dead cells and were purchased from eBioscience.

Tumors, lymph nodes and spleens were physically dissociated through a 70 µM cell strainer

to generate cell suspensions. Tumor suspensions were centrifuged over a Ficoll-hypaque gra-

dient to isolate live mononuclear cells. Cell suspensions were stained with SIY pentamer,

viability dyes, and antibodies in PBS containing 1% FBS for 20 minutes at room temper-

ature. Antibody were diluted 1:200 in buffer. Viability dyes were diluted 1:500 in buffer.

SIY pentamer was diluted 1:50 in buffer. For intracellular antigens, cells were subsequently

fixed and permeabilized in FoxP3 buffer (eBioscience) for 30 minutes at room temperature,

washed, and then stained with antibodies against intracellular antigens for 30 minutes at

room temperature. For annexin V staining, cells were first stained with extracellular anti-

bodies and fixable viability dyes. Immediately before analysis, cells were stained with the

annexin V staining kit (BD Biosciences, catalog number 559763). Data was acquired us-

ing an LSRII or an LSRFortessa instrument located in the Flow Cytometry Core at the

University of Chicago. Flow cytometry data was analyzed using FlowJo Vx (Treestar).

2.6 BrdU

0.8 milligrams of BrdU (BD 555627) was given intraperitoneally 24 hours before sacrifice.

After staining extracellular antigens, cells were fixed and permeabilized with FoxP3 buffer

(eBioscience) for 30 minutes at room temperature. Cells were then resuspended in PBS with

300 micrograms per milliliter DNAse I (Roche) at 37 degrees Celsius for 1 hour. Cells were
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subsequently stained with anti-BrdU antibody at room temperature for 30 minutes.

2.7 T cell activation for adoptive transfer

Splenocytes were isolated from 2C or 2C Bcl-xL mice under sterile conditions. Single cell sus-

pensions were generated by physically dissociating spleens through a 70 micron filter. Single

cells were pelleted at 500 x g for 3 minutes. Red blood cells were lysed by resuspending the

cell pellets with Geys solution for 2 minutes while shaking or vortexing at room temperature.

The remaining cells were resuspended in complete medium and plated at 1.2 million cells per

mL onto non-tissue-culture treated 96-well plates coated with 0.2 micrograms/mL anti-CD3

and 0.5 micrograms per mL anti-CD28 antibodies. For coating the plates: the anti-CD3

antibody (clone 145-2C11) and anti-CD28 antibody (clone 37.51) were diluted in PBS to

blank 0.5 µg/mL and 0.2 µg/mL. This solution containing diluted antibodies was added to

96-well plates and incubated at room temperature for 2 hours. The antibody-containing

solution was removed and 96-well plates were incubated with a sterile 2% BSA solution for

30 minutes at room temperature. The 2% BSA solution was removed just prior to the ad-

dition of splenocytes. Splenocytes were plated on these coated 96-well plates for 72 hours.

Expanded T cells were then transferred to non-tissue-culture treated 6 well plates. Fresh

complete medium was added and cells were incubated for another 72 hours, at which point

they were activated effector cells. One million activated effector cells were then transferred

intravenously to mice with 7-day established B16.SIY tumors.

2.8 ELISPOT

A MultiScreen-IP Filter Plate, 0.45 micron (Millipore MAIPS4510) was coated with anti-

IFN-γ antibody (BD Biosciences 552569) diluted in sterile PBS at 4 degrees Celcius overnight.

The next day, the coating solution was removed under sterile conditions and complete

medium was used to block non-specific protein binding for at least 2 hours at room temper-
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ature. Splenocytes from nave, tumor-challenged non-treated, or tumor-challenged,

immunotherapy-treated mice were harvested 10 days after tumor inoculation under sterile

conditions. Single cell suspensions were prepared by physical dissociation of spleens through

a 70 micron filter. 1x106 splenocytes were added per well into the coated 96 well plate.

Cells were either left un-stimulated, stimulated with 160nM SIY-peptide (SIYRYYGL), or

stimulated with PMA (100 ng/ml) and Ionomycin (1 µg/ml) as positive control. After a 24

hour culture period, IFN-γ production was assessed according to manufacturers instructions

(BD Biosciences 552569).

2.9 Sorting CD8+ TIL for RNA isolation, quantitation PCR,

and gene expression profiling

Tumors were physically dissociated through a 70 micron cell strainer to generate a cell sus-

pension which was washed several times and then centrifuged over a Ficoll gradient. The

isolated mononuclear cells were magnetically separated and positively selecting those ex-

pressing CD8 (Miltenyi). After staining with fluorescently labeled antibodies against CD3,

CD4 and CD8, the selected cells were sorted, with the CD3+ CD4- CD8+ cells being sorted

directly into RLT buffer (Qiagen). RNA was isolated with RNeasy micro columns (Qia-

gen), reverse transcribed with the High Capacity cDNA Reverse Transcription kit (Applied

Biosystems), and qPCR was performed using Taqman probes for 18s and IL-2 (Applied

Biosystems). Polymerase chain reaction parameters were 1) 50C 2 min, 1 cycle, 2) 95◦ C

10 min, 1 cycle, 3) 95◦C 15 seconds → 60◦C 30 seconds → 72◦C 30 seconds, 40 cycles,

4) 72◦C 10 min, 1 cycle. For gene array analysis, purified RNA was transferred to the

Functional Genomics Facility at the University of Chicago for analysis. RNA integrity and

concentration were assessed using an Agilent Bioanalyzer 2100, and all RNA samples used

for microarray analysis had an RNA Integrity Number > 9.0. Total RNA was processed into

biotinylated cRNA using the Epicentre TargetAmp 2-Round Biotin-cRNA Amplification Kit

24



3.0 (TAB2R71024). The cRNA was hybridized to Illumina MouseRef8v2 arrays using Illu-

mina provided protocols and scanned using an Illumina HiScan. Quantile normalized and

background subtracted values were subsequently analyzed using Excel, R, and Illustrator.

Genes whose expression value was under 10 were removed from the analysis.

2.10 Bone marrow chimeras

Recipient mice were irradiated with two doses or irradiation separated by 3 hours. The first

dose was 500 cGy and the second dose was 550 cGy. The following day, bone marrow from

donor mice was isolated. Mice were euthanized and the legs removed under sterile conditions.

Tissue was removed to reveal the leg bones. Bones were separated and cleaned of remaining

tissue. Femurs and tibias were either flushed with sterile PBS to remove the marrow, or

crushed in a sterile mortar and pestle. Marrow was resuspended by vortexing or pipetting

and filtered through a 70 micron filter. Bone marrow mononuclear cells were counted with

a hemocytometer. Donor cells were resuspended to approximately 50x106 mononuclear cells

per mL in sterile PBS. Approximately 5x106 cells were injected intravenously to irradiated

mice in a total volume of 100 microliters via the tail vein. Mice were allowed to reconstitute

for at least 6 weeks before experiments.

2.11 Splenocyte transfer to RAG2-/- mice

Spleens of donor mice were isolated under sterile conditions. Single cell suspensions were

made by physical dissociation through a 70 micron filter. Sterile PBS was used to collect

cells. Cells were centrifuged at 500 x g for 3 minutes to collect cell pellets. Red blood cells

were lysed by resuspending the cell pellets with Geys solution for 2 minutes while shaking or

vortexing at room temperature. Remaining splenocytes were counted with a hemocytometer.

Splenocytes were reusupended at approximately 50x106 cells per mL. Approximately 5x106

splenocytes in a volume of 100 microliters were injected intravenously to RAG2-/- mice via
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the tail vein. Mice were allowed to reconstitute for at least 6 weeks before being used for

experiments.

2.12 Statistics

GraphPad Prism was used to compute all statistical tests. Data represent mean +/- SEM.

Statistical significance was calculated with Mann-Whitney U tests, Kruskal-Wallis tests, or

Two-Way ANOVA with Bonferroni correction, as appropriate. *P <0.05, **P < 0.01, ***P

< 0.001, ****P < 0.0001.
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CHAPTER 3

RESULTS

3.1 Expression of inhibitory and costimulatory receptors on

CD8+ TIL

Tumor-infiltrating CD8+ T cells express multiple inhibitory and costimulatory receptors

(Speiser, 2016; Williams, 2017). One of these costimulatory receptors is 4-1BB, the activation

of which can improve immune-mediated tumor control (Melero, 1997). To begin to explore

the potential therapeutic mechanism of 4-1BB stimulation, we utilized a model in which

B16 melanoma cells were transduced to express the model antigen SIYRYYGL (B16.SIY)

was implanted subcutaneously into syngeneic C57BL/6 mice. This model enables tracking

of antigen-specific CD8+ T cell responses using peptide-MHC multimers, antigen-specific

ELISPOT assays, and adoptive transfer of 2C TCR transgenic T cells specific for this antigen

(Udaka, 1996). FACS analysis showed upregulation of inhibitory receptors CTLA-4 and PD-

1, as well as 4-1BB on subsets of CD8+ TIL in B16.SIY tumors (Figure 3.1A and 3.1B).

We have previously shown that blockade of CTLA-4 and PD-L1 works by reinvigorating the

CD8+ T cells already within the tumor at the time of treatment (Spranger, 2014). Therefore

we hypothesized that agonist 4-1BB antibodies might also work directly on tumor-infiltrating

CD8+ T cells.

3.2 Agonist anti-4-1BB antibody synergizes with blockade of

either CTLA-4 or PD-L1 to promote potent tumor

regression in vivo

As we had found that CTLA-4 and PD-1 (Figure 3.1A and 3.1B) were expressed on CD8+

T cells infiltrating B16.SIY tumors that express 4-1BB, we evaluated whether agonist 4-

1BB would synergize with blockade of either CTLA-4 or PD-L1 to promote B16.SIY tumor
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Figure 3.1: CD8+ TIL express both inhibitory and costimulatory receptors
FACS plots showing expression of (A) 4-1BB and CTLA-4 or (B) 4-1BB and PD-1 on CD8+

TIL isolated from B16.SIY tumor-bearing C57BL/6 mice.
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control. Consistent with previous studies (Melero, 1997), we found that agonist anti-4-1BB

alone provided some therapeutic effect compared to the untreated group (Figure 3.2A and

3.2B). Importantly, blockade of either CTLA-4 or PD-L1 combined with an agonistic anti-4-

1BB antibody significantly enhanced tumor control compared to any single treatment arm

(Figure 2A and 2B). Similarly potent tumor regression was seen in the MC38 tumor model

with combination treatments (Figure 3.2C and 3.2D). Thus, agonist anti-4-1BB therapy can

further enhance the benefits of neutralizing antibodies against CTLA-4 and the PD-1/PD-L1

axis.

3.3 Efficacy of anti-4-1BB combination plus blockade of either

CTLA-4 or PD-L1 is dependent on CD8+ T cells, but not

CD4+ T cells or natural killer (NK) cells

NK cells have been shown to participate in tumor control in syngeneic mouse models and

human xenograft models treated with an agonist 4-1BB antibody (Melero, 1998; Wilcox,

2002), and more recently in combination therapies with an agonist 4-1BB antibody (Kohrt,

2011; Kohrt, 2012; Kohrt, 2014). To evaluate if NK cells were necessary for tumor control

in the syngeneic B16.SIY model, we treated RAG2-/- mice, which lack B and T cells but

contain NK cells, bearing B16.SIY tumors with agonist 4-1BB combined with either CTLA-4

or PD-L1 blockade. However, no anti-tumor effect was observed, arguing for dependence on

adaptive immunity for tumor control (Figure 3.3A). To test whether NK cells were necessary

in the context of an otherwise functional adaptive immune system, we depleted NK cells

from WT mice. Depletion of NK cells did not interfere with the efficacy of anti-4-1BB

combination immunotherapies (Figure 3.3B). To determine whether T cells were required,

CD4+ or CD8+ cells were depleted prior to tumor inoculation, and the therapeutic antibodies

were administered. CD4+ cell depletion had no detrimental effect on tumor control after

immunotherapy (Figure 3.4A), and in fact resulted in better tumor control compared to
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Figure 3.2: Agonist anti-4-1BB synergizes with blockade of either CTLA-4 or
PD-L1 to promote potent B16.SIY tumor regression in vivo
C57BL/6 mice were subcutaneously inoculated with 2x106 B16.SIY cells. Tumors were
established for seven days, then cohorts were treated with either single antibodies against
4-1BB, CTLA-4, or PD-L1, or combinations of anti-4-1BB + anti-CTLA-4 (A) or anti-4-1BB
+ anti-PD-L1 (B). Antibodies were given intraperitoneally on days 7, 10, 13 and 16 post-
tumor injection. Each mouse received 100 µg of each indicated antibody at each time point.
Data are pooled from two individual experiments each with n = 5 mice per cohort. 2-way
ANOVA with a Bonferroni correction was performed to determine statistical significance. No
Treatment and anti-4-1BB curves are the same between (A) and (B). (C and D) C57BL/6
mice were subcutaneously inoculated with 2x10textsuperscript6 MC38 cells. Tumors were
established for seven days, then cohorts were treated with either single antibodies against
4-1BB, CTLA-4, or PD-L1, or combinations of anti-4-1BB + anti-CTLA-4 (C) or anti-4-
1BB + anti-PD-L1 (D). Antibodies were given intraperitoneally on days 7, 10, 13 and 16
post-tumor injection. Each mouse received 100 µg of each indicated antibody at each time
point. Data are pooled from 2 individual experiments each with n=5 mice per cohort. 2-way
ANOVA with a Bonferroni correction was performed to determine statistical significance.
No Treatment and anti-4-1BB curves are the same between (C) and (D).
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isotype control-treated mice, most likely due to the depletion of CD4+ regulatory T cells as

has been seen in previous studies (Bos, 2013). However, these mice still had increased tumor

control upon immunotherapy, indicating that they were still able to respond to combination

immunotherapy despite increased baseline tumor control (Figure 3.4A). CD8+ cell depletion

completely abrogated tumor control, indicating a requirement for CD8+ T cells for efficacy

of agonist anti-4-1BB combination immunotherapy (Figure 3.4B). Taken together with our

previous results, 4-1BB-based immunotherapy depends on CD8+ T cells for enhanced tumor

control.

3.4 Blockade of CTLA-4 or PD-L1 combined with anti-4-1BB

immunotherapy generates immunologic memory that

requires CD4+ T cells during rejection of the initial tumor

Several mice rejected their tumors completely with combination immunotherapy. Therefore

we investigated whether these mice had generated protective immunological memory against

tumor antigens. We compared tumor outgrowth of nave mice challenged with B16.SIY to out-

growth of B16.SIY in mice treated with combination immunotherapy that had rejected their

tumors greater than 8 weeks previously. Secondary tumors were completely rejected in the

vast majority of mice (6/7 for anti-4-1BB + anti-PD-L1, 4/4 for anti-4-1BB + anti-CTLA-

4), suggesting that tumor antigen-specific CD8+ T cells persisted and remained functional

for long periods of time after immunotherapy (Figure 3.5A). Consistent with this notion, re-

challenged mice also had expanded populations of detectable SIY-reactive CD8+ T cells in

their spleens as measured by IFN-γ ELISPOT (Figure 3.5B). Several mice depleted of CD4+

cells also completely rejected their tumors. We compared tumor outgrowth of B16.SIY tu-

mors in mice that had rejected their tumors over 8 weeks previously, and had either received

antibody mediated depletion of CD4+ cells or received isotype control antibody. Mice nave

to B16.SIY served as control. Mice that rejected their tumors in the setting of CD4 deple-
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Figure 3.3: Efficacy of anti-4-1BB combination plus blockade of either CTLA-4
or PD-L1 is not dependent natural killer (NK) cells

(A) RAG2-/- or wild type (WT) mice were innoculated subcutaneously with 2x106 B16.SIY
cells. Mice were treated with 100 µg of each therapeutic antibody on days 7, 10, 13 and 16
post tumor injection. RAG-/- NT n = 9, RAG-/- anti-4-1BB + anti-CTLA-4 n = 3, RAG-/-

anti-4-1BB + anti-PD-L1 n = 4, WT no treatment n = 8, WT anti-4-1BB + anti-CTLA-4 n
= 3, WT anti-4-1BB + anti-PD-L1 n = 5. No Treatment curves in (A) are the same between
both panels. (B) C57BL/6 mice were given 250 µg of a depleting anti-NK1.1 antibody 24
hours before subcutaneous injection of 2x106 B16.SIY, and weekly thereafter for the duration
of the experiment. Mice were treated with 100 µg of each therapeutic antibody on days 7,
10, 13 and 16 post tumor injection. n = 4-5 for each cohort. No Treatment curves in (B)
are the same in each panel.
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Figure 3.4: Efficacy of anti-4-1BB combination plus blockade of either CTLA-4
or PD-L1 is dependent on CD8+ T cells but not on CD4+ T cells
(A) Mice were given 250 µgrams of a depleting anti-CD4 antibody 24 hours before subcuta-
neous injection of 2x106 B16.SIY, and weekly thereafter for the duration of the experiment.
Mice were treated with 100 µgrams of each therapeutic antibody on days 7, 10, 13 and 16
post tumor innoculation. Data are pooled from 2 experiments, each with n = 4-5 mice per
cohort. No Treatment curves in (A) are the same in the two panels. (B) Mice were given 250
µgrams of a depleting anti-CD8 antibody 24 hours before subcutaneous injection of 2x106

B16.SIY cells, and weekly thereafter for the duration of the experiment. Mice were treated
with 100 µgrams of each therapeutic antibody on days 7, 10, 13 and 16 post tumor injection.
Data are pooled from 2 experiments, each with n = 4-5 per cohort. No Treatment curves in
(B) are the same between the two panels.
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tion did not form protective memory to a secondary challenge of B16.SIY (Figure 3.5C).

These results suggest that CD4+ cells were not required for rejecting the primary tumor,

but played a role in forming protective immunologic memory.

3.5 Agonist 4-1BB plus neutralizing CTLA-4 or PD-L1

antibodies expand antigen-specific CD8+ T cells in lymphoid

tissues and within the tumor microenvironment

Our previous work revealed that combined CTLA-4 and PD-L1 blockade acts primarily on

CD8+ T cells in the tumor microenvironment (Spranger, 2013). As agonist anti-4-1BB

combination immunotherapies were dependent on CD8+ T cells for tumor control, we inves-

tigated whether 4-1BB agonist antibody combined with either CTLA-4 or PD-L1 blockade

expanded CD8+ T cells in the tumor microenvironment, in secondary lymphoid tissues, or

both. Seventy-two hours after one antibody dose (Day 10 post tumor inoculation), the anti-

4-1BB antibody cohort and the combination immunotherapy cohorts had increased numbers

SIY-specific, IFN-γ-producing T cells in the spleen, as measured by IFN-γ ELISPOT (Fig-

ure 3.6A). Flow cytometry with SIY-Kb pentamers at the same time point revealed an

increased frequency of splenic SIY-reactive CD8+ cells in the combination immunotherapy

groups (Figure 3.6B and 3.6D) as well as within tumor-draining lymph nodes and the tumor

microenvironment (Figures 3.6C and 3.6E). These increases were seen at all interrogated

anatomic locations after the combination immunotherapies, with only slight increases being

observed in the single treatment cohorts (Figures 3.6C-3.6E). Similar results were obtained

when analyzing the absolute numbers of SIY-reactive CD8+ T cells in the tumor-draining

lymph nodes, spleens, and tumors (Figures 3.6F-3.6H). A more detailed kinetic analysis was

also performed. We found marked expansion of SIY-reactive CD8+ T cells in the tumor-

draining lymph nodes and spleens that peaked at Day 13 post-tumor inoculation with both

combination immunotherapies (Figures 3.7A and 3.7B). We also found significant increases
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Figure 3.5: Complete tumor regression after anti-4-1BB combination im-
munotherapy generates immunologic memory that is dependent on CD4+ cells
(A) C57BL/6 mice that were either nave to B16.SIY or had rejected primary B16.SIY tumors
from treatment with immunotherapy were challenged subcutaneously with 2x106 B16.SIY
cells. Data are pooled from 2 independent experiments. Nave n=7, anti-4-1BB + anti-
CTLA-4 n=4, anti-4-1BB + anti-PD-L1 n=7. (B) Mice were either nave, had been chal-
lenged subcutaneously with 2x106 B16.SIY cells seven days previously, had rejected primary
B16.SIY tumors, or had rejected a secondary B16.SIY tumor. Mice were sacrificed and
their splenocytes were used to perform an IFN-γ ELISPOT in response to SIY peptide.
(C) C57BL/6 mice that were either nave to B16.SIY, had rejected primary B16.SIY tumors
from treatment with immunotherapy plus isotype control antibody, or had rejected primary
B16.SIY tumors from treatment with immunotherapy plus anti-CD4 depleting antibody,
were challenged with 2x106 B16.SIY cells. Data are pooled from 2 independent experiments.
Nave n=2, anti-PD-L1 + anti-4-1BB + isotype control n = 1, anti-4-1BB + anti-CTLA-4
+ anti-CD4 n=2, anti-4-1BB + anti-PD-L1 n=5.
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Figure 3.6: Agonist 4-1BB plus neutralizing CTLA-4 or PD-L1 antibodies ex-
pand antigen specific CD8+ T cells in lymphoid tissues and within the tumor
microenvironment
C57BL/6 mice were inoculated with 2x106 B16.SIY cells, given immunotherapy on day 7,
and sacrificed on day 10. (A) Splenocytes were analyzed for IFN-γ production via ELISPOT.
n=10, except “naive” where n=6. Statistical comparisons are made to the No Treatment
group using 2-way ANOVA. (B) FACS plots from (A). Flow cytometry was used to detect
the frequency (C-E) and number (F-H) of SIY-reactive CD8+ cells in multiple anatomic
locations in mice from (A). Statistical comparisons are made to the “No Treatment cohort
using Kruskal-Wallis one-way ANOVA.
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of SIY-reactive CD8+ T cells within tumors, with the increase after anti-4-1BB + anti-PD-

L1 peaking at Day 13 post tumor injection, earlier than after anti-4-1BB + anti-CTLA-4

(Figure 3.7C). The increase in specific CD8+ cells in the tumor-draining lymph nodes prior

to the tumor site led us to question whether the efficacy of agonist anti-4-1BB combination

immunotherapy mainly enhanced the priming of SIY-reactive CD8+ T cells in lymphoid

tissues that subsequently migrated to the tumor to promote tumor regression.

3.6 Tumor rejection is driven by tumor-infiltrating T cells

present in the tumor before immunotherapy begins

In order to determine if tumor regression after agonist 4-1BB combination immunother-

apy was dependent on the arrival of recently primed T cells from tumor-draining lymph

nodes, we used the S1P1 receptor agonist FTY720, which inhibits T cell egress from lymph

nodes (Pinschewer, 2000; Brinkmann, 2002; Mandala, 2002; Matloubian, 2004). We inoc-

ulated mice with B16.SIY tumor cells and waited seven days for tumors to establish, to

allow anti-tumor T cell priming and infiltration into tumors. Beginning seven days post

tumor inoculation, mice were treated with FTY720 in order to prevent egress of T cells

from lymph nodes into the tumor. Thus, only T cells already present within the tumor

microenvironment prior to FTY720 treatment would be available to mediate anti-tumor ef-

fects. Despite the significant T cell expansion in tumor-draining lymph nodes during agonist

4-1BB combination immunotherapy, tumor control was completely preserved with concomi-

tant FTY720 administration (Figure 3.8A). Despite the absence of circulating T cells during

FTY720 administration (Figure 3.8B), we found an increased number of SIY-reactive CD8+

TIL during immunotherapy (Figure 3.8C). These results suggested that tumor control after

4-1BB combination immunotherapy resulted from effects on T cells already within the tumor

microenvironment.
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Figure 3.7: Agonist 4-1BB plus neutralizing CTLA-4 or PD-L1 antibodies ex-
pand the number of antigen specific CD8+ T cells in lymphoid tissues and within
the tumor microenvironment
The tumor draining lymph nodes (A), spleens (B), and tumors (C) from C57BL/6 mice in-
noculated subcutaneously with 2x106 B16.SIY were analyzed using flow cytometry to detect
and enumerate SIY-reactive CD8+ cells on day 10, 13 and 16. Immunotherapy began on
day 7 post tumor injection and continued until mice were sacrificed. Data are pooled from 2
independent experiments with n=5 for each cohort per experiment. Statistical comparisons
were made with 2-way ANOVA with a Bonferroni correction.
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Figure 3.8: 4-1BB combination immunotherapy leads to tumor regression and
CD8+ TIL accumulation through an intratumoral process
C57BL/6 mice were inoculated subcutaneously with 2x106 B16.SIY cells. Tumors were
established for 7 days, at which point daily oral administration of FTY720 was begun. Mice
received immunotherapy intraperitoneally on days 7, 10, 13 and 16 post tumor injection.
The day 7 treatments were given at least 2 hours after FTY720 administration began. (A)
B16.SIY tumor outgrowth curves, n = 10. 2-way ANOVA with a Bonferroni correction.
No Treatment curves are the same between the two panels. (B) Whole blood from mice
from (A) was analyzed at the endpoint of the experiment for circulating CD3+ cells using
flow cytometry. (C) Mice received immunotherapy intraperitoneally on days 7 and 10 post
tumor injection, and were analyzed on day 13. The accumulation of SIY-reactive CD8+ TIL
was analyzed with flow cytometry, n = 15, One-way ANOVA was performed to determine
statistical significance.
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3.7 Agonist 4-1BB plus neutralizing CTLA-4 or PD-L1

antibodies increases CD8+ tumor-infiltrating T cell numbers

through reduced apoptosis

As CD8+ TIL accumulation was not due to new influx of peripheral T cells (Figure 3.8C),

we reasoned that either increased proliferation or decreased apoptosis might be responsi-

ble for this expansion. To assess proliferation in situ, we pulsed mice with BrdU 24 hours

before sacrifice and measured BrdU incorporation into CD8+ T cells by flow cytometry.

In tumor-draining lymph nodes and the spleens, a large increase in CD8+ T cell prolifer-

ation was observed following 4-1BB combination immunotherapy, consistent with induced

expansion of SIY specific CD8+ T cells in these locations (Figure 3.9A and 3.9B). However,

immunotherapy did not alter the proliferation of CD8+ T cells within the tumor microen-

vironment (Figure 3.9C). We therefore performed a time course of CD8+ TIL BrdU incor-

poration. While there was little BrdU incorporation seven days post tumor injection, we

observed consistent BrdU incorporation by TIL between days 10 21 post tumor injection.

Incorporation of BrdU was significantly greater in the TIL than in the spleen, indicating

that TIL were being constantly driven to proliferate in the tumor microenvironment (Fig-

ure 3.10). To analyze antigen-specific TIL, we used Kb/SIY pentamers. Unfortunately,

the BrdU staining interfered with the detection of pentamer-reactive cells. Previously, we

found that expression of the surface receptors LAG-3 and 4-1BB identifies antigen-specific

TIL (Williams, 2017), therefore we phenotyped TIL for LAG-3 and 4-1BB while measuring

BrdU incorporation (Figure 11A). The subpopulations of TIL expressing LAG-3 were the

most actively proliferating (Figure 11B), suggesting that antigen-specific TIL were prolifer-

ating within the tumor microenvironment during tumor progression. Consistent with our

previous finding that this surface phenotype enriches for antigen specificity, a vast majority

of SIY-reactive TIL expressed LAG-3, or LAG-3 and 4-1BB (Figure 11C), and conversely the

PD-1+LAG-3+4-1BB+ population was highly enriched for SIY-reactive TIL (Figure 3.11D).
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Figure 3.9: Agonist anti-4-1BB plus neutralizing anti-CTLA-4 or anti-PD-L1
antibodies increases CD8+ T cell proliferation in secondary lymphoid tissues
but not the tumor microenvironment
C57BL/6 mice were inoculated subcutaneously with 2x106 B16.SIY cells and treated with
immunotherapy beginning on day 7 after tumor cell injection. 0.8 mg of BrdU per mouse was
administered intraperitoneally 24 hours before sacrifice of each cohort. On day 10, 13, or 16
after tumor cell injection the tumor draining lymph nodes, spleens, and tumors of mice were
analyzed using flow cytometry to detect and enumerate the CD8+ T cells with incorporated
BrdU. Data are pooled from 2 independent experiments with n=5 mice per cohort for each
experiment. 2-way ANOVA was used to compare statistical differences between cohorts.
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Figure 3.10: CD8+ T cells proliferate in the tumor microenvironment without
immunotherapy
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY tumor cells on day 0 and
sacrificed at the indicated time points. One day prior to sacrifice, mice were injected in-
traperitoneally with 0.8 mg BrdU. Spleens and tumors of mice were analyzed via flow cy-
tometry for BrdU incorporation in CD8+ T cells. 2-way ANOVA with a Bonferroni correction
was performed to determine statistical significance, n = 10 per time point.
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To determine proliferation of antigen-specific TIL directly, we analyzed Ki-67 expression as

an alternative indicator of proliferation, as Ki-67 staining was compatible with SIY staining.

Nearly all SIY-reactive TIL expressed Ki-67 at every time point analyzed (Figure 11E).

The LAG-3-expressing populations remained the most proliferative subset of TIL over

the course of tumor outgrowth (Figure 3.12A). This phenotype was consistent over all time

points analyzed (Figure 3.12B), indicating that these antigen-specific TIL proliferate for the

duration of tumor outgrowth. Despite this constant proliferative rate of TIL, there was

no statistically significant accumulation of TIL or SIY-reactive TIL over the time points

analyzed (Figure 3.13A and 3.13B). Therefore, some other process was restraining TIL ac-

cumulation despite constant proliferation.

Since tumor-specific CD8+ T cells were actively proliferating but were not accumulating

over time, we measured rates of TIL apoptosis. Caspase-3 is activated via cleavage during

apoptosis, and it has been demonstrated that effector T cells containing active caspase-3 are

undergoing cell death (Martin, 1996; Garrod, 2012). Therefore, we utilized flow cytometry

to detect intracellular active caspase-3. We found that at day 13 post tumor injection, a

large fraction of TIL and SIY-reactive TIL contained active caspase-3 within the tumor but

not in the spleen (Figure 3.14A). To test if apoptosis of TIL occurred in non-transplantable

tumor settings, we used an autochthonous, inducible B-RafV600E/PTEN-/- melanoma model.

CD8+ T cells within B-RafV600E/PTEN-/- melanomas also underwent apoptosis (Figure

3.14B) (Spranger, 2015). Thus, CD8+ T cell apoptosis occurs specifically in the tumor

microenvironment of tumor models with very different developmental origins and latency

times.

In order to better understand the relationship between TIL phenotype, proliferation,

and apoptosis, we performed a phenotypic analysis of CD8+ TIL. TIL co-expressing LAG-

3 and 4-1BB showed the highest rate of apoptosis (Figure 3.14C), which suggested that

antigen-specific TIL were simultaneously proliferating and dying. This result suggested

that the acquisition of this phenotype in the tumor environment was associated with high
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Figure 3.11: Antigen-specific CD8+ T cells proliferate in the tumor microenvi-
ronment
(A) Representative FACS plots of PD-1, LAG-3, and 4-1BB expression on CD8+ TIL iso-
lated from B16.SIY tumors. (B) Analysis of TIL for the incorporation of BrdU on day
13, combined with phenotyping for the expression of PD-1, LAG-3 and 4-1BB. One-way
ANOVA, n = 10. (C) and (D) TIL were stained with SIY pentamer and analyzed for the
expression of PD-1, LAG-3, and 4-1BB on day 13 post tumor injection, n = 5, one-way
ANOVA. (E) Tumors of mice bearing B16.SIY tumors for 13 days were analyzed for SIY
pentamer-reactive cells and Ki-67 expression via flow cytometry, day 7 n = 8, day 13 n =
10, day 21 n = 5. Two-way ANOVA.
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Figure 3.12: Time course of CD8+ TIL phenotype and proliferation
(A) Time course of CD8+ TIL BrdU incorporation by CD8+ TIL expressing PD-1, LAG-3,
or 4-1BB. Day 7 n = 5, day 10 n = 10, day 13 n = 10, day 16 n = 10, day 21 n = 5. (B)
Time course of PD-1, LAG-3, and 4-1BB phenotypes of CD8+ and SIY-reactive CD8+ TIL.
Day 7 n = 8, day 10 n = 10, day 13 n = 10, day 16 n = 5, day 21 n = 10.
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rates of proliferation and apoptosis. Direct measurement of active caspase-3 in SIY-reactive

TIL revealed similar patterns of increased apoptosis in LAG-3+4-1BB+ cells (Figure 14D).

Antigen-specific TIL were therefore undergoing both proliferation and apoptosis in the tumor

microenvironment.

We also stained TIL with annexin V and a cell-impermeable viability dye to measure

different stages of apoptosis. The LAG-3+4-1BB+ population contained decreased numbers

of non-apoptotic, annexin V- cells, and far more cells in later stages of apoptosis that were

annexin V+ and ef780+ (Figure 3.14E). This result was important, as it confirmed that the

eventual fate of LAG-3+4-1BB+ TIL was indeed death.

Both proliferating and dying TIL were LAG-3+4-1BB+, suggesting that the same TIL

were undergoing both proliferation and apoptosis. To directly confirm this, we measured

active caspase-3 and Ki-67 expression in TIL and SIY-reactive TIL. Active caspase-3 was

highest among TIL that were Ki-67+, directly indicating that apoptosis of proliferating

cells was occurring (Figure 3.14F). Antigen-specific TIL were therefore trapped in a cycle of

proliferation and apoptosis that potentially limited TIL accumulation and immune-mediated

tumor destruction.

Caspase-3 staining of CD8+ T cells was consistent throughout tumor growth (Figure

15A). LAG-3+4-1BB+ TIL maintained the highest rates of apoptosis over time (Figure

3.15B), even at the earliest time points analyzed.

Interestingly, following anti-4-1BB combination immunotherapy, there was a striking de-

crease in the fraction of apoptotic CD8+ T cells, both in the overall population and within

the SIY-reactive subset (Figure 3.16A and 3.16B). Together, these results indicate that the

accumulation of CD8+ TIL after anti-4-1BB combination immunotherapy was not a result

of increased proliferation, but rather due to decreased apoptosis. Analysis of cohorts treated

with only single monoclonal antibodies revealed that the increased survival of CD8+ TIL was

mediated primarily by the agonist anti-4-1BB antibody. Only this cohort had a statistically

significantly reduced fraction of SIY-reactive CD8+ TIL containing active caspase-3,
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Figure 3.13: Time course of CD8+ TIL accumulation in B16.SIY tumors
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY tumor cells on day 0 and
sacrificed at the indicated time points. Flow cytometry was used to enumerate the total
numbers of CD8textsuperscript+ TIL (A) and SIY-reactive CD8+ TIL (B).
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Figure 3.14: CD8+ T cells undergo apoptosis in the tumor microenvironment
(A) Tumors and spleens from B16.SIY-bearing mice were analyzed on day 13 for the presence
of active caspase-3 via flow cytometry. Two-way ANOVA with a, n = 15. (B) Spleens and
tumors from an autochthonous melanoma model were analyzed for active caspse-3. Mann-
Whitney U test, n = 8. (C) TIL and (D) SIY-reactive TIL from B16.SIY tumor-bearing mice
were analyzed for active caspase-3 as in (A) and for expression of PD-1, LAG-3 and 4-1BB
via flow cytometry. One-way ANOVA, n = 29. (E) TIL from B16.SIY were analyzed for
PD-1, LAG-3, and 4-1BB, as well as binding to Annexin V and Fixable Viability Dye eFluor
780, n = 10. Two-way ANOVA. The indicated statistical differences are compared to the
PD-1+LAG-3+4-1BB+ populations. (F) TIL B16.SIY tumors were analyzed for Ki-67 and
active caspase-3 via flow cytometry, n=10. Two-way ANOVA with a Bonferroni correction.
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Figure 3.15: Time course of active caspase-3 and phenotype of CD8+ TIL and
SIY-reactive CD8+ TIL
(A) Time course of active caspase-3 in CD8+ and SIY-reactive CD8+ TIL as measured by
flow cytometry. Day 7 n = 8, day 13 n = 30, day 21 n = 5. 2-way ANOVA with a Bonferroni
correction was used to determine statistical significance. (B) Time course of active caspase-3
in CD8+ TIL expressing PD-1, LAG-3, or 4-1BB. Day 7 n = 3, day 13 n = 29, day 21 n =
5.
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and a corresponding increase in the number of SIY-reactive CD8+ TIL (Figure 3.17A and

3.17B). Anti-PD-L1 showed a slight but not statistically significant reduction in caspase-3

levels in SIY-reactive TIL, while anti-CTLA-4 had negligible effects on SIY-reactive TIL

caspase-3 activation (Figure 3.17A). Similarly, anti-PD-L1 showed a slight but not statisti-

cally significant increase in SIY-reactive TIL number, and anti-CTLA-4 alone had negligible

effects on SIY-reactive TIL number (Figure 3.17B). Thus, the agonist anti-4-1BB antibody

appears to drive increased survival of tumor antigen-specific CD8+ TIL culminating in their

accumulation in the tumor microenvironment.

3.8 Decreased CD8+ TIL apoptosis leads to increased TIL

accumulation and tumor control

We wished to determine if there was a relationship between apoptosis, accumulation of CD8+

TIL, and immune-mediated tumor control in an immunotherapy-free context. We began by

studying TIL apoptosis in syngeneic, regressor tumor cell lines MC57.SIY and 1969.SIY.

These spontaneously rejected tumors allowed a comparison of TIL apoptosis in progressing

versus regressing tumors. Seven days following tumor inoculation, we measured SIY-reactive

TIL abundance in MC57.SIY, 1969.SIY, or B16.SIY tumors. When compared to progressing

B16.SIY tumors, a much larger expansion of SIY-reactive TIL was observed in MC57.SIY

and 1969.SIY tumors (Figure 3.18A). Interestingly, this expansion did not appear to be the

result of changes in proliferation, as the Ki-67+ fraction of T cells was similar (Figure 3.18B).

However, apoptosis was only observed among TIL from B16.SIY progressing tumors (Figure

3.18C). These results indicate that spontaneous TIL apoptosis is a feature of progressing

and not regressing tumors.

To modulate apoptosis in T cells, we used a transgenic Lckpr - Bcl-xL mouse that over-

expresses Bcl-xL in T cells (Bcl-xL mice). Bcl-xL mice challenged with B16.SIY tumors

had significantly reduced apoptosis of CD8+ TIL (Figure 3.19A), and an increase in the
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Figure 3.16: Anti-4-1BB combination immunotherapy decreases CD8+ TIL
apoptosis
(A) C57BL/6 mice were inoculated subcutaneously with 2x106 B16.SIY cells and treated
with immunotherapy on day 7 and day 10 post tumor cell injection. On day 13 after tu-
mor cell injection the tumors were analyzed using flow cytometry to detect CD8+ T cells
for the presence of active capase-3 via flow cytometry No Treatment n=19, anti-4-1BB +
anti-CTLA-4 n=20, anti-4-1BB + anti-PD-L1 n=18. One-way ANOVA with a Bonferroni
correction was performed to determine statistical significance. (B) As in (A), but CD8+

TIL were analyzed for the presence of active capase-3 and SIY-reactivity via flow cytometry.
No Treatment n=13, anti-4-1BB + anti-CTLA-4 n=15, anti-4-1BB + anti-PD-L1 n=14.
One-way ANOVA was performed to determine statistical significance.
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Figure 3.17: Decreased CD8+ TIL apoptosis is mostly driven by anti-4-1BB
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY cells on day 0. Mice were
treated with 100 µgrams anti-4-1BB, anti-PD-L1, or anti-CTLA-4 on days 7 and 10, and
analyzed on day 13 via flow cytometry to enumerate SIY-reactive CD8+ TIL and the fraction
of CD8+ TIL that contained active caspase-3. No Treatment n = 8, anti-CTLA-4 n = 8, anti-
PD-L1 n = 7, anti-4-1BB n = 8. One-way ANOVA was performed to determine statistical
significance.
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Figure 3.18: Spontaneous tumor rejection is associated with decreased CD8+

TIL apoptosis
(A) C57BL/6 mice were injected with 2x106 B16.SIY, 2x106 MC57.SIY, or 2x106 1969.SIY
cells on day 0. On day 7, mice were sacrificed and analyzed for SIY-reactive CD8+ TIL
via flow cytometry. One-way ANOVA was performed to determine statistical significance,
B16.SIY n=5 MC57.SIY and 1969.SIY n=10. (B) Similar conditions to (A) Ki-67 expression
of SIY-reactive CD8+ TIL is shown. One-way ANOVA was performed to determine statis-
tical significance, B16.SIY n=5 MC57.SIY and 1969.SIY n=10. (C) As in (A), the fraction
of SIY-reactive cells with active caspase-3 is shown. One-way ANOVA was performed to
determine statistical significance, B16.SIY n=5 MC57.SIY and 1969.SIY n=10.
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number of infiltrating CD8+ TIL (Figure 3.19B). However, these mice paradoxically had a

reduced percentage of SIY-reactive CD8+ TIL (Figure 3.19C), suggesting that Bcl-xL was

enabling expansion or survival of T cells having non-SIY specificities. In order to restrict

Bcl-xL expression to tumor antigen-specific CD8+ T cells, we crossed Bcl-xL mice to 2C

TCR transgenic mice, whose T cells express the 2C TCR that recognizes the SIY peptide in

the context of Kb (2C Bcl-xL mice). Splenic T cells from either 2C or 2C Bcl-xL mice were

activated in vitro with αCD3/αCD28 antibodies to generate primed effector cells, then were

transferred (1 x 106 cells per mouse) intravenously to mice bearing seven-day established

B16.SIY tumors. Bcl-xL expression in 2C T cells resulted in significantly improved tumor

control than wild type 2C cells, indicating that inhibiting effector T cell apoptosis is sufficient

for more effective immune-mediated tumor destruction in vivo (Figure 3.19D).

3.9 CD8+ TIL accumulate DNA damage

To better understand the mechanisms behind TIL apoptosis, we compared gene expression

profiles between the PD-1+LAG-3-4-1BB- and the PD-1+LAG-3+4-1BB+ CD8+ T cell pop-

ulations. We chose these populations as their shared expression of PD-1 indicates they have

recently encountered cognate antigen, but the PD-1+LAG-3+4-1BB+ population is both

much more proliferative and apoptotic. Using The Database for Annotation, Visualization

and Integrated Discovery (DAVID) v6.8, we determined enriched gene ontology (GO) terms

from 1616 genes upregulated 2 fold or more in the PD-1+LAG-3+4-1BB+ TIL. Interestingly,

the two GO terms with the highest enrichment scores were associated with DNA damage

(Figure 3.20A). As DNA damage can lead to apoptosis, we were interested to determine if

there was increased DNA damage in TIL. Phosphorylated histone 2A, also known as µH2AX,

is a marker of double stranded DNA than in the Ki-67- TIL (Figure 3.20D). However, there

was no difference in γH2AX levels between CD8+ splenocytes that were Ki-67+ and Ki-67-,

indicating that proliferation itself was not innately linked to the accumulation of DNA dam-

age. To test directly whether increased proliferation alone was responsible for increased DNA
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Figure 3.19: Expression of Bcl-xL in CD8+ TIL leads to decreased apoptosis and
increased tumor control
(A and B) Bcl-xL or WT mice were injected with 2x106 B16.SIY cells on day 0. On day
13, mice were sacrificed and analyzed for active caspase-3 expression and to enumerate
the number of CD8+ TIL. Mann-Whitney U test was performed to determine statistical
significance, n=9. (C) The mice from (A) were also analyzed for the percentage of CD8+

TIL that were SIY-reactive. (D) 2C or 2C Bcl-xL splenocytes were activated in vitro with
plate bound αCD3 and αCD28 antibodies to generate activated effector CD8+ T cells.
1x106 T cells were transferred to mice bearing seven-day established B16.SIY tumors and
tumor growth was measured over time. Two-way ANOVA with a Bonferroni correction was
performed to determine statistical significance. No Adoptive Transfer n = 10, 2C n = 10,
2C Bcl-xL n = 20.
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damage, we used agonist 4-1BB combination immunotherapy to induce high levels of prolif-

eration in the CD8+ T cells in spleens and tumor-draining lymph nodes. Immunotherapy

greatly increased the proliferation of these T cells, as measured by increased Ki-67 expression

(Figure 3.20E). However, γH2AX levels in CD8+ T cells in the spleen and lymph nodes were

not significantly increased after immunotherapy (Figure 3.20F), indicating that even high

levels of proliferation in these locations are insufficient to lead to high levels of DNA damage.

Therefore, DNA damage in proliferating CD8+ T cells occurs at high levels specifically in

the tumor microenvironment, a potential cause of TIL apoptosis.

3.10 4-1BB combination immunotherapy induces phenotypic

changes in CD8+ TIL

We wanted to determine how 4-1BB combination immunotherapy changed the phenotypic

and functional properties of CD8+ TIL. We began by assessing the expression of the surface

markers PD-1 and LAG-3, as co-expression of these markers has been linked to dysfunc-

tion of CD8+ TIL (Williams, 2017). After agonist 4-1BB combination immunotherapy, we

found a significant decrease in the fraction of CD8+ TIL expressing both PD-1 and LAG-

3, and a corresponding increase in the fraction expressing PD-1 but not LAG-3 (Figure

3.22A, 3.22B, and 3.22C). The PD-1+LAG-3- phenotype is not associated with dysfunction

in our previous studies, indicating an increase in CD8+ TIL functionality after agonist 4-

1BB combination immunotherapy. Studies with single treatments found that these changes

in phenotype were largely due to the agonist 4-1BB antibody, as CD8+ TIL were phenotyp-

ically similar between anti-4-1BB only and anti-4-1BB + anti-CTLA-4, and anti-4-1BB +

anti-PD-L1 (Figure 3.22D). Interestingly, anti-PD-L1 or anti-CTLA-4 alone did not affect

CD8+ TIL phenotype, indicating potential differences in how these immunotherapies affect

CD8+ TIL. We next investigated other inhibitory receptors, and found that agonist 4-1BB

combination immunotherapy was associated with decreased surface expression of other in-
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Figure 3.20: CD8+ TIL accumulate DNA damage
(A) The top 10 enriched GO terms identified by DAVID from genes upregulated in PD-
1+LAG-3+4-1BB+ TIL compared to PD-1+LAG-3-4-1BB- TIL, the log(p value) of each,
and the number of genes from the upregulated genes that were included the each GO term.
(B) Day 13 CD8+ cells from the spleens and tumors of mice were analyzed for γH2AX, n
= 5, two-way ANOVA. (C) TIL from day 13 tumors were analyzed for expression of PD-1,
LAG-3, 4-1BB, and γH2AX, n = 10, one-way ANOVA. (D) Day 13 CD8+ cells were analyzed
for expression of Ki-67 and γH2AX, n = 5, two-way ANOVA.
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Figure 3.21: DNA damage accumulates in proliferating CD8+ T cells only in the
tumor microenvironment
(A) C57BL/6 mice were inoculated with B16.SIY cells on day 0, and given immunotherapy
on days 7 and 10. On day 13, CD8+ cells were analyzed for expression of Ki-67, or (B)
γH2AX, n = 5, two-way ANOVA. Representative No Treatment FACS plots in (3.20A) and
(3.21B) are from the same samples.
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hibitory receptors including 2B4, TIM-3, and TIGIT, indicating that immunotherapy that

includes agonist anti-4-1BB may lower the inhibitory signals T cells receive from the tumor

microenvironment (Figure 3.22E). Interestingly, agonist 4-1BB combination immunotherapy

was also associated with increased expression of the surface receptor KLRG1, indicating that

perhaps CD8+ TIL were becoming more effector-like as a result of immunotherapy (Figure

3.23).

3.11 Agonist anti-4-1BB antibody drives gene expression

changes in CD8+ TIL

To gain a deeper understanding of the molecular changes in CD8+ TIL following immunother-

apy with agonist anti-4-1BB antibody, we performed gene expression profiling of CD8+ TIL

from untreated mice, or those that received agonist 4-1BB antibody, anti-4-1BB + anti-

CTLA-4, or anti-4-1BB + anti-PD-L1. We began immunotherapy at day 7 post B16.SIY

tumor innoculation, and sorted cells on day 13. To ensure that we captured only changes

in CD8+ TIL, and not changes reflective of new homing of lymphocytes into the tumor

microenvironment, we performed the experiment with daily FTY720 dosing, beginning on

day 7. We sorted cells directly into lysis buffer to best preserve their in vivo gene expression.

Clustering the top 100 differentially regulated genes showed that all samples that received

immunotherapy clustered together (Figure 3.24), although differences were obvious between

the immunotherapy and “no treatment” groups. This indicated to us that similar to the

changes in surface phenotype, agonist anti-4-1BB therapy wasdriving the transcriptional re-

programming of CD8+ T cells. This indicated that 4-1BB signaling changed gene expression

levels in CD8+ T cells more than blockade of CTLA-4 or PD-L1.

We next used qPCR and verified the upregulation of a selected group of genes that

were upregulated during immunotherapy. Using independent biological samples from the

gene array experiment, we tested gene expression changes resulting from 4-1BB combination
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Figure 3.22: Anti-4-1BB combination immunotherapy decreases CD8+ TIL in-
hibitory receptor expression
(A) Representative FACS plots of PD-1 and LAG-3 expression in CD8+ TIL. (B) Quan-
tification of CD8+ TIL and (C) SIY-reactive CD8+ TIL phenotype without and after im-
munotherapy, n=10. (D) Quantification of CD8+ TIL phenotype comparing single and
combination immunotherapy treatments. (E) Displayed MFI values were obtained by nor-
malizing the MFI of each inhibitory receptor to the average of the No Treatment groups in
each experiment. Pooled data from multiple experiments. PD-1 n=25, LAG-3 n=15, 2B4
n=10, TIM-3 n=5 TIGIT n=10. 2-way ANOVA with a Bonferroni correction was performed
to determine statistical differences between cohorts.
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Figure 3.23: Anti-4-1BB combination immunotherapy increases KLRG1 expres-
sion on CD8+ TIL
C57BL/6 mice were injected subcutaneously with 2x10+ B16.SIY cells and treated with im-
munotherapy on day 7 and day 10 after tumor implantation. On day 13, TIL were analyzed
using flow cytometry for the expression of KLRG1. Data is pooled from 4 independent exper-
iments. No Treatment n = 20, anti-4-1BB + anti-CTLA-4 n = 20, anti-4-1BB + anti-PD-L1
n = 19. Statistical comparisons are made using Kruskal-Wallis one-way ANOVA.
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Figure 3.24: Gene expression profiling reveals differentially regulated genes after
4-1BB combination immunotherapy
Gene expression profiling of CD8+ TIL. Non-hierarchical clustering of the 100 genes most
upregulated by immunotherapy.
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immunotherapy in CD8+ TIL. The tested genes showed a similar pattern of upregulation

as compared to the gene array, indicating that the gene array results were consistent across

multiple different biological samples and represented consistent changes that resulted from

4-1BB combination immunotherapy (Figure 3.25).

We next wanted to infer patterns of molecular changes based on gene expression pro-

filing. Ingenuity Pathway Analysis was utilized to determine which molecular pathways

were affected by agonist 4-1BB combination immunotherapy. We found major hubs of genes

surrounding the IL-2 signaling and NF-κB signaling pathways (Figure 3.26). These were in-

teresting results, as we have previously found consistent upregulation of IL-2 production in

CD8+ TIL after immunotherapy (Spranger, 2014; Williams, 2017). NF-κB was also interest-

ing, because the NF-κB pathway has been shown to be required in T cells for a spontaneous

anti-tumor immune response, and forced NF-κB pathway activity in T cells has been re-

ported to lead to superior immune-mediated tumor control (Barnes, 2015; Evaristo, 2016).

We therefore focused on these pathways for functional studies.

3.12 Expression levels of IL-2 and CD25 after 4-1BB

combination immunotherapy

Reports from other laboratories have found that agonist 4-1BB engagement of CD8+ T cells

leads to a feedback loop where T cells upregulated both IL-2 and CD25, enhancing their

accumulation in vivo (Oh, 2015). We have also previously found that multiple types of

immunotherapy can lead to an increased ability of CD8+ TIL to produce IL-2 (Spranger,

2014; Williams, 2017). However, these experiments involved the ex-vivo restimulation of

CD8+ TIL. To determine if CD8+ TIL were producing more IL-2 in vivo, we sorted CD8+

TIL directly into lysis buffer and extracted RNA. We found an increased IL-2 mRNA levels

in CD8+ TIL from mice that had received anti-4-1BB + anti-CTLA-4 or anti-4-1BB + anti-

PD-L1 compared to CD8+ TIL from untreated mice (Figure 3.27). We also found CD25
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Figure 3.25: qPCR confirmation of selected genes from gene array
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY cells and treated with
immunotherapy on day 7 and day 10 after tumor implantation. On day 13, CD8+ TIL were
FACS sorted directly into lysis buffer for RNA extraction. qPCR was used to analyze the
expression of Sult2b1, Ebi2, Slc2a1, Slc2a3, Gzmg, Slc17a6, and Upp1. Data are pooled
from 2 independent experiments, each using pooled TIL from n=5 mice per cohort.
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Figure 3.26: Pathway analysis of genes upregulated after immunotherapy reveals
nodes around IL-2 and NF-κB pathways
Genes upregulated in both anti-4-1BB + anti-CTLA-4 and anti-4-1BB + anti-PD-L1 treat-
ment groups were analyzed with Ingenuity Pathway Analysis. Pathway analysis revealed
hubs around IL-2 and NF-κB signaling.
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expression on CD8+ TIL and SIY-reactive CD8+ TIL (Figure 3.28). Many of the CD25

expressing cells also expressed 4-1BB, raising the possibility that increased IL-2 expression

after the delivery of agonist 4-1BB signals was acting in autocrine loop to stimulate CD8+

TIL. We found that CD25 expression was not altered after immunotherapy, suggesting that

increased IL-2 production after immunotherapy could result in engagement of IL-2R already

expressed by CD8+ TIL (Figure 3.29).

3.13 IL-2 – CD25 signaling is not required for the efficacy of

agonist 4-1BB combination immunotherapy

To test if IL-2 signaling was necessary for efficacy of agonist 4-1BB combination immunother-

apy, we injected B16.SIY bearing mice with two anti-IL-2 antibodies, JES6-1A12 and SB46-1,

which bind two different epitopes of IL-2 that interact with either CD25 or CD122 (Boy-

man, 2012). Systemic administration of these IL-2 neutralizing antibodies had no effect on

tumor outgrowth in either control or anti-4-1BB + anti-PD-L1 treated mice (Figure 3.30A),

but it was difficult to confirm that all IL-2 was successfully inhibited. To ensure that IL-2

antibodies were reaching the tumor site, we administered immunotherapy systemically, but

injected the anti-IL-2 antibodies directly into the tumor site. With intratumoral adminis-

tration, we found that anti-IL-2 antibodies significantly increased tumor growth in control

mice, but had no effect on tumor outgrowth of anti-4-1BB + anti-PD-L1 treated mice (Figure

3.30B). These experiments indicated to us that IL-2 signaling was most likely not necessary

for the response to 4-1BB combination immunotherapy. However, it was interesting that

intratumoral administration of anti-IL-2 neutralizing antibodies decreased tumor control,

suggesting that IL-2 signaling may play a role in endogenous anti-tumor immunity.

To better ensure that all IL-2 – CD25 signaling on CD8+ TIL was blocked during agonist

4-1BB combination immunotherapy, we used a genetically engineered mouse strain that

lacks CD25 expression. Because these mice develop fatal autoimmunity with increasing age
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Figure 3.27: Anti-4-1BB combination immunotherapy increases il2 expression
in CD8+ TIL
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY cells and treated with
immunotherapy on day 7 and day 10 after tumor implantation. On day 13, CD8+ TIL
were FACS sorted directly into lysis buffer for RNA extraction. qPCR was used to analyze
the expression of IL-2 mRNA. Data are pooled from 2 independent experiments, each using
pooled TIL from n=5 mice per cohort.
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Figure 3.28: CD8+ TIL express 4-1BB and CD25
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY cells. On day 13, post
tumor injection, CD8+ T cells were isolated from tumors and spleens and stained with SIY
pentamer, anti-4-1BB and anti-CD25 antibodies. Shown are example FACS plots of CD8+

T cells demonstrating co-expression of 4-1BB and CD25 on CD8+ TIL and SIY-reactive
CD8+ TIL.
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Figure 3.29: Immunotherapy does not alter CD25 expression on CD8+ TIL
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY cells. Antibodies against
CTLA-4, PD-L1, or 4-1BB were administered on days 7 and 10 after tumor implantation.
On day 13, post tumor injection, CD8+ T cells were isolated from tumors and spleens and
stained with SIY pentamer, anti-4-1BB and anti-CD25 antibodies. For all groups n = 5.
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Figure 3.30: Antibody-mediated blockade of IL-2 does not affect the therapeutic
efficacy of anti-4-1BB + anti-PD-L1
C57BL/6 mice were subcutaneously injected with 2x106 B16.SIY cells. Tumors were estab-
lished for seven days, then cohorts were treated with anti-4-1BB + anti-PD-L1. At the same
time, anti-IL-2 antibodies JES6-1A12 and SB46-1 were administered either systemically via
the peritoneum (A) or directly into the tumor microenvironment (B). Both anti-IL-2 and
therapeutic antibodies were given intraperitoneally on days 7, 10, 13 and 16 post-tumor
injection at a dose of 100 µg per antibody per mouse per time point.
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due to lack of regulatory T cells (Willerford, 1995; Furtado, 2002), we generated mixed

bone marrow chimeras by transferring a 1:1 mixture of WT and CD25-/- bone marrow cells

into lethally irradiated congenic recipients. Because these mice still retained WT CD8+

T cells, we could not test the effects of lack of CD25 on tumor outgrowth. However, we

could compare the expansion of SIY-reactive WT and CD25-/- cells in the same animal, to

determine if IL-2 was necessary for the expansion of antigen-specific TIL after agonist 4-1BB

combination immunotherapy. After reconstitution, we subcutaneously inoculated chimeric

mice with B16.SIY cells and treated mice with immunotherapy on days 7 and 10 after tumor

injection. On day 13, we analyzed the tumors and spleens of these mice. We found that

reconstitution of CD8+ T cells in chimeric mice favored the WT bone marrow, as there were

more WT CD8+ T cells in both the tumors and the spleens of tumor bearing mice (Figure

30A and 30B). The ratios of WT to CD25-/- cells were largely unaffected by agonist 4-1BB

combination immunotherapy (Figure 3.31A and 3.31B).

Examining the CD8+ TIL populations, we found that in addition to being less abun-

dant, the CD25-/- CD8+ TIL displayed qualitative differences from the WT CD8+ TIL.

A lower percentage of CD25-/- CD8+ TIL bound the SIY-pentamer, indicating that CD25

may play a role in maintaining endogenous antigen-specific CD8+ T cells in the tumor mi-

croenvironment (Figure 3.32A and 3.32B). Fewer CD25-/- CD8+ TIL expressed KLRG1,

indicating fewer effector-like CD8+ T cells in the absence of CD25 signaling (Figure 3.33A

and 3.33B). Despite these differences during the endogenous anti-tumor immune response,

we found that CD25-/- CD8+ TIL were able to respond normally to 4-1BB combination

therapies. After agonist anti-4-1BB immunotherapy, CD25-/- CD8+ TIL were able to ex-

pand their SIY-reactive fractions to achieve near WT levels, both in percentage and absolute

number (Figure 3.34A-3.34C). Interestingly, when measuring the fold increase of SIY-reactive

CD8+ TIL, the CD25-/- cells actually expanded more compared to untreated CD25-/- TIL

than the WT cells did (3.34B and 3.34C). KLRG1 upregulation was also normal in CD25-/-

cells, indicating that CD25 signaling was not necessary for the expansion of tumor antigen-
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Figure 3.31: Increased numbers of WT CD8+ T cells than CD25-/- CD8+ T
cells after reconstitution of mixed bone marrow chimeras
C57BL/6 mice were lethally irradiated. 24 hours later, mice were intravenously injected

with approximately 5x106 bone marrow cells at a 1:1 ratio of WT:CD25-/- bone marrow.
After reconstitution, mice were subcutaneously injected with 2x106 B16.SIY cells. Mice were
treated with immunotherapy on day 7 and day 10 after tumor implantation. On day 13,
the spleens and tumors of mice were analyzed. (A) The percent chimerism of the CD8+ T
cell lineage in spleens of chimeric mice, as measured by flow cytometry. (B) The CD8+ TIL
were analyzed via flow cytometry to determine the percent chimerism in tumors of chimeric
mice.
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specific CD8+ TIL or their change in phenotype in response to agonist 4-1BB combination

immunotherapy (3.35A and 3.35B).

3.14 NF-κB activation in T cells recapitulates many aspects of

agonist 4-1BB immunotherapy

To ask if increased NF-κB signaling was responsible for the efficacy of agonist 4-1BB com-

bination immunotherapy, we used mice that express a constitutively active form of IKKβ

in the T cell compartment (IKKβ-CA mice). We innoculated IKKβ-CA mice and litter-

mate controls with B16.SIY tumors and assessed the phenotype of CD8+ TIL. The CD8+

TIL from IKKβ-CA mice recapitulated many aspects of agonist 4-1BB immunotherapy. An

increased fraction of CD8+ TIL from IKKβ-CA were SIY-reactive compared to WT mice

(Figure 3.36A). Additionally, fewer CD8+ TIL from these mice contained active caspase-3,

indicating increased survival of CD8+ TIL (Figure 3.36B). There was no change in Ki-67

expression (Figure 3.36C). Phenotypically, CD8+ TIL from IKKβ-CA mice were similar to

TIL that received agonist 4-1BB immunotherapy (Figure 3.22B), with fewer PD-1+LAG-3+

TIL (Figure 3.36D) and a significant increase in TIL KLRG1 expression (Figure 3.36E).

Interestingly, there was increased γH2AX staining in IKKβ-CA mice (Figure 3.36F), indi-

cating that NF-κB signaling increased TIL survival despite the presence of DNA damage.

Together with published results indicating that T cell-intrinsic NF-κB signaling is required

for immune-mediated tumor rejection (Barnes, 2015; Evaristo, 2016), these results suggest

that the mechanism by which agonist anti-4-1BB immunotherapy enhances tumor control

might be through the NF-κB pathway.
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Figure 3.32: A lower percentage of CD25-/- CD8+ TIL are SIY-reactive
C57BL/6 mice were lethally irradiated. 24 hours later, mice were intravenously injected with

approximately 5x106 bone marrow cells at a 1:1 ratio of WT:CD25-/- bone marrow. After re-
constitution, mice were subcutaneously injected with 2x106 B16.SIY cells (A) Representative

flow plots of SIY-pentamer staining of WT and CD25-/- CD8+ TIL. (B) Quantification of

SIY-pentamer reactivity of WT and CD25-/- CD8+ TIL. (B) CD8+ TIL KLRG1 expression
was quantified via flow cytometry
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Figure 3.33: A lower percentage of CD25-/- CD8+ TIL express KLRG1
C57BL/6 mice were lethally irradiated. 24 hours later, mice were intravenously injected with

approximately 5x106 bone marrow cells at a 1:1 ratio of WT:CD25-/- bone marrow. After
reconstitution, mice were subcutaneously injected with 2x106 B16.SIY cells (A) Represen-

tative flow plots of KLRG1 staining of WT and CD25-/- CD8+ TIL. (B) Quantification of

KLRG1 expression on WT and CD25-/- CD8+ TIL.
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Figure 3.34: No deficit in expansion of CD25-/- SIY-reactive CD8+ TIL after
immunotherapy
C57BL/6 mice were lethally irradiated. 24 hours later, mice were intravenously injected

with approximately 5x106 bone marrow cells at a 1:1 ratio of WT:CD25-/- bone marrow.
After reconstitution, mice were subcutaneously injected with 2x106 B16.SIY cells. Mice were
treated with immunotherapy on day 7 and day 10 after tumor implantation, and analyzed on
day 13. (A) Representative FACS plot of SIY-pentamer staining of WT and CD25-/- CD8+

TIL. (B) The percentage of WT and CD25-/- CD8+ TIL that bind the SIY-pentamer as
measured by flow cytometry. (C) The number of SIY-reactive CD8+ TIL per gram tumor.
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Figure 3.35: No deficit in KLRG1 upregulation on CD25-/- CD8+ TIL after
immunotherapy
C57BL/6 mice were lethally irradiated. 24 hours later, mice were intravenously injected

with approximately 5x106 bone marrow cells at a 1:1 ratio of WT:CD25-/- bone marrow.
After reconstitution, mice were subcutaneously injected with 2x106 B16.SIY cells. Mice were
treated with immunotherapy on day 7 and day 10 after tumor implantation, and analyzed
on day 13. (A) Representative FACS plot of KLRG1 staining of WT and CD25-/- CD8+

TIL. (B) The percentage of CD8+ TIL that are either WT or CD25-/- that express KLRG1.
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Figure 3.36: The effects of constitutive IKKβ expression in T cells mimic those
of agonist 4-1BB combination immunotherapy
WT or CD4-cre IKKβ (IKKβ-CA) mice were given subcutaneous B16.SIY tumors. On day
10, the CD8+ TIL were analyzed with flow cytometry for (A) the percentage that bound
SIY/Kb pentamer, (B) the fraction that contained active caspase-3, (C) Ki-67 expression, (D)
KLRG1 expression, (E) LAG-3 expression and (F) the presence of γH2AX. Mann-Whitney U
tests were performed for all comparisons. For (A), (B), (D), and (E), WT n = 15, IKKβ-CA
n = 8. For (C) WT n = 3, IKKβ -CA n = 4. For (F) WT n = 12, IKKβ-CA n = 4.
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3.15 Agonist 4-1BB antibody requires 4-1BB expression on

hematopoietic cells for tumor control

Studies have suggested that 4-1BB is expressed on tumor endothelium and other non-

hematopoietic cells, and that 4-1BB on endothelial cells can be targeted by agonist 4-1BB

antibodies to enhance recruitment of T cells to the tumor microenvironment (Palazon, 2011;

Blank, 2015). We therefore investigated whether 4-1BB expression on non-hematopoietic

cells contributed to tumor control after agonist 4-1BB antibody administration. To test

this, we generated bone marrow chimeras using WT mice as recipients, and either WT

or 4-1BB-/- bone marrow donors to generate mice where 4-1BB would be expressed either

on all cells or only on non-hematopoietic cells. Seven days post sub-cutaneous injection

with B16.SIY, we began treating with agonist 4-1BB antibody. As expected, agonist 4-1BB

antibody treatment led to improved tumor control in the mice that received WT bone mar-

row (Figure 3.37A). However, in mice that received 4-1BB-/- bone marrow, no increase in

tumor control by agonist 4-1BB antibody was observed. Therefore, 4-1BB expression on

hematopoietic cells is required for the anti-tumor effects of agonist 4-1BB antibodies (Figure

3.37B).

3.16 Agonist 4-1BB antibody acts on CD8+ T cells in a

cell-intrinsic manner

We next investigated whether CD8+ T cells were being affected directly by agonist 4-1BB

antibody. We generated mixed bone marrow chimeras by transplanting a 1:1 mixture of

4-1BB-/- and WT bone marrow into lethally irradiated congenic hosts. This allowed us to

determine if agonist 4-1BB antibody expanded antigen-specific CD8+ TIL, and if 4-1BB-/- T

cells could respond to agonist 4-1BB immunotherapy. Six to eight weeks after reconstitution,

we innoculated B16.SIY cells subcutaneously into chimeric mice. Seven days post-tumor in-

jection, we initiated agonist 4-1BB immunotherapy. On day 13 post-tumor injection, the
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Figure 3.37: Agonist 4-1BB antibody requires 4-1BB expression on hematopoi-
etic cells for tumor control
(A) Lethally irradiated WT mice were reconstituted with WT bone marrow. 6-8 weeks after
reconstitution, mice were subcutaneously inoculated with B16.SIY. Tumors were allowed to
establish for seven days, and then 100 µg agonist 4-1BB antibody was administered on days
7, 10, 13 and 16. (B) Lethally irradiated WT mice were reconstituted with 4-1BB-/- bone
marrow. 6-8 weeks after reconstitution, mice were subcutaneously inoculated with B16.SIY.
Tumors were allowed to establish for seven days, and then 100 µg agonist 4-1BB antibody
was administered on days 7, 10, 13 and 16. Results are pooled from two independent exper-
iments. WT into WT No Treatment n = 6, WT into WT anti-4-1BB n = 10, 4-1BB-/- into
WT No Treatment n = 9, 4-1BB into WT anti-4-1BB-/- n = 10.
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mice were sacrificed and their T cells analyzed to determine the frequency of SIY-reactive

CD8+ T cells. In all anatomic locations analyzed, the frequency of antigen-specific CD8+

T cells was significantly higher in the WT compartment compared to the 4-1BB-/- com-

partment after agonist 4-1BB immunotherapy (Figure 3.38A, 3.38B, and 3.38C). There were

no significant changes between the treated and untreated 4-1BB-/- SIY-reactive CD8+ T

cells, indicating that agonist 4-1BB immunotherapy acts in a CD8+ T cell-intrinsic manner,

and requires 4-1BB expression on T cells to expand an antigen-specific population (Figure

3.38A, 3.38B, and 3.38C). KLRG1 is upregulated on CD8+ TIL by agonist 4-1BB signaling

(Curran, 2013; Williams, 2017). In our mixed bone marrow chimeras, KLRG1 was upregu-

lated only on WT CD8+ TIL, and not on 4-1BB-/- TIL, indicating T cell-intrinsic signaling

was necessary for increased KLRG1 expression in response to agonist 4-1BB immunotherapy

(Figure 3.38D).

Comparing the reconstitution efficiency of the transferred WT and 4-1BB-/- cells also

revealed interesting information. In the spleen and tumor draining lymph nodes, 4-1BB-/-

cells made up a significantly higher proportion of the CD8+ T cells than WT cells (Figure

3.39A and 3.39B). This is consistent with a previous study showing that 4-1BB-/- cells can

have higher proliferation rates than their WT counterparts (Kwon, 2002). However, WT

and 4-1BB-/- TIL were present at equal ratios, indicating that despite their lower prevalence

in the spleen, WT CD8+ T cells were superior to 4-1BB-/- CD8+ T cells at residing in

the tumor. (Figure 3.39C). And in the presence of agonist 4-1BB antibody, WT CD8+

TIL dominated over the 4-1BB-/- CD8+ TIL (Figure 3.39C). This indicated that 4-1BB

on T cells both in steady state and in the presence of agonist 4-1BB antibody provides

signals that help to maintain CD8+ T cell numbers in the tumor microenvironment. This

finding was further highlighted by comparing the SIY-reactive cell numbers in the spleens

and tumors of chimeric animals. In the spleens, 4-1BB-/- SIY-reactive cells outnumbered

their WT counterparts (Figure 3.40A). In the tumor however, both in the absence and

presence of agonist 4-1BB, WT SIY-reactive CD8+ TIL outnumbered the 4-1BB-/- CD8+
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Figure 3.38: Agonist anti-4-1BB antibody expands antigen specific T cells in a
T cell intrinsic manner
Mixed bone marrow chimeras were generated by transferring a 1:1 ratio of WT and 4-1BB-/-

marrow into lethally irradiated WT hosts. Chimeric mice were then subcutaneously injected
with B16.SIY and treated with agonist anti-4-1BB antibody seven and ten days post tumor
injection. On day 13 post tumor injection, the expansion of SIY-reactive CD8+ T cells was
measured via flow cytometry in the (A) spleen, (B) tumor draining lymph nodes, and (C)
tumor. (D) KLRG1 upregulation was measured via flow cytometry on CD8+ TIL.
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TIL, indicating that 4-1BB signaling helped to maintain tumor antigen-specific CD8+ TIL

(Figure 3.40B).

3.17 4-1BB-/- mice generate but cannot maintain normal

numbers of CD8+ TIL

We next tested if 4-1BB-/- mice would be able to generate a normal immune response against

transplanted tumors. We inoculated B16.SIY cells subcutaneously and monitored immune

responses at day 7 and day 13 post tumor injection. On day 7, we performed an IFN-µ

elispot using splenocytes as a measure of CD8+ T cell priming against SIY. There was no

statistically significant difference between the WT and 4-1BB-/- spleens, indicating that the

4-1BB-/- mice were able to prime normal numbers of SIY-reactive CD8+ T cells (Figure

3.41A). This result was confirmed using SIY-Kb pentamer staining and flow cytometry. On

both day 7 and day 13 post tumor injection, we found no significant differences in numbers

of SIY-reactive CD8+ T cells in the spleen, indicating that 4-1BB-/- mice were capable of

generating normal numbers of tumor-specific CD8+ T cells in secondary lymphoid tissues

(Figure 3.41B). 4-1BB-/- mice also had normal numbers of CD8+ TIL on day 7 post-tumor

injection, indicating that 4-1BB-/- mice could initially generate TIL and that TIL were

capable of migrating to the tumor site in normal numbers (Figure 3.41C). However, at day

13, 4-1BB-/- mice had decreased CD8+ TIL numbers compared to WT animals (Figure

3.41C), as well as SIY-reactive CD8+ TIL (Figure 3.41D). Therefore, it appeared that while

4-1BB-/- SIY-reactive CD8+ cells were able to generate normal numbers in the spleen, they

were not able to maintain normal numbers in the tumor over time. This was similar to the

mixed bone marrow chimera data, and indicated again that 4-1BB-/- CD8+ T cells were

specifically disadvantaged in the ability to be maintained in the tumor microenvironment.

Phenotyping of the CD8+ TIL on day 7 (Figure 3.41E) and day 13 (Figure 3.41F) revealed

that the 4-1BB-/- mice had fewer LAG-3+ TIL. The LAG-3+ TIL population has been shown

83



Figure 3.39: 4-1BB signaling advantages CD8+ T cells in the tumor microenvi-
ronment
The percent chimerism between transferred WT and 4-1BB-/- bone marrow was measured
in the (A) spleens, (B) tumor draining lymph nodes, and (C) tumors.
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Figure 3.40: WT SIY-reactive CD8+ T cells dominate the tumor microenviron-
ment despite being outnumbered in secondary lymphoid tissues
The log2-adjusted ratios of WT:4-1BB-/- SIY-reactive CD8+ cells was compared between
the spleens and tumors in (A) untreated mice or with (B) agonist anti-4-1BB antibody
treatment.
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to be tumor antigen-specific T cells (Williams, 2017). Thus, the lack of LAG-3+ TIL was

another indication of the lackof maintenance of antigen-specific CD8+ TIL in the absence of

4-1BB. Correspondingly, 4-1BB-/- mice had larger tumors on day 13 than WT mice (Figure

3.41G), indicating that the low levels of antigen-specific CD8+ TIL were associated with a

functional decrease in tumor control.

3.18 4-1BBL signals to CD8+ TIL during the spontaneous

immune response against B16.SIY

The results from mixed bone marrow chimeras as well as 4-1BB-/- mice revealed that CD8+

T cell-intrinsic 4-1BB signaling during the endogenous anti-tumor immune response allowed

for greater accumulation of SIY-reactive CD8+ TIL. We therefore wanted to determine if

there was active 4-1BBL engagement of 4-1BB that contributed to tumor control and the

accumulation of CD8+ TIL during the anti-tumor immune response. Using C57BL/6 mice

bearing subcutaneous B16.SIY tumors, we administered 200 µg per mouse of a blocking

antibody against 4-1BBL on days 7, 10, 13, and 16 post-tumor injection. We found that

blockade of 4-1BBL resulted in a subtle but statistically significant enhancement of tumor

outgrowth, indicating that 4-1BBL signaling contributed to tumor control (Figure 3.42A).

Consistently, when we analyzed these tumors, we found that mice treated with anti-4-1BBL

had fewer infiltrating CD8+ TIL and SIY-reactive CD8+ TIL (Figure 3.42B and 3.42C).

To determine if 4-1BBL signaling was important for CD8+ TIL, or was exerting effects in

secondary lymphoid tissues, we repeated the tumor outgrowth experiments while simultane-

ously administering daily FTY720 beginning on day 7 post tumor injection. The results from

these experiments were very similar to experiments without FTY720. We found a statisti-

cally significant increase in tumor growth with anti-4-1BBL antibody (Figure 3.43A), and

anti-4-1BBL treated tumors contained fewer CD8+ TIL and SIY-reactive CD8+ TIL (Figure

3.43B and 3.43C). Taken together, these results indicated that 4-1BBL signaling to 4-1BB
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Figure 3.41: 4-1BB-/- mice generate but cannot maintain normal numbers of
CD8+ TIL
(A) IFN-γ ELISPOT performed on day 7 splenocytes. (B) Flow cytometry was used to
quantify the number of SIY-reactive CD8+ T cells in the spleen (C) CD8+ TIL, and (D)
SIY-reactive CD8+ TIL. (E) PD-1 and LAG-3 expression of CD8+ TIL and (F) SIY-reactive

CD8+ TIL. (G) Tumor weights. WT day 7 n = 9, 4-1BB-/- day 7 n = 10, WT day 13 n =

8, 4-1BB-/- day 13 n = 9, two-way ANOVA.
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Figure 3.42: Blockade of 4-1BBL worsens tumor control and decreases CD8+

TIL numbers
C57BL/6 mice were subcutaneously injected with 2x106 B16.SIY on day 0. Mice were
treated with 200 µg anti-4-1BBL antibody on days 7, 10, 13, and 16 post tumor injection.
(A) Outgrowth of B16.SIY tumors in untreated or anti-4-1BBL treated mice. Data is pooled
from 3 independent experiments. 2-way ANOVA with a Bonferroni correction was used to
calculate statistical significance. (B) Analysis of CD8+ TIL after tumor outgrowth studies
were complete. Data is pooled from 3 independent experiments. Statistical significance
was computed with Mann-Whitney t test. (C) Representative data from one experiment
enumerating the number of SIY-reactive CD8+ TIL after tumor outgrowth studies were
complete. Statistical significance was computed with Mann-Whitney t test.
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expressed on CD8+ TIL is important for maintaining the maximum number of CD8+ T cells

in the tumor microenvironment. Interestingly, in a cohort of metastatic melanoma samples

from the clinic, 4-1BBL expression also correlated with CD8A gene expression (Figure 3.44).

This result, combined with results from 4-1BB-/- mice and blockade of 4-1BBL, suggests

that 4-1BBL may play a functional role in maintaining CD8+ TIL in both mouse and hu-

man tumors. The correlation in human tumors between 4-1BBL expression and infiltration

of CD8+ T cells should be studied further. It should be determined if 4-1BB signaling plays

a functional role in maintaining CD8+ TIL numbers.

3.19 4-1BB is required on lymphocytes for therapeutic efficacy

of anti-PD-L1 antibodies

We next wanted to investigate whether endogenous 4-1BB engagement was important for

the therapeutic efficacy of checkpoint blockade immunotherapy. Co-stimulation through

CD28 was recently found to be necessary for the anti-tumor effect of anti-PD-L1 antibody

(Kamphorst, 2017). As 4-1BB also delivers costimulatory signals to T cells, we tested if

4-1BB-/- mice would have reduced tumor growth in response to antibody blockade of PD-

L1. We inoculated WT or 4-1BB-/- mice subcutaneously with B16.SIY and measured tumor

growth in control mice and in mice that received anti-PD-L1 antibody. There were no

significant differences in tumor growth between untreated WT and 4-1BB-/- mice (Figure

3.45). However, while the WT mice showed significantly better tumor control in response to

anti-PD-L1 antibody, there were no effects of anti-PD-L1 in the 4-1BB -/- mice (Figure 3.45).

These experiments indicate that 4-1BB signaling is required for increased tumor control after

anti-PD-L1 immunotherapy, and generally that co-stimulatory signals other than CD28 are

required for the efficacy of anti-PD-L1 antibodies.

We wanted to determine if the lack of therapeutic efficacy of anti-PD-L1 in 4-1BB-/- mice

was the result of 4-1BB deficiency on adaptive immune cells. To test this, we transferred
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Figure 3.43: 4-1BBL blockade decreases tumor control and decreases CD8+ TIL
numbers with concomitant FTY720 administration
C57BL/6 mice were subcutaneously injected with 2x106 B16.SIY on day 0. Daily FTY720
administration began seven days post tumor injection. Mice were treated with 200 µg anti-
4-1BBL antibody on days 7, 10, 13, and 16 post tumor injection. (A) Outgrowth of B16.SIY
tumors in untreated or anti-4-1BBL treated mice. Data is pooled from 2 independent ex-
periments. 2-way ANOVA with a Bonferroni correction was used to calculate statistical
significance. (B) Analysis of CD8+ TIL after tumor outgrowth studies were complete. Data
is pooled from 2 independent experiments. Statistical significance was computed with Mann-
Whitney t test. (C) Analysis enumerating the number of SIY-reactive CD8+ TIL after tumor
outgrowth studies were complete. Data is pooled from 2 independent experiments. Statisti-
cal significance was computed with Mann-Whitney t test.
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Figure 3.44: 4-1BBL expression correlates with CD8A expression in human
melanoma metastases
Transcriptional profiling from human melanoma metastases revealed that expression of 4-
1BBL and CD8A were highly correlated with each other.
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Figure 3.45: 4-1BB is required for a therapeutic response to anti-PD-L1
C57BL/6 or 4-1BB-/- mice were injected subcutaneously with 2x106 B16.SIY cells and
treated with 100 µg anti-PD-L1 on days 7, 10, 13, and 16 after tumor implantation. WT No
Treatment n = 9, WT anti-PD-L1 n = 10, 4-1BB-/- No Treatment n = 10, 4-1BB-/- n = 10.
2-Way ANOVA with a Bonferroni correction was used to compute statistical significance.
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splenocytes from either WT or 4-1BB-/- mice to RAG2-/- mice and allowed for 6 weeks of

rest. We then challenged the reconstituted RAG2-/- mice with subcutaneous B16.SIY and

compared the outgrowth between untreated or anti-PD-L1 treated animals. Similar to the

results in WT and 4-1BB-/- mice, RAG2-/- mice reconstituted with WT splenocytes had

significantly enhanced tumor control in response to anti-PD-L1, but RAG2-/- mice receiving

4-1BB-/- splenocytes had a severely blunted effect of anti-PD-L1 (Figure 3.46). This result

indicated that deficiency of 4-1BB on lymphocytes, and likely CD8+ T cells, explained the

lack of therapeutic response of 4-1BB-/- animals to anti-PD-L1 antibodies.

3.20 CD103+ DCs express the most 4-1BBL in the tumor

microenvironment

Because 4-1BB signaling on T cells appeared to be necessary for maintaining maximum

numbers of CD8+ TIL and for efficacy of anti-PD-L1 immunotherapy, we wondered what

the source was of 4-1BBL in the tumor microenvironment. As 4-1BBL is reported to be

mostly expressed on antigen-presenting cells, we profiled different MHCII+ cell populations

in the tumor microenvironment. Interestingly, the CD11c+CD103+ cell population expressed

the highest levels of 4-1BBL (Figure 3.47A, 3.47B, and 3.47C). This population of DCs is

the most critical for priming T cells to generate responses to tumor-associated antigens,

and also for recruiting effector T cells to the tumor site (Spranger, 2017). They have also

been shown to be positively prognostic in human tumors (Broz, 2014). We therefore wanted

to test the effects of deletion of DCs from tumors following the establishment of a T cell

infiltrate, and whether agonist 4-1BB antibody could reverse the effects of DC deletion.

To this end, we utilized mice that express the simian diphtheria toxin receptor under the

control of the CD11c promoter (CD11c-DTR mice). Because long term administration of

diphtheria toxin (DT) to these mice is fatal, we generated bone marrow chimeras in which we

transplanted CD11c-DTR bone marrow into lethally irradiated CD45.1 congenic mice. After
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Figure 3.46: 4-1BB is required on lymphocytes for a therapeutic response to
anti-PD-L1
RAG2-/- mice received either WT or 4-1BB-/- splenocytes and were allowed to reconstitute
for 6 weeks. Mice were then injected subcutaneously with 2x106 B16.SIY cells and treated
with 100 µg anti-PD-L1 on days 7, 10, 13, and 16 after tumor implantation. WT No
Treatment n = 7, WT anti-PD-L1 n = 5, 4-1BB-/- No Treatment n = 8, 4-1BB-/- n = 5.
2-Way ANOVA with a Bonferroni correction was used to compute statistical significance.
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reconstitution, chimeric mice were subcutaneously inoculated with B16.SIY cells. Mice were

given DT on days 7 and 8, and daily FTY720 oral gavage was begun on day 7 to prevent

additional T cell egress from lymph nodes. On day 9 we began immunotherapy of either anti-

PD-L1 or anti-4-1BB. Mice that did not receive DT had significantly increased tumor control

with either immunotherapy (Figure 3.48A and 3.48B). Intriguingly, mice that did receive DT

had no increased tumor control from anti-PD-L1, but did have increased tumor control from

anti-4-1BB (Figure 3.48A and 3.48B). These results indicate that DCs are required at the

effector phase of anti-tumor T cell response for anti-PD-L1 efficacy, and that agonist anti-4-

1BB antibody is sufficient to bypass the need for DCs in the tumor microenvironment.
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Figure 3.47: Tumor-infiltrating DCs that express CD103 also express the highest
level of 4-1BBL
C57BL/6 mice were injected subcutaneously with 2x106 B16.SIY cells. Tumors were allowed
to form for 13 days, and then the tumor-infiltrating and splenic antigen presenting cells were
analyzed via flow cytometry for 4-1BBL expression. (A) Representative histogram of 4-1BBL
expression on MHCII+CD11c+ tumor infiltrating populations. (B) Quantification of the
mean fluorescence intensity (MFI) of staining of a fluorescently labeled anti-4-1BBL antibody
of tumor cell populations. (C) Quantification of the MFI of staining of a fluorescently labeled
anti-4-1BBL antibody of spleen cell populations.
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Figure 3.48: DCs are required for the therapeutic efficacy of anti-PD-L1 but not
agonist anti-4-1BB antibody.
B6.SJL mice expressing the CD45.1 allele were lethally irradiated and reconstituted with
CD11c-DTR bone marrow expressing the CD45.2 allele. After reconstitution, mice were
injected subcutaneously with 2x106 B16.SIY cells. Seven days post tumor injection, mice
were treated with 500 ng DT. DT was administered on day 7, day 8, and then every other
day for the duration of the experiment. FTY720 administration also began on day 7 and
was given daily for the duration of the experiment. Antibodies were administered on days
9, 12, 15, and 18 post tumor injection. (A) The response to anti-PD-L1. (B) The response
to anti-4-1BB. The No Treatment curves are the same between (A) and (B). No DT No
Treatment n = 4, No DT anti-PD-L1 n = 4, No DT anti-4-1BB n = 4, DT No Treatment n
= 5, DT anti-PD-L1 n = 5 DT anti-4-1BB n = 5.
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CHAPTER 4

DISCUSSION

4.1 Overview

The results in this thesis increase our understanding of CD8+ TIL dysfunction and why

antigen-specific TIL are unable to reject progressing tumors. These results also provide new

insight into how agonist 4-1BB antibodies reverse features of TIL dysfunction to mediate

tumor regression. We found that TIL proliferate in the tumor microenvironment under

steady state conditions, but do not accumulate as tumors progress. Proliferating TIL also

underwent apoptosis, preventing TIL accumulation despite proliferation. Inhibiting TIL

apoptosis increased TIL numbers and the efficacy of adoptive T cell transfer. Agonist 4-

1BB antibodies directly engaged 4-1BB on CD8+ TIL, which led to antigen-specific TIL

accumulation. This accumulation was due to decreased TIL apoptosis and not increased

TIL proliferation. TIL apoptosis therefore inhibits the anti-tumor T cell response, and

reducing TIL cell apoptosis is an important mechanism of agonist 4-1BB immunotherapy

(Figure 4.1). Our results indicate that CD8+ TIL apoptosis contributes to the inability of

TIL to reject the tumors , and could be an under-recognized feature of TIL dysfunction.

Additional experiments led to the discovery that TIL in the steady state receive signals

through 4-1BB that help to maintain TIL numbers. Antibody blockade of 4-1BBL or genetic

deletion of 4-1BB led to decreased TIL numbers and decreased tumor control, and mice that

lacked 4-1BB had no therapeutic efficacy of anti-PD-L1. Interestingly, CD103+ DCs in the

tumor expressed the most 4-1BBL. Deletion of DCs after T cell priming and infiltration

into the tumor microenvironment blunted the efficacy of an anti-PD-L1 antibody, but not

an agonist anti-4-1BB antibody (Figure 4.2). These results indicated that DCs provide T

cells with co-stimulatory signals in the tumor microenvironment, including 4-1BBL, that

are critical for CD8+ TIL during the anti-tumor immune response and necessary for the

therapeutic response to anti-PD-L1.
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Figure 4.1: Agonist anti-4-1BB leads to CD8+ TIL accumulation through de-
creased apoptosis
(A) In progressing tumors, CD8+ TIL acquire the LAG-3+4-1BB+ phenotype, likely due
to chronic exposure to tumor-derived antigens. It is possible that antigen presentation from
both tumor cells and APCs contributes to this phenotype. CD8+ TIL proliferate, but do not
accumulate due to apoptosis. Expression of LAG-3 and 4-1BB correlates with proliferation
and apoptosis of TIL, as well as accumulation of DNA double strand breaks as measured
by the presence of γH2AX. It is currently unclear if there are causal relationships between
proliferation, DNA damage and TIL apoptosis. (B) Agonist anti-4-1BB works in a CD8+

TIL-intrinsic manner. Agonist anti-4-1BB correlates with decreased LAG-3 expression, and
increased KLRG-1 and IL-2 expression. Agonist anti-4-1BB leads to the accumulation of
CD8+ TIL through decreased TIL apoptosis, resulting in increased tumor control.
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Figure 4.2: Signaling through 4-1BB is required for therapeutic efficacy of anti-
PD-L1
(A) In progressing tumors, CD8+ TIL receive co-stimulation through 4-1BBL – 4-1BB in-
teractions. TIL also receive co-inhibitory signals through PD-L1 – PD-1 interactions. (B)
Antibody blockade of PD-L1 leads to increased tumor control. (C) In the absence of either
4-1BB or DCs, blockade of PD-L1 yields no therapeutic benefit. Experiments with FTY720
suggest that DCs within the tumor microenvironment are critical during the effector phase
of the anti-tumor T cell response for therapeutic efficacy of anti-PD-L1. (D) Provision of
agonist anti-4-1BB leads to increased tumor control, even in the absence of DCs. 4-1BB sig-
naling in the tumor microenvironment is therefore sufficient to replace co-stimulation from
DCs.
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4.2 Cell-intrinsic activation of 4-1BB on tumor-infiltrating CD8+

T cells mediates antigen-specific T cell expansion and tumor

regression after agonist 4-1BB antibody administration

4-1BB is a TNFR superfamily member that was identified as a gene that is upregulated after

T cell activation (Kwon, 1989). After its discovery, it was realized that 4-1BB functions as

a costimulatory molecule that promotes T cell activity (Shuford, 1997), and agonist 4-1BB

antibodies were found to promote tumor regression in syngeneic mouse models of cancer

(Melero, 1997). While early studies of 4-1BB focused mainly on its expression and role on T

cells, many studies since then have suggested a role for 4-1BB in activating multiple immune

cell types, including DCs, monocytes, B cells, and natural killer cells (Vinay, 2011). In addi-

tion, it has been reported that tumor endothelial cells can express 4-1BB, and that ligation

of endothelial cell 4-1BB can mediate increased entry of T cells into tumors (Palazón, 2011).

We therefore performed experiments to determine if agonist 4-1BB antibodies could exert

effects on CD8+ T cells in a non-cell autonomous manner. First, we used bone marrow

chimeric mice where 4-1BB-/- bone marrow was used to reconstitute lethally irradiated WT

hosts. These mice would express 4-1BB on all non-hematopoietic compartments, such as

endothelial cells, but lack 4-1BB expression on hematopoietic cells. Mice reconstituted with

4-1BB-/- bone marrow had anti-tumor effects of agonist 4-1BB antibody, clearly demonstrat-

ing that 4-1BB expression in the hematopoietic compartment was required for anti-tumor

efficacy.

Our experiments in 4-1BB-/- and WT mixed bone marrow chimeras revealed that in sec-

ondary lymphoid organs, as well as in the tumor itself, agonist 4-1BB antibodies expanded

antigen-specific CD8+ T cells in a completely cell-intrinsic fashion. Following agonist an-

tibody administration to tumor bearing mice, there was no expansion of SIY-reactive cells

in the 4-1BB-/- CD8+ T cell compartment, compared to the marked expansion of WT SIY-

reactive cells CD8+ T cells. If there were non-cell autonomous effects of 4-1BB signaling in
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expanding antigen-specific CD8+ T cells, 4-1BB-/- CD8+ T cells should have at least showed

some partial effects of agonist 4-1BB antibodies.

These experiments did not, however, address if 4-1BB signaling on non-T cells was playing

a contributory role in tumor regression. Many studies have recently suggested that combi-

nation immunotherapy using agonist 4-1BB antibodies combined with antibodies against

receptors expressed on tumor cells elicit tumor killing by 4-1BB ligation on NK cells (Kohrt,

2011; Kohrt, 2012; Kohrt, 2014). These studies found that NK cells upregulated 4-1BB

upon encountering antibody-bound tumor cells, and agonist 4-1BB antibodies enhanced NK

killing of tumor cells via an Fc receptor-dependent mechanism. Our laboratory has demon-

strated that B16 melanoma cells upregulate PD-L1 in vivo due to IFN-γ signaling (Spranger,

2013). Therefore it was plausible in our studies that the efficacy of anti-PD-L1 plus agonist

4-1BB antibody immunotherapy was at least partially dependent on NK cells killing tumor

cells coated with anti-PD-L1 antibody. However, our experiments in RAG2-/- mice showed

no efficacy of any immunotherapy, and depletion of NK cells resulted in no defect in tumor

control compared to control mice during either agonist 4-1BB combination immunother-

apy. Therefore, in the context of B16.SIY melanomas, NK cells were dispensable for tumor

rejection in response to agonist 4-1BB antibody.

Additional T cell depletion experiments showed a clear role for CD8+ T cells, but not

CD4+ T cells, in tumor control after agonist 4-1BB combination immunotherapy. Therefore,

our next experiments were to determine if agonist 4-1BB immunotherapy was acting on 4-

1BB expressed by CD8+ TIL to mediate tumor regression. Due to the striking expansion of

SIY-reactive CD8+ T cells in both secondary lymphoid tissues and the tumor, we sought to

determine if the efficacy of agonist 4-1BB combination immunotherapy was acting primarily

through increased priming of antigen-specific CD8+ T cells, or at the effector phase of the

CD8+ T cell response. To uncouple the effects on CD8+ T cell priming and the CD8+

T cell effector phase, we used the S1P1 agonist FTY720 to prevent T cell egress from

lymphoid tissues during immunotherapy administration. With this approach, we found
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no defect in tumor control after agonist 4-1BB combination immunotherapy, indicating that

agonist 4-1BB antibody therapy primarily targeted 4-1BB expressed on CD8+ T cells already

residing in the tumor microenvironment. In our model systems, therefore, it appears that

agonist activation of 4-1BB expressed on CD8+ TIL directly revitalizes their functionality

and phenotype to lead to increased tumor control. These results imply that increased co-

stimulation in the tumor microenvironment could be sufficient to enhance T cell functionality

and overcome the immune suppressive environment established by tumor cells and other

regulatory immune cells. This interpretation is consistent with data demonstrating that

forced expression of 4-1BBL on tumor cells is sufficient to lead to enhanced tumor control

in vivo (Mogi, 2000).

4.3 4-1BB signaling in the tumor microenvironment is required

for the accumulation of CD8+ TIL

Another interesting observation from the 4-1BB-/- and WT mixed bone marrow chimeras

was the dichotomy between the ratio of SIY-reactive 4-1BB-/-:WT CD8+ T cells in the

spleen and tumor. The enhanced reconstitution of 4-1BB-/- CD8+ T cells suggests that

there may be a role for 4-1BB in regulating the development of some type of hematopoietic

precursor cell, or that T cells that lack 4-1BB are more proliferative than 4-1BB-expressing

T cells at early stages. Both may be true, as the interaction between 4-1BBL and 4-1BB on

myeloid precursors appears to limit myelopoiesis and the differentiation of DCs (Lee, 2008).

Additionally, 4-1BB-/- T cells have been shown to be hyper proliferative after anti-CD3 or

mitogen activation (Kwon, 2002), potentially explaining the skewing in the periphery seen

in mixed bone marrow chimeras. Despite the enhanced reconstitution of 4-1BB-/- CD8+ T

cells in spleens and lymph nodes, the ratio of 4-1BB-/- : WT dropped significantly within the

tumor, indicating that CD8+ T cells are advantaged by 4-1BB expression once in the tumor

microenvironment. Additionally, even though 4-1BB-/- and WT CD8+ T cells were able to
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generate the same percentage of SIY-reactive cells in lymph nodes and spleens, the percentage

of 4-1BB-/- CD8+ TIL that were SIY-reactive again fell significantly below the percentage

of WT CD8+ TIL, leading to numerically more WT SIY-reactive CD8+ TIL than 4-1BB-/-

CD8+ TIL. These results suggest a critical role for 4-1BB signaling on CD8+ TIL during the

endogenous anti-tumor immune response independent of agonist 4-1BB immunotherapy, and

that co-stimulation through 4-1BB within the tumor microenvironment is a critical factor

required for CD8+ TIL persistence.

Interestingly, as measured seven days post tumor implantation, 4-1BB-/- mice formed

an initial immune response against B16.SIY that was similar to WT mice. However, by 14

days after tumor injection, WT mice had significantly higher numbers of CD8+ TIL and

SIY-reactive CD8+ TIL than 4-1BB-/- mice, even though the numbers of SIY-reactive cells

in the spleen were similar. This indicated that while 4-1BB-/- mice initially generate similar

number of CD8+ TIL at earlier time points, 4-1BB signaling may be involved in maintaining

CD8+ TIL over long periods of time in the tumor microenvironment. This mechanism

potentially explains the poor survival or persistence of 4-1BB-/- CD8+ TIL.

To better determine if the lack of ability of 4-1BB-/- CD8+ TIL to persist in the tu-

mor microenvironment was due to lack of active 4-1BBL signaling, we utilized a blocking

antibody against 4-1BBL that would interrupt signals from 4-1BBL to 4-1BB. Blockade of

4-1BBL after initial priming of T cells resulted in faster tumor growth and diminished num-

bers of CD8+ TIL and SIY-reactive CD8+ TIL, suggesting that actively blocking 4-1BB

signaling during the effector phase of the CD8+ T cell response prevented the accumula-

tion of CD8+ TIL. Additionally, these results were confirmed while administering 4-1BBL

blocking antibody concomitantly with FTY720 treatment, demonstrating that blockade of

4-1BBL 4-1BB interactions in the tumor microenvironment leads to reduced CD8+ TIL.

4-1BB signaling is therefore required to maintain maximal numbers of CD8+ TIL. This re-

sult highlights the importance of co-stimulation during the effector phase of the anti-tumor

T cell response, after the initial priming of T cells in the tumor-draining lymph node. Co-
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stimulation during the effector phase has not been well studied, and further investigation

of this process is warranted. It was encouraging to find that in human melanoma samples,

4-1BBL transcript levels correlated with CD8A transcript levels, suggesting that 4-1BBL–

4-1BB interactions could be important for human CD8+ TIL as well.

4.4 4-1BB expression on T cells is required for therapeutic

efficacy of anti-PD-L1 immunotherapy

Factors that influence the response to checkpoint blockade immunotherapies such as block-

ade of the PD-1/PD-L1 pathway are largely unknown. It has been demonstrated in patients

that a preexisting immune response with infiltration of CD8+ T cells into the tumor or tu-

mor margin correlates with responsiveness to anti-PD-1 therapy (Tumeh, 2014). Addition-

ally, recent studies have suggested that the anti-tumor efficacy of PD-L1 blockade requires

CD28 signaling, implying that co-stimulation is critical for the success of immunotherapy

(Hui, 2017; Kamphorst, 2017). Based on our identified role of 4-1BB at the effector phase

of the anti-tumor T cell response, we examined whether endogenous 4-1BB was necessary

for tumor regression after anti-PD-L1 immunotherapy. We were intrigued to find that tu-

mors in 4-1BB-/- mice were unresponsive to PD-L1 blockade, similar to what was seen with

concomitant blockade of CD28 and PD-L1 (Kamphorst, 2017). This appeared to be a T

cell-intrinsic effect of 4-1BB, as RAG2-/- mice reconstituted with 4-1BB-/- splenocytes also

had a severely blunted response to PD-L1 blockade compared to RAG2-/- mice reconstituted

with WT splenocytes. These results suggest that lack of co-stimulation in general, and not

just CD28, could affect the efficacy of PD-L1 blockade in mediating tumor regression. Fur-

ther studies testing how additional co-stimulatory pathways affect the response to PD-L1

blockade would clarify if co-stimulation is generally required for an anti-tumor response to

immunotherapy. Additionally, biopsies of human tumors should be profiled to determine if

expression of co-stimulatory ligands or receptors correlate with a response to blockade of
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PD-1 or PD-L1. Differences in co-stimulation could explain why some patients with infil-

trating T cells in their tumors respond to checkpoint blockade while others do not, despite

T cell infiltration.

Because we found ample evidence that 4-1BB signaling was actively happening in the

tumor microenvironment, we searched for the source of 4-1BBL that would mediate this

co-stimulation. Profiling of different antigen-presenting cell populations in B16.SIY-bearing

mice revealed that CD103+ DCs expressed the highest levels of 4-1BBL, both in the tumor

and spleen. This was an interesting result as CD103+ DCs have been shown to be required

for priming of tumor antigen-specific CD8+ T cells, as well as mediating their recruitment

to the tumor microenvironment through the expression of CXCL9 and CXCL10 (Spranger,

2015; Spranger, 2017). These DCs are also thought to be important for tumor regression

after adoptive transfer of activated, antigen-specific CD8+ T cells (Spranger, 2017), and

correlated with improved survival in patients (Broz, 2014).

In order to test more directly the importance of DCs and 4-1BB co-stimulation in the

setting of anti-PD-L1 immunotherapy, so we generated chimeric mice reconstituted with

C11c-DTR bone marrow. We found that CD11c-expressing cells were required for increased

tumor control after anti-PD-L1 immunotherapy. This result was interesting. It has recently

been found that CD28 is required for anti-PD-L1 immunotherapy efficacy (Kamphorst, 2017),

however, the anatomic location and cell types that might be responsible for providing CD28

signals to T cells at the necessary times for anti-PD-L1 efficacy were not known. Our data

suggest that not just CD28, but potentially a broad range of co-stimulatory molecules, could

be important for the efficacy of anti-PD-L1 immunotherapy. It is therefore possible that

CD28 and other co-stimulatory signals expressed by DCs in the tumor microenvironment

could be necessary for the efficacy of anti-PD-L1 immunotherapy.
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4.5 4-1BB combination immunotherapy leads to immunologic

memory that is dependent on CD4+ T cells during the initial

tumor rejection

That a number of mice completely rejected their B16.SIY tumors allowed us to study the

effects of 4-1BB combination immunotherapy on the formation of memory against tumor

antigens. We found that almost all (10/11) mice that completely rejected their tumors

after either anti-4-1BB + anti-CTLA-4 or anti-4-1BB + anti-PD-L1 were protected from

a secondary tumor challenge 8-plus weeks after the primary challenge. This corresponded

with the presence of antigen-specific cells as measured by an IFN-γ ELISPOT performed on

splenocytes after one or two challenges with B16.SIY.

Interestingly, depletion of CD4+ T cells during the initial tumor regression mediated

by combination immunotherapy led to a lack of protection against a second challenge with

B16.SIY. CD4+ T cells have been implicated in multiple ways in helping to generate and

maintain a functional CD8+ memory response (Laidlaw, 2016). However, other studies have

shown that the administration of agonist 4-1BB antibodies lead to formation of memory

that is not dependent on CD4+ T cells (Willoughby, 2014). Our results indicate that in the

tumor context, formation of immunological memory requires CD4+ T cells to be present

during the initial tumor rejection, even though they are not necessary for rejection itself.

Our experiments did not clarify if a lack of CD8+ or CD4+ memory cells was the reason for

failure to control a secondary challenge with B16.SIY. It could be the case that CD8+ T cells

in the tumor setting require CD4+ T cells for either memory formation or the maintenance

of memory CD8+ T cells. It could also be that in this setting, CD8+ memory T cells form

independently of CD4+ T cells, but CD4+ T cells also form memory against tumor antigens,

and that control of a second tumor requires both CD8+ and CD4+ memory T cells. Future

experiments could clarify whether tumor antigen-specific memory CD8+ T cells are generated

and maintained after 4-1BB agonist antibody administration in a CD4-independent manner,
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as has been found in vaccination studies (Laidlaw, 2016).

4.6 Proliferation and apoptosis of CD8+ T cells in different

anatomic locations

During our investigations we found that 4-1BB combination immunotherapy increased the

number of SIY-reactive CD8+ T cells in multiple anatomic locations, including the tumor-

draining lymph node, spleen, and tumor. We wanted to assess what the mechanism of

expansion was in these various organ sites, and began by investigating the rates of prolifer-

ation of CD8+ T cells. BrdU incorporation measures cells that are actively replicating their

DNA at the time of administration, and so provides a quantification of cells that are ac-

tively dividing. After agonist 4-1BB combination immunothearpy, we found large increases

in the BrdU incorporation of CD8+ T cells in the tumor-draining lymph nodes and spleens

of mice, but not within the tumor, which was interesting as it suggested that the effects of

immunotherapy could be different in different anatomic locations. Likely this is related to

the differentiation state of CD8+ T cells, as well as the levels of antigen in different anatomic

sites. It is well documented that CD8+ T cells residing within tumors assume unique pheno-

typic and functional characteristics, usually termed exhaustion or dysfunction (Crespo 2013).

CD8+ TIL were proliferating at much higher rates in the absence of immunotherapy than

in the lymph nodes or spleens of tumor-bearing mice. Phenotypic analysis of proliferating

cells was consistent with this notion, as we found that CD8+ TIL that expressed LAG-3

as well as PD-1 were more proliferative than TIL that expressed PD-1 but not LAG-3, or

TIL that expressed neither inhibitory receptor. Data from our laboratory has shown that

these LAG-3+ cells are likely tumor antigen-specific cells (Williams, 2017). It is therefore

feasible that their proliferation is due to stimulation with their cognate antigens. However,

other work has shown that T cell proliferation in the tumor microenvironment may depend

on cytokines like IL-15 (Boldajipour, 2016). Regardless, proliferation of CD8+ T cells in the
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tumor microenvironment was not augmented by agonist 4-1BB combination immunotherapy.

Despite the consistent proliferation of CD8+ TIL over several time points during the

endogenous immune response, there was no significant accumulation of CD8+ TIL over time,

indicating that some process was counterbalancing the observed proliferation. Additionally,

we knew from our FTY720 experiments that SIY-reactive CD8+ TIL accumulation was not

dependent on trafficking of CD8+ T cells from lymphoid tissues into the tumor. Therefore,

we investigated apoptosis of CD8+ TIL as a potential counterbalance to proliferation that

would result in the lack of accumulation we observed over time. Indeed, we found that

CD8+ TIL were undergoing apoptosis in steady state conditions, and that this apoptosis

was specific to the tumor microenvironment. Like proliferation, apoptosis measured by

active caspase-3 staining correlated with the phenotype of the CD8+ TIL, with LAG-3-

and 4-1BB-expressing CD8+ TIL having the highest active caspase-3 staining. This could

be similar to what has been observed in viral infection models, where T cell exhaustion

during chronic viral infection has been associated with increased apoptosis of CD8+ T cells

(Blackburn, 2008). This observation indicated that cells in the proliferative T cell fraction

may also be undergoing apoptosis. Co-staining of Ki-67 and active caspase-3 confirmed

that a subset of the proliferating cells were indeed apoptotic. Thus CD8+ TIL apoptosis is

reminiscent of activation-induced cell death, in which activated cells both proliferate and die

as a mechanism to cull overall T cell numbers (Green, 2003). The cause of this apoptosis has

yet to be understood. It appears to be specific to the tumor microenvironment in our model,

but not simply caused by residence within the tumor: CD8+ TIL that did not express PD-1

did not proliferate or undergo apoptosis in situ, suggesting that these processes were not

simply a product of residing within the tumor microenvironment.

Apoptosis of CD8+ TIL appeared to be a functional barrier to anti-tumor immunity,

as overexpression of Bcl-xL decreased CD8+ TIL apoptosis and led to an increased accu-

mulation of CD8+ TIL. This translated to increased tumor control on a per cell basis, as

determined by the transfer of 2C cells that overexpressed Bcl-xL into tumor-bearing mice.

109



The increased tumor control in this setting demonstrated that decrease of T cell apoptosis

alone was sufficient for increased functionality of CD8+ T cells. Therefore, apoptosis is at

least in part responsible for what is known as dysfunction of CD8+ T cells in the tumor

microenvironment. Consistent with this, spontaneously rejected tumors showed contained

an increased accumulation of SIY-reactive CD8+ TIL with decreased apoptosis.

4.7 Agonist 4-1BB antibody decreases CD8+ TIL apoptosis

Our findings that 4-1BB expression maintains CD8+ TIL numbers, that agonist anti-4-1BB

increases antigen-specific CD8+ TIL numbers independent of T cell influx or increased pro-

liferation in the tumor, in addition to our findings of decreased T cell apoptosis leading to

increased anti-tumor immunity, led us to question if agonist 4-1BB antibody was countering

CD8+ TIL apoptosis. Indeed, we found that after administration of agonist 4-1BB combi-

nation immunotherapy, there was a decrease in the active caspase-3+ fraction of CD8+ TIL

and especially SIY-reactive CD8+ TIL. Single treatment studies revealed that most of the

SIY-reactive TIL accumulation and anti-apoptotic effects were driven by the agonist 4-1BB

antibody, with some apparent but not statistically significant contribution from anti-PD-L1

antibodies. This is in line with other findings of 4-1BB being a survival factor for CD8+

T cells (Takahashi, 1999; Cooper, 2002; Weigelin, 2015), and with our own findings with

4-1BB-/- mice demonstrating that 4-1BB expression was required for maintaining the num-

bers of CD8+ TIL. Co-stimulation through 4-1BB therefore appears to be a potent survival

factor for CD8+ TIL that is necessary for their maintenance and that can be manipulated

through immunotherapy to improve CD8+ TIL cell numbers and functionality. This is con-

sistent with CAR T cell studies, where inclusion of an intracellular 4-1BB signaling domain

enhances the persistence and efficacy of transferred engineered T cells (Long, 2015).
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4.8 Increased NF-κB signaling in CD8+ TIL resembles the

phenotypic changes associated with agonist 4-1BB antibody

administration

Phenotyping of CD8+ TIL after immunotherapy revealed a decrease in the surface levels

of multiple immune inhibitory receptors. Single treatment experiments revealed that these

decreases were driven mostly by agonist anti-4-1BB. This observation indicates a unique

ability of 4-1BB signaling to decrease the amount of inhibitory signals that CD8+ TIL

receive. Decreased inhibitory receptor expression was not seen with blockade of CTLA-4 or

PD-L1, indicating that agonist anti-4-1BB altered CD8+ TIL gene expression in different

ways than removal of inhibitory signals alone.

Gene expression profiling revealed that agonist 4-1BB monotherapy resulted in very sim-

ilar gene expression profiles to either combination therapy that involved agonist 4-1BB an-

tibody. This suggested that agonist 4-1BB was driving most of these changes, similar to

the inhibitory receptor downregulation. Using Ingenuity Pathway Analysis, we found that

among the upregulated genes there were major hubs around IL-2 and NF-κB signaling. These

were intriguing results, as multiple papers from our laboratory and others have implicated

these pathways in both the spontaneous and post-immunotherapy immune response against

tumors (Spranger, 2014; Williams, 2017; Barnes, 2015; Evaristo, 2016).

The IL-2 pathway was especially interesting. We previously found restored IL-2 pro-

duction in CD8+ TIL after combination immunotherapy (Spranger, 2014; Williams, 2017).

We also found increased IL-2 transcript levels after 4-1BB combination immunotherapy, and

found that CD25, the high affinity IL-2 receptor subunit, was expressed on CD8+ TIL in

the absence of immunotherapy. This result raised the possibility of a positive feedback loop

where 4-1BB signaling drove IL-2 expression that bound to CD25 to stimulate CD8+ TIL in

an autocrine fashion. However, neither systemic nor intratumoral administration of multiple

IL-2 neutralizing antibodies decreased the efficacy of anti-4-1BB + anti-PD-L1 immunother-
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apy. Mixed bone marrow chimeras yielded consistent results. CD25-/- CD8+ TIL had a

lower percentage of SIY-reactive cells and lower KLRG1 expression without immunotherapy,

indicating fewer and less effector-like tumor antigen-specific cells from this compartment.

Despite these defects in spontaneous anti-tumor immunity, however, the expansion of SIY-

reactive cells and the upregulation of KLRG1 was preserved in the CD25-/- CD8+ TIL

after agonist 4-1BB combination immunotherapy. Thus, while IL-2 signaling through CD25

may play a role in the spontaneous anti-tumor T cell response, an IL-2 – CD25 autocrine

loop is not necessary for the response to agonist 4-1BB combination immunotherapy. IL-2

expression may still be a useful biomarker to indicate a productive anti-tumor response af-

ter immunotherapy. IL-2 expression could be studied in patients after immunotherapy to

determine if IL-2 production correlates with the increase in CD8+ TIL or tumor regression.

Experiments using IKKβ-CA mice revealed that activation of the NF-κB pathway in

T cells resulted in a striking resemblance to agonist anti-4-1BB immunotherapy. Increased

NF-κB signaling resulted in a larger fraction of SIY-reactive CD8+ TIL, increased KLRG1

expression, and decreased LAG-3 expression. Additionally, it resulted in decreased active

caspase-3 expression in CD8+ TIL. It was previously shown that NF-κB activation in T

cells was necessary and sufficient for tumor control (Barnes, 2015; Evaristo, 2016). Our data

suggest that a part of the increased tumor control in the IKKβ-CA mice may be due to the

increased survival of TIL. It also appears that in the IKKβ-CA mice, the CD8+ TIL do not

assume the dysfunctional phenotype, as they retain KLRG1 expression and do not upregulate

LAG-3. Also interesting is the increased γH2AX in CD8+ TIL from IKKβ-CA mice. This

suggests that γH2AX is in fact upstream of T cell apoptosis, and that increased NF-κB

signaling allows T cells to survive despite the presence of DNA damage. Supporting this

idea is a previous study showing that NF-κB can protect T cells from DNA damage-induced

cell death through activation of Mdm2 (Busuttil, 2010).
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4.9 Future Directions

4.9.1 Determining the cause of CD8+ TIL cell apoptosis

One important finding of this work was that endogenously primed, antigen-specific CD8+

T cells are undergoing apoptosis in the tumor microenvironment. Importantly, blocking T

cell apoptosis led to accumulation of TIL and improved tumor control. While the cause of

TIL apoptosis is unknown, it appeared to be a product of T cell activation combined with

residence in the tumor microenvironment. Determining the cause of spontaneous apoptosis

of activated CD8+ T cells in the tumor microenvironment will lead to a better understanding

of factors that limit anti-tumor T cell responses. This may lead to specific therapies able to

target causes of T cell apoptosis that could enhance the immune response against cancer.

These therapies could potentially augment the endogenous immune response and synergize

with checkpoint blockade, leading to enhanced responses to current immunotherapies. Fu-

ture studies to determine the mechanism of CD8+ TIL death could focus on the following

processes:

Metabolism

Engagement of the TCR combined with co-stimulation greatly alter metabolism as T cells

transition from nave to activated effector cells (Buck 2015). Effector T cells become highly

glycolytic as they activate the mTOR pathway and upregulate glucose transporters (Buck,

2015). Proper activation of metabolic pathways as well as sufficient nutrient levels have

been shown to be critical to achieve maximal T cell responses (Cham, 2005). Metabolic

competition between tumor cells and T cells in the tumor microenvironment can limit the

nutrients available to T cells and contribute to lack of T cell function that facilitates tu-

mor progression (Chang, 2015; Ho, 2015). One consequence of metabolite deficiency can

be increased T cell death, with evidence demonstrating that multiple metabolic pathways

can have an effect on T cell apoptosis (Fallarino, 2002; Lee, 2014; Blagih, 2015; Geiger,
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2016). Interestingly, both T cell and tumor metabolism can be targeted by immunotherapy,

resulting in more favorable metabolic function in T cells (Chang, 2016). This suggests that

CD8+ TIL could be undergoing apoptosis in the tumor microenvironment because they lack

the nutrients to properly respond to the antigenic stimuli they are receiving. We found up-

regulation of glucose transporter transcripts by gene array and qPCR after agonist 4-1BB

combination immunotherapy, suggesting that changes in TIL apoptosis could be linked to

improved metabolic substrate uptake. This would be consistent with findings studying CAR

T cells, where the inclusion of a 4-1BB signaling domain leads to increased persistence and a

distinct metabolic signature (Kawalekar, 2016). Thus, changes in metabolism might explain

the rescue from apoptosis induced by agonist anti-4-1BB combination immunotherapy.

DNA damage

Activated T cells have recently been shown to accumulate high levels of DNA damage, likely

from their rapid proliferation (McNally, 2017). In our studies we found a high basal rate

of proliferation specifically in the CD8+ TIL compartment. The proliferating CD8+ TIL

also contained an apoptotic fraction, indicating that some of the proliferating cells were in

fact undergoing apoptosis. In contrast, PD-1- CD8+ TIL did not proliferate, nor did they

undergo apoptosis. Additionally, we found an accumulation of double-stranded DNA breaks,

as measured by γH2AX staining, in proliferating CD8+ TIL. This damage was specific to

the proliferating TIL, and not proliferating CD8+ cells in the spleens and lymph nodes of

mice. Cellular stress, ROS, or other factors in the tumor microenvironment could potentially

lead to this increased DNA damage.

One group recently showed that inhibition of Mdm2 in activated, proliferating T cells

could lead to their selective depletion, which did not affect non-proliferating T cells (McNally,

2017). Interestingly, we found through gene array analysis that agonist 4-1BB immunother-

apy upregulated Mdm2 transcript levels. Therefore agonist 4-1BB immunotherapy might be

working to increase CD8+ TIL accumulation by preventing the sensing of DNA damage that
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would normally lead to CD8+ TIL apoptosis.

Other studies have also found that the p53 pathway regulates immune responses. Acti-

vation of CD4+ T cells leads to Mdm2 upregulation and p53 inhibition (Watanabe, 2014).

Preventing p53 inhibition led to an inability of activated CD4+ T cells to proliferate in re-

sponse to TCR stimulus. Another study found that NF-κB signaling downstream of TCR

signaling can lead to increased Mdm2 expression that inhibits cell death of activated T cells

(Busuttil, 2010). Using pathway analysis of genes upregulated by immunotherapy, we found

that agonist anti-4-1BB immunotherapy was potentially acting through the NF-κB pathway.

This opens the possibility that 4-1BB induced NF-κB activation leads to Mdm2 upregulation

and p53 inhibition, resulting in reduced CD8+ TIL apoptosis.

Additionally, recent work from another group has demonstrated that transferred antigen-

specific p53-/- T cells control tumors better than WT cells, indicating that DNA damage

sensing might be important for inhibiting T cell responses to tumors (Banerjee, 2016). One

proposed mechanism by which p53 induces apoptosis is by interacting with anti-apoptotic

Bcl-2 family proteins like Bcl-xL to inhibit their anti-apoptotic effects (Chipuk, 2006). A

p53-dependent mechanism of CD8+ TIL apoptosis is therefore consistent with our data

showing that transgenic Bcl-xL expression is sufficient to decrease CD8+ TIL apoptosis

and improve the control of B16.SIY tumors by adoptively transferred 2C T cells. Overall,

agonist 4-1BB antibody could be decreasing CD8+ TIL apoptosis through upregulation of

the NF-κB pathway, which upregulates Mdm2. Mdm2 then suppresses p53, which decreases

the amount of DNA damage-induced cell death that occurs in CD8+ TIL in the tumor

microenvironment. Additionally, suppression of p53 may also increase the functionality of T

cells, resulting in more CD8+ TIL that are better able to mediate tumor regression.

4.9.2 The role of co-stimulation in the tumor microenvironment

We have found that many co-stimulatory receptors, such as CD27, GITR and OX40 are

expressed in addition to 4-1BB on CD8+ TIL (Williams, 2017). These pathways are all
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under investigation as potential targets for immunotherapy of cancer, and agonist antibodies

against these proteins can lead to tumor regression in preclinical models (van de Ven, 2015;

Aspeslagh, 2015; Knee, 2016). That TIL would express these receptors and benefit from

their activation raises the question of whether there are corresponding ligands for these

receptors present in the tumor microenvironment. It is appreciated that supplementing

effector T cells with agonist antibodies that activate co-stimulatory pathways can enhance

their function, proliferation, and survival. Less well understood is whether effector T cells

utilize co-stimulation during endogenous immune responses, and if so, what the role of co-

stimulation in the tumor microenvironment is.

It was recently found that CD103+ DCs benefit many aspects of anti-tumor immunity

by mediating the priming and recruitment of antigen-specific T cells to tumors (Spranger,

2015; Spranger, 2017). It was also found that T cells can interact with DCs in the tu-

mor microenvironment, and that the presence of CD103+ DCs positively influences ongoing

anti-tumor immunity (Broz, 2014). Of the tumor-infiltrating APCs analyzed, we found

that CD103+ DCs had the highest expression of 4-1BBL, suggesting they provide CD8+

TIL with co-stimulatory signals prior to immunotherapy. The effects of infiltrating DCs

and other myeloid cells on CD8+ TIL should be examined further, as well as what other

co-stimulatory molecules different subsets of tumor-infiltrating APCs express. Our findings

that 4-1BB-/- CD8+ TIL accumulated poorly in the tumor compared to their WT counter-

parts, and that blockade of 4-1BBL decreased the infiltration of CD8+ TIL, suggest that

co-stimulation actively supports the maintenance of CD8+ TIL numbers. It would be inter-

esting to determine if other co-stimulatory molecules were also contributing to maintaining

the number of CD8+ TIL, and which cell types TIL must interact with to receive various

co-stimulatory signals.

Another question is how co-stimulation helps to maintain CD8+ TIL. 4-1BB signaling

appears to increase TIL survival, as demonstrated with decreased active caspase-3 levels after

agonist 4-1BB immunotherapy, and decreased numbers of CD8+ TIL in 4-1BB-/- mice. It
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would be interesting to determine if different co-stimulatory receptors have mostly redundant

or unique functions in terms of how they affect CD8+ TIL survival, proliferation, and func-

tionality. Activation of multiple co-stimulatory molecules could be an immunotherapeutic

approach to maximize the function of tumor infiltrating T cells.

Additionally, our results demonstrating that CD11c-expressing cells within the tumor site

are necessary for the effects of anti-PD-L1 immunotherapy are striking. This implies that

co-stimulation in the tumor microenvironment is essential for anti-PD-L1 immunotherapy

efficacy, and that DCs likely provide the majority of co-stimulation to T cells within the

tumor. Immunotherapy with only agonist anti-4-1BB still retained its efficacy in the absence

of DCs, suggesting agonist anti-4-1BB can replace the function of DCs. These results support

a model in which DCs provide co-stimulation through 4-1BBL to CD8+ T cells, which can

be replaced by agonist anti-4-1BB antibody.

4.9.3 What alterations in T cell function are necessary for tumor rejection

after immunotherapy?

It remains unknown what functions of T cells are actually altered to mediate tumor regres-

sion after immunotherapy. Our laboratory has recently shown that CD8+ TIL that express

multiple inhibitory receptors still retain the ability to proliferate, produce IFN-γ, and lyse

target cells ex vivo (Williams, 2017). We found in this thesis that apoptosis may be an im-

portant factor in limiting the anti-tumor immune response. We also found that anti-4-1BB

immunotherapy correlated with a change in CD8+ TIL phenotype. CD8+ TIL expressed

lower levels of inhibitory receptors and higher levels of KLRG1 after agonist anti-4-1BB

immunotherapy. Additionally, CD8+ TIL increased their ability to produce IL-2, but IL-2

signaling was not found to be necessary for tumor regression after immunotherapy. The

question still remains whether increasing the number of TIL through decreased apoptosis is

sufficient to carry out the effects of 4-1BB combination immunotherapy, or if some yet to

be determined change in T cell function is also required. Our gene array analysis revealed
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multiple granzyme genes that were upregulated after immunotherapy, insinuating that in-

creased cytotoxicity could play a role in increased tumor cell killing after immunotherapy.

Experiments could be conducted with perforin-and FasL-deficient animals to determine the

necessity of either cytolysis pathway in tumor regression after agonist 4-1BB combination

immunotherapy. If animals that are deficient for both perforin and FasL still have increased

tumor control after immunotherapy, then there may be indirect mechanisms outside of tu-

mor cell killing that mediate increased tumor control. Overall, the functions that mediate

tumor control both in the endogenous tumor response and after immunotherapy will be

critical to understand, as they may be directly targetable to further increase the efficacy of

immunotherapy.

4.10 Conclusion

Taken together, our results imply that DCs provide co-stimulation through 4-1BBL that

activates NF-κB signaling in effector CD8+ T cells. Co-stimulation through 4-1BB sig-

naling maintains numbers of CD8+ TIL and is necessary for the efficacy of anti-PD-L1

immunotherapy. Agonist 4-1BB antibodies increase NF-κB pathway activity in CD8+ TIL

to promote their survival and accumulation. Increased 4-1BB signaling also maintains acti-

vated CD8+ TIL in a short-lived effector cell-like differentiation status, where they express

KLRG1 and IL-2. Although IL-2 signaling on CD8+ TIL was not necessary for TIL ex-

pansion after agonist 4-1BB immunotherapy, IL-2 expression may indicate that CD8+ TIL

remain highly functional, as IL-2 expression correlated with tumor regression after agonist 4-

1BB immunotherapy. Thus, increased co-stimulation of effector CD8+ T cells prevents their

death and dysfunction, leading to enhanced CD8+ T cell responses and control of tumors.

It should be explored whether increased co-stimulation of CD8+ effector T cells outside

of the tumor context can prevent their dysfunction or exhaustion, and which APCs and

co-stimulatory signals are important for maintaining CD8+ T cell function during chronic

immune responses.
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