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Abstract

Dendritic cells (DCs) act at the interface of the innate and adaptive arms of the immune
system. Their primary function is to orchestrate adaptive immune responses by presenting
antigens and providing costimulatory signals to T cells. For CD8" T cells, recognition of a
cognate antigenic peptide bound to class I major histocompatibility complex (MHC-I) presented
by a DC along with co-stimulation results in its activation—a proliferative burst and the
acquisition of a potent cytotoxic effector program. In the context of a tumor, DCs are thought to
activate CD8" T cells primarily through antigen cross-presentation, in which DCs generate
antigenic peptides derived from exogenous proteins through proteasomal or lysosomal
degradation and subsequently load these peptides onto MHC-I molecules for display. Here, using
two murine tumor models lacking the MHC-I molecule H-2K" (K®), we found that cancer cell-
intrinsic MHC-I expression was required for optimal CD8" T cell priming. Furthermore, using
genetically modified mouse strains lacking MHC-I or otherwise deficient in cross-presentation,
we observed that DCs were capable of acquiring and presenting intact peptide/(p)MHC-I from
cancer cells, and that this was sufficient for their ability to activate tumor antigen-specific CD8"
T cells ex vivo. Finally, we confirmed that antigen presenting cells (APCs) were capable of
presenting acquired, cancer cell-derived class I human leukocyte antigen (HLA-I; human MHC-
I) molecules from human lymphoma cells, both in vitro and in xenograft experiments. Together,
these results suggest that MHC-dressing, the presentation of exogenous pMHC-I complexes by

DCs, makes a significant contribution to overall tumor antigen presentation.
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Chapter 1: Introduction

1.1 Overview

Life has been flourishing, evolving, and diversifying on Earth for more than 3.5 billion
years, resulting in an ecosystem of unimaginable complexity. Within this environment, species
and individuals come into frequent contact, and survival often depends on an organism’s ability
to sense danger and to tell friend from foe. As such, species in all kingdoms of life have
developed mechanisms of detecting and neutralizing threats' ™, ranging from the expression of
receptors recognizing broadly conserved molecular patterns associated with infections, cell
stress, or damage™®, to the generation of proteins’ or RNA oligonucleotides® tailored to a specific
pathogen or toxin. Over time, species have layered many of these mechanisms in overlapping
and complementary fashion®. The need for complex organisms to maintain homeostasis across
sophisticated organ systems while constantly interacting with varied pathogens has led to the
development of specialized cells tasked with ensuring the survival of the host amid these myriad
challenges. In jawed vertebrates, an entire system of such cells—the immune system—monitors
tissues for sign of damage and stress, communicates with commensal microorganisms, and wards
off infections from pathogens.

The immune system is classically divided into two distinct parts: an innate immune
system poised to rapidly detect and mitigate an array of defined threats, and an adaptive immune
system which deliberately mounts a specific response to any given threat through the activation
of lymphocytes from a preexisting repertoire. The innate immune system is comprised of
specialized cells such as mononuclear phagocytes, granulocytes, and innate lymphoid cells,
though epithelial and endothelial cells, stroma, and neurons are integral to innate immunity due

to their roles in barrier integrity and stress response®'’. The adaptive immune system consists of



B and T cells. While the primary function of B cells is to generate antibodies’, T cells play
various roles in the immune response. Activated CD4" T cells can provide costimulation to B
cells, produce effector cytokines, promote tissue repair, or exert regulatory activity on other
immune cells'"'2. Activated CD8" T cells target specific cells for lysis in order to remove
infected and cancerous cells from the host".

In reality, the two arms of the immune system work synergistically to resolve any
potential threats to the host, with cells typically associated with one aspect of the response fine-
tuning or enhancing the functions of cells associated with the other. Dendritic cells (DCs), in
particular, function at the interface of the innate and adaptive immune systems. Part of the
mononuclear phagocyte system, DCs reside in tissues throughout the body, constitutively
sampling their environment for antigens and danger- or pathogen-associated molecular patterns
(DAMPs and PAMPs, respectively)'*. DCs migrate from non-lymphoid tissues through afferent
lymphatics to draining lymph nodes (LNs)". There, migratory DCs and LN-resident DCs present
peptide antigens on major histocompatibility complex (MHC) molecules to T cells'®. In order to
generate a productive T cell response, the DC must both present a peptide/MHC (pMHC)
recognized by the T cell receptor (TCR) and provide costimulation through the expression of
CD80 and/or CD86'°. The DC can further instruct the nature of the T cell response by providing
tertiary signals, such as the cytokines interleukin(IL)-12 and IL-23". In this way, DCs are

responsible for the initiation of adaptive immune responses.

1.2 CD8" T cell Development and Function
1.2.1 TCR Gene Recombination and Thymic Selection
T cells are adaptive immune cells which each express a unique cell-surface receptor

(TCR) that recognizes a specific antigen or set of antigens with a high affinity. With a few

2



notable exceptions, they generally follow the rules of clonal selection theory, originally
hypothesized by Frank Macfarlane Burnet in 1957 as the rules governing antibody generation'®:
1) each lymphocyte bears a single receptor with a unique specificity; 2) antigen recognition
through the receptor leads to activation; 3) all progeny of a lymphocyte bear the same receptor as
the original cell; and 4) lymphocytes bearing receptors specific for a self antigen are removed
from the repertoire. In reality, there are many cells in the body which share TCRs due to clonal
expansion and bias in receptor generation'’. Furthermore, each TCR can recognize a potentially
large set of antigens®, and a significant portion of the repertoire can recognize self antigens,
necessitating mechanisms of dominant tolerance'. However, each T cell does express a single
TCR and undergoes a proliferative burst following TCR engagement, exponentially increasing
the number of T cell clones bearing the same TCR in a matter of days, before exerting effector
functions to counter an infection or tumor, or becoming long-lived and self-renewing memory
cells, capable of responding to the same threat months or years removed from the initial
encounter with its antigen'®. Clonal expansion upon antigen encounter allows each naive
lymphocyte to exist in a very low frequency within the overall population, which contains an
immense repertoire of TCRs, allowing the immune system to respond to diverse threats as they
appear.

Rather than separately encode millions of individual TCR genes, diversity in the TCR
repertoire is generated through site-specific somatic gene recombination. This process, known as
V(D)J recombination after the variable (V), diversity (D), and joining (J) segments that comprise
the TCR (and B cell receptor), can generate immense numbers of unique TCRs, with estimates
ranging from 10" to 10" %, through combinatorial diversity—the use of different combinations
of V, D, and J genes—and junctional diversity—the removal and/or addition of base pairs at the

junction of two segments resulting from imprecise DNA repair and the deliberate addition of



non-encoded bases®. V(D)J recombination is mediated by the RAG complex, whose core
includes two proteins encoded by the recombination activating genes, Rag!/ and Rag2, which
have structural and functional similarities to transposases found in invertebrates***. RAG1 and
RAG?2 form a heterodimer which recognizes recombination signal sequences (RSS)—a
conserved heptamer and nonamer separated by a 12- or 23-bp spacer that resemble inverted

29,30

repeats flanking transposable elements®*°—adjoining V, D, and J segments®'. The RAG complex
recombines the DNA by bringing a 12-RSS and a 23-RSS into close proximity in a DNA loop
and creating double-stranded breaks at both RSSs. The DNA fragment between the two segments
is fused into a circular fragment and discarded. Subsequent DNA repair and fusion of the two
segments can lead to the insertion of palindromic (P)**** and non-templated (N)**=¢ bases, the
source of junctional diversity®’.

The stochastic nature of V(D)J recombination leads to the generation of TCRs which
must be removed from the repertoire, either because they are incapable of recognizing antigens
presented on host MHC molecules or because they bind too tightly to self antigens or the MHC
itself** Because of this, V(D)J recombination is followed by a rigorous selection process®’. While
undergoing RAG-mediated recombination of the TCRa locus, thymocytes upregulate the
coreceptors CD4 and CDS. The thymocytes then undergo the process of positive selection in the
thymic cortex, where cortical thymic epithelial cells (cTECs) present an array of peptide antigens
on class I (MHC-I) and class II (MHC-II) MHC that is distinct from those presented by all other
cells in the body due to differential protease expression®. If the TCR is unable to bind to any
MHC molecule, the thymocyte will undergo apoptosis having failed positive selection®. Most
thymocytes fail to recognize MHC and die by neglect at this stage*'*2. Successful engagement of
the TCR with pMHC brings the TCR into close contact with the coreceptor, which binds to the

side of the MHC molecule; CD4 binds MHC-II and CD8 binds MHC-1. The CD4/CD8 lineage
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choice is determined by the interaction between the coreceptor and its partner MHC ligand*'.

Following positive selection, potentially dangerous TCRs are removed from the
repertoire due to their intolerably high affinity for MHC, cross-reactivity to different MHC
molecules, or particularly high avidity interactions with a given pMHC®. This process of
negative selection can occur in either the thymic cortex or medulla, but appears to be more
prominent in the former*. After migrating to the thymic medulla, regulatory T cells are selected
from the CD4" population based on their avidity for self peptide antigens, the transcription of
which occurs in medullary (m)TECs, primarily due to the expression of the transcription factor
AIRE*,

It must be noted that the developmental process described above pertains only to
conventional CD4" and CD8" afT cells. V(D)J recombination and thymic selection occur
slightly differently for y8T cells*. Additionally, the selection events and developmental
trajectories of alternative afiT cell lineages such as natural killer T cells and mucosal-associated

t43

invariant T cells are distinct™. The sum result of V(D)J recombination and thymic selection is a

447 each

pool of T cells with a repertoire estimated to contain between 10° and 10® unique TCRs
with the capacity to respond to a set of antigens, leaving the host with a well-stocked arsenal

with which to ward off infections, eliminate cancerous cells, and maintain tissue homeostasis.

1.2.2 Activation and Function of CD8" T cells

Naive T cells circulate through the bloodstream, entering and exiting secondary lymphoid
organs (SLOs), such as the spleen and LNs, in their constant quest to sense antigen. Naive T cells
follow chemokine gradients, most notably CCL21, which binds to the receptor CCR7, and enter
the LN through high endothelial venules. Entry to the spleen occurs through terminal arterioles

which deposit the cells in the red pulp*®. After entry, T cells migrate to the T cell zone of the LN
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or splenic white pulp, again in a CCR7-dependent manner, following gradients of its ligands,
CCL19 and CCL21, which are produced by DCs and radio-resistant stromal cells***. The T cells
move along a random walk, transiently interacting with DCs until a T cell binds its cognate
pMHC presented by a DC***', In the absence of TCR/pMHC engagement a single DC interacts
with between 500 and 5,000 T cells per hour’'*%; upon engagement the DC and T cell form a
stable interaction which can last 48 hours™.

This stable interaction, known as an immunological synapse, begins with the recognition
of the pMHC by the TCR. Each TCR has six loops which interface with the pMHC, known as
complementarity determining regions (CDRs). Each chain of the TCR dimer contributes three
CDRs, two of which—CDRI1 and CDR2—are germline-encoded and bind the surface of the
MHC. The CDR3 loops interact directly with the peptide antigen and often contain residues
encoded by P and N bases inserted during RAG recombination. The ability of T cells to
recognize a wide array of peptides while maintaining a specific range of affinity for MHC
molecules is due to the diversity of CDR3 sequences and relative lack of diversity in CDRs 1 and
2%,

TCR/pMHC binding alone is insufficient for T cell activation. DCs must also provide
costimulation in the form of CD80 and CD86 (also known as B7.1 and B7.2, respectively), two
membrane-bound ligands recognized by their receptor, CD28, on the surface of T cells.
Engagement of both the TCR and CD28 results in a burst of proliferation, with CD28 signaling
crucial for IL-2 production and cell survival®*~". Other costimulatory receptor/ligand interactions
such as 4-1BB/4-1BBL can compensate for the loss of CD28 signaling in CD8" T cells to a
certain extent, though these receptors often work together with CD28 to maximize effector and
memory responses'®. Additionally, coinhibitory receptor/ligand interactions such as PD-1/PD-L1

dampen the effects of costimulation, rendering T cells dysfunctional®®*°. The coinhibitory
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receptor CTLA-4 binds CD80 and CD86 with greater affinity than CD28, thereby attenuating T
cell activation directly by diminishing TCR signaling and indirectly through competition for
ligands with CD28%¢2, For CD8" T cells, optimal activation is also dependent on a third signal in
the form of IL-12 or type I interferons (IFNs), as both of these signaling pathways promote
cytotoxic effector function'®. The primary source of IL-12 in vivo are type 1 conventional DCs
(cDC1), while many innate immune cells are capable of producing type I IFNs in various
circumstances'. Through the provision (or withholding) of three signals, TCR/pMHC binding,
costimulation in the form of CD80 and/or CD86, and IL-12 or type I IFNs, DCs regulate CD8" T
cell activation.

While engaged in the immunological synapse, T cells downregulate the sphingosine 1-
phosphate receptor (S1P;) and express its antagonist, CD69, to prevent lymph node egress and
promote longer interactions with DCs®*%*, After a few days, the now-activated CD8" effector
cells re-express S1P; in order to follow the S1P gradient out of the LN and into the bloodstream,
from there trafficking to the site of infection or tumor*®. Upon arrival at their destination, effector
CDB8" T cells interact with other cells while moving through the tissue. Antigen recognition by
the TCR prompts the CD8" T cell to kill the target cell presenting the cognate pMHC-I. The
CDB8" T cell releases perforin and granzymes into the extracellular matrix at the immunological
synapse formed with the target cell. Perforin molecules oligomerize in the plasma membrane of
the target cell, forming pores through which granzymes can enter the target cell®. Granzymes
then trigger apoptosis in the target cell through various pathways, including caspase cleavage®.
Secretion of tumor necrosis factor a (TNF-a) by CD8" T cells also promotes apoptosis by
binding to the receptor TNFRI1 on the target cell, leading to signaling through the receptor’s
death domain®. Additionally, effector CD8" T cells produce and secrete high levels of IFN-y,

which activates and polarizes macrophages and has profound effects on nearby cells, inducing

7



the expression of antiviral and antimicrobial proteins, chemokines, and many components of the

MHC-I and MHC-II antigen presentation pathways®.

1.2.3 The Role of CD8" T cells in Cancer

The immune system affects the development and progression of cancer by removing
immunogenic cancer cells and altering the tumor microenvironment in various ways. This
process, known as immunosurveillance or immunoediting, can lead to a spectrum of outcomes:
at one end the outright clearance of cancerous cells, and at the other the selection of cancer cells
better adapted to survive in the presence of an immune response and to manipulate it to their
benefit®. The ability of the immune system to restrict tumor growth was hypothesized as early as
1909 by Paul Ehrlich™, and the in vivo immunogenicity of transplantable and carcinogen-induced
tumors was demonstrated using inbred mouse strains in the 1940s and *50s’"". Further research
demonstrated that a fraction of lymphocytes isolated from peripheral blood were able to

74—

specifically lyse cancer cells isolated from autologous tumor biopsies in vitro’™ . Following the
discovery of MHC-restriction”, CD8" T cell clones capable of lysing autologous cancer cells in a
mechanism dependent on their ability to bind human leukocyte antigen (HLA) class I, the human
equivalent of MHC-I, were isolated from patients with various tumors®*®'. Shortly after the
crystal structure of MHC-I was solved, informing that MHC-I molecules present peptide
antigens to CD8" T cells**®, numerous groups identified HLA-I- and MHC-I-restricted tumor
antigens capable of recognition by CD8" T cells* .

The centrality of CD8" T cell effector function in the anti-tumor immune response is
further evidenced by the fact that mice deficient in adaptive immune cells due to the absence of

RAGT1 or RAG?2 are unable to reject transplanted syngeneic tumors and have increased

susceptibility to both spontaneous and carcinogen-induced tumors; up to 40% of the latter are



rapidly rejected upon transplantation into immunocompetent hosts”' . Furthermore, mice
lacking IFN-y (or its receptor, IFNGR1), perforin, and TNF-a all have increased susceptibility to
spontaneous and carcinogen-induced tumors®****, though it must be stated that CD8" T cells are
not the only source of these three proteins. Perhaps the greatest testament to the potency of CD8”
T cells in selectively removing cancerous cells is the great lengths to which tumors go in order to
subvert T cell immunity. It has taken decades to resolve presence of CD8" T cells capable of
recognizing tumor antigens in patients with the continued cancer progression in those same
patients, a paradox first observed by Hellstrom et al., who proposed that one explanation could
be that the immune reaction may destroy many cells while not being potent enough to
completely eradicate the tumor’. We know now that these seemingly paradoxical observations
are explained by an ever-escalating Darwinian dance between the immune system and the
tumor®,

Under the selective pressure of an ongoing immune response, cancer cells capable of
subverting the immune response have a significant survival advantage. This was elegantly
demonstrated by Wortzel ef al. in 1984 using an experiment in which they exposed a murine
ultraviolet light-induced fibrosarcoma tumor line—which is rejected in immunocompetent hosts
—to antigen-specific CD8" T cell clones in vitro. The surviving cancer cells, which were
selected for their ability to persist in the presence of CD8" T cells in vitro, then grew
progressively in vivo upon engraftment into immunocompetent hosts®. In patients, the selection
of cancer cells capable of subverting the adaptive immune response manifests itself in many
ways: CD8" T cell-infiltrated tumors often express high levels of coinhibitory receptors and/or
bear inactivating mutations in antigen presentation or IFN-y signaling pathways®>'*'2, Qver
time, the tumor microenvironment can become more hostile to CD8" T cells due to recurrent

interactions with cancer cells, suppression from other immune cells in the tumor, or the limited
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availability of key nutrients, all culminating in a T cell dysfunctional state'®

. Overcoming this
dysfunction has been an area of intense research over the past two decades, leading to the
development of immunotherapies that are now effectively deployed in the clinic'**'*. Recently,
significant progress has been made in defining the phenotypic heterogeneity of tumor-infiltrating
CD8" T cells (CD8" TILs) in patients and in mouse models. CD8" TILs exhibit a spectrum of
phenotypes, ranging from a TCF-1" population with high proliferative capacity and the ability to
produce effector cytokines at one extreme, to a terminally dysfunctional TOX" population at the
other'®!'%, In particular, the importance of the TCF-1" population in mediating the anti-tumor
immune response following checkpoint blockade therapy has become clear despite persisting
disagreement over their ontogeny and nomenclature'®.

In stark contrast to the advances in phenotypic characterization of CD8" TILs, the antigen
specificity of the vast majority of these cells remains opaque, and remarkably little is understood
of the priming events as they occur in humans. Prevailing models suggest that CD8" T cells
specific for tumor neoantigens—tumor-specific antigens which are generated by somatic

mutations within cancer cells—play a dominat role in restricting tumor growth®, based on many

studies demonstrating the presence of neoantigen-specific CD8" T cells in human and murine

87,106 107-110

tumors®”'™, use of epitope prediction algorithms , and correlations between overall
mutational burden and anti-tumor immunity'*"'%!":!2 However, a growing body of evidence
suggests that T cells reactive to bona fide neoantigens are quite rare in the tumor'*'"*, An
unbiased survey of TCR antigen specificities using yeast display identified tumor-infiltrating
CD8" T cells which were reactive to unmutated self antigens in two patients'’. Additionally,
self-reactive memory phenotype CD8" T cells are enriched in the prostates of TRAMP mice''®,
further suggesting that a significant population of tumor-infiltrating CD8" T cells recognize

native self antigens rather than neoantigens. Tissue-resident memory CD8" T cells specific for
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viral antigens from previously resolved or chronic infections are also found in the tumor and are
reactivated following chockpoint blockade therapy''’~'%.

Possibly the greatest mystery surrounding the anti-tumor CD8" T cell response is why
some patients fail to ever develop one. Unsurprisingly, the best predictors of whether or not a
patient will respond to checkpoint blockade therapy are a preexisting population of activated
CD8" TILs and elevated expression of PD-L1 by cancer and stromal cells, either resulting from
IFN-y signaling or genetic mutation'*'"'*®, Gaining a greater understanding the priming events
surrounding anti-tumor CD8" T cells—answering key questions in how these cells are activated
—could yield new insights into why and in what circumstances they are activated, or not
activated. These events remain opaque in human cancers largely beause priming of naive anti-
tumor CD8" T cells cannot be observed in real time. By the time patients present with clinical
disease manifestations, the tumor may have been growing and evolving for months or years.
Then, the immune response would have either already have been ongoing and exerting its
selective pressure on the tumor or failed to mount at all. To understand the requirements for anti-
tumor CD8" T cell activation in humans, the best we can do is find correlates with CD8" T cell
infiltration. However, murine tumor models can be used to study anti-tumor CD8" T cell priming
as it occurs. DCs are generally the central regulators of T cell activation through antigen
presentation and the provision of costimulation. As will be discuessed in the next section, DCs
mediate CD8" T cell priming against tumors as well'**'*°, and ongoing work continues to
elucidate their various functions. This study, in investigating the mechanisms by which DCs
present tumor antigens, addresses an outstanding question in how DCs mediate anti-tumor CD8"

T cell priming.
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1.3 DC Development and Function
1.3.1 DC Development

DCs, along with macrophages and monocytes, comprise the mononuclear phagocyte
system. Monocytes are primarily found in circulation, spleen, and bone marrow, while DCs and
macrophages exist in tissues throughout the body, including SLOs. All mononuclear phagocytes
exert their function at least partially through phagocytosis, as their name suggests. Macrophages
and monocytes remove dead or dying cells, clear pathogens, and integrate signals from their
environment in order to maintain or restore tissue homeostasis, while DCs acquire antigens for
processing and presentation to T cells'*'.

In adult hematopoiesis, all lymphoid and myeloid lineages can be traced back to
lymphomyeloid-primed progenitors (LMPPs)"**'**. From there, models of the developmental
trajectory of DCs have been somewhat convoluted, based on the obersved potential for various

134

progenitor cells to develop into DCs in vitro"*. LMPPs can differentiate into either common

lymphoid progenitors (CLPs) or common myeloid progenitors (CMPs), committing the cells to

135

one developmental trajectory or the other’>>. CLPs have been shown to retain DC potential when

_driven expression of YFP revealed

cultured ex vivo'**3%37 however, fate mapping using /7~
that the vast majority of ¢cDCs are not derived from CLPs'*, but rather from CMPs"*%'* Tt is
currently unknown whether there are any intermediate precursors with cDC potential between
the CMP and the common DC progenitor (CDP), which is the earliest precursor committed to the
DC lineage'*'**. Models in which granulocyte-monocyte progenitors (GMP) give rise to

133,141 "and another

DCs'"*>!* have been contradicted by in vivo fate mapping experiments
population, the macrophage and DC progenitor (MDP)"*"!*>!43 ' was recently shown to be a mixed
population of cells already committed to either the monocyte or cDC lineage using single-cell

RNA-seq'.
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CDPs further differentiate into pre-DCs, the immediate precursors to cDCs, which exit

144147 \where

the bone marrow into the blood, and from there seed SLOs and peripheral tissues
they develop into cDCs over the course of a few days. As mentioned for virtually all the
progenitor cells listed above, pre-DCs are a heterogeneous population of cells which are already
committed to either the cDC1 or ¢cDC2 lineage'**'*°. Throughout this developmental pathway,
the most important signal cDCs and their progenitors receive comes from the fms-like receptor
tyrosine kinase FIt3 interacting with its cytokine ligand, FIt3L. Flt3-deficient mice lack
c¢DCs'"132 while administration of FIt3L drastically increases ¢cDC development and

proliferation'>?

. Other signals, such as granulocyte-monocyte colony-stmulating factor (GM-
CSF) and NOTCH ligands, guide cDC differentiation, but are not strictly required for
development. Here, it must be noted that in the past GM-CSF was widely used to generate bone
marrow-derived DCs (BMDCs) in vitro. In reality, culturing BM cells in GM-CSF generates a
heterogenous mixture of cells, including DCs and macrophages; current protocols use FIt3L for
BMDOC differentiation rather than, or in combination with, GM-CSF"**. In non-lymphoid tissues,
DCs acquire a migratory program after ~5-7 days and subsequently transit to draining LNs
(dLNs) using CCR7 to follow a CCL21 gradient through afferent lymphatics into the LN via the
sub-capsular sinus'*'*>"*¥ Various groups have characterized a transcriptional program
associated with migratory DCs in homeostatic and inflammatory conditions'**™'®!, leading to

these DCs being referred to “mature'®,” “activated'®,” or “mature immunoregulatory (mreg)'®

499
in different contexts.

DCs which have not upregulated a migratory program: those resident to SLOs, as well as
those in non-lymphoid tissues which will become migratory in the future but have not yet, have

in the past been described as immature, due to their similar cell surface phenotype to that of

resting DCs in vitro—they have intermediate and low expression of MHC-II and CD80/86,
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respectively'®’

. DCs are highly responsive to PAMP signaling through pattern-recognition
receptors (PRRs) such as Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-like
receptors (RLRs), and cyclic GMP-AMP synthase (¢cGAS); DAMPs such as type 1 IFN; contact-
dependent signals received through integrins and NOTCH receptors; and certain
neurotransmitters'*'%', Sensing one or a combination of these signals activates DCs, causing
them to upregulate costimulatory molecules and components of the MHC-I and MHC-II
presentation pathways, as well as cytokines such as type 1 IFN, IL-12, and IL-23, which can be
context- and cDC lineage-sppecific. This activation process has previously been called
“maturation,” but the term is no longer widely used due to the fact that non-activated DCs are, in
fact, developmentally mature and functional ",

Numerous transcription factors are required for DC development, often interacting with
each other'®. PU.1 and BCL11A are required for DC development, at least partially due to their
regulation of Flt3 expression'’®'72, PU.1 is also crucial in promoting myeloid, rather than

173 as well as

lymphoid differentiation by arresting cell cycle progression in early progenitor cells
in regulating Ir/8 expression in early progenitors'**'’*, Meanwhile, the lineage-defining
transcription factor for cDCs, ZBTB46, is a good marker for cDC lineage commitment, but is not
required for cDC development'”'”, Differentiation of the two ¢DC lineages is predominantly
mediated by differential expression of IRF4 and IRF8'®,

IRFS8 is required for the development of cDCI1, acting at various stages of
differentiation'®. Interestingly, expression of Ir/8 is regulated by distinct transcription factors
binding to unique enhancers at each stage of differentiation. Early /rf8 transcription is controlled
by PU.1 up to the CDP stage'”, while BATF3 maintains elevated /rf8 expression in pre-cDC1

and mature cDC1'*, Its role in the regulation of /r/8 makes BATF3 essential for cDC1

development and function'’®!'”® and Batf3” mice have been widely utilized to study the impact of
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cDCI1 deficiency in vivo. BATF and BATF2 can partially compensate for the absence of
BATF3'®"*; however, removal of the /rf8 enhancer which BATF3 binds results in the complete
absence of cDC1"!, The development of ¢cDC1 is also dependent on NFIL3 and ID2'*'® | the
latter of which is another important regulator of /rf8 expression. NFIL3 acts upstream of ID2 by
downregulating Zeb2'**'%. ZEB2—an E-Box-binding protein—and ID2 are mutually repressive,
with ID2 promoting a cDCI1 fate and ZEB2 antagonizing it. While the absence of ID2 impairs
cDC1 development, Zeb2” mice display a bias toward cDC1 differentiation at the expense of
¢DC2 and plasmacytoid DCs despite ZEB2 being dispensable for cDC2 development'™'#,
Interestingly, Zeb2”"1d2" mice display normal cDC1 and ¢cDC2 development, though function of
these cells has not been investigated'®.

The canonical transcriptional regulator of cDC2 is IRF4'®*'*"_ though it mainly impacts
the function of these cells rather than their development'*'**. Conversely, the development of
¢DC2 is dependent on the transcription factors RelB and IRF2'¥7""! ¢DC2 can subdivided based
on differential expression of KLF4 and NOTCH2'®. KLF4 expression drives a Th2-promoting
penotype in ¢cDC2"?, while NOTCH2 expression promotes a Th17-polarizing phenotype'”*"*° .
Study of the interactions between these transcription factors has been complicated by the
heterogeneity of cDC2 populations in vivo, and the molecular mechanisms of cDC2
differentiation are much less well understood than those of ¢cDC1 differentiation. Furthermore,
study of the development and function of cDC2, and to a lesser degree, cDC1, in vivo has been
hindered by the fact that many cell surface molecules used to identify these cells by flow
cytometry are differentially expressed by DC subsets across tissues and/or shared by other cell
types, such as macrophages and monocytes'*'*’. Combining new fate mapping tools with modern

technologies such as single-cell RNA-seq and ATAC-seq will be crucial in advancing the field of

DC biology.
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1.3.2 Function of ¢cDC1

Murine ¢DCI are typically identified by their expression of CD8a (for SLO-resident
cDC1), CD103 (for migratory and non-lymphoid tissue cDC1), XCR1, DNGR-1, or a
combination of these markers. In humans, the equivalent cells are marked by their expression of
CDI141, XCR1, and DNGR-1". They express a unique array of PRRs, including TLR3, TLR11,
and DNGR-1, as well as endocytic and scavenger receptors such as DEC-205 and CD36'%,
which together dictate the role of ¢cDC1 in activating CD8" T cells, Th1 polarization, and
peripheral tolerance. CD103" ¢cDC1 transport peripheral antigens from tissues to dLNs, while
CD8a’ ¢DCI1 capture antigens from lymphatics. Both migratory and SLO-resident cDC1 are
capable of homing to the T cell zone of LNs and presenting antigens to T cells'*.

One of the hallmarks of cDCI1 is their capacity for antigen cross-presentation. Splenic
CD8a" DCs were identified as the antigen-presenting cells (APCs) capable of cross-presentation
in an experiment in which mice were pulsed intravenously with irradiated, ovalbumin (OVA)-
loaded, B2m™ splenocytes, and the ability of DC populations to present antigen to OV A-specific
(OT-I) CD8" T cells was assessed ex vivo following FACS purification'”’. Simultaneously,
splenic CD8a" DCs were shown to preferentially acquire cell-associated antigens'*2%, leading
many to speculate that their propensity for cross-presentation was the result of their heightened
ability to acquire antigens. However, the main candidate for a cross-presentation-regulating
scavenger receptor, CD36, was dispensable for cross-presentation®”*?*, Rather than the
specialization of cDC1 cross-presentation being the result of increased antigen uptake, it is
caused by differential intracellular antigen trafficking and processing®*>*®. Dudziak et al.
demonstrated that the unique role of cDC1 in cross-presentation was the result of differential

specialization in antigen processing and presentation by cDC1 and cDC2 by targeting OVA-
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conjugated antibodies to one ¢cDC subset or the other*”’. cDC1 more efficiently presented an
OV A-derived peptide on MHC-I, while cDC2 more efficiently presented an OV A-derived
peptide on MHC-II?". With the generation of Batf3” mice, Hildner et al. proved decisively that
in vivo cross-presentation is cDC1-dependent shortly thereafter'”®.

The heightened ability to cross-present antigens is the result of many intrinsic biological
attributes of cDC1. Upon uptake via phagocytosis, pinocytosis, trogocytosis, or receptor-
mediated endocytosis, an antigen arrives in an endosome or lysosome. Interestingly, antigen
uptake via scavenger receptor-mediated endocytosis delivers antigens to lysosomes, while
mannose receptor-mediated endocytosis delivers antigens to early endosomes in bone marrow-
derived macrophages and GM-CSF-cultured BMDCs in vitro*”*. While murine ¢cDCs do not
express the mannose receptor in vivo, many similar endocytic C-type lectin receptors are
expressed, most notably DEC-205 in ¢cDC1 and DC-SIGN in ¢cDC2'**?® DEC-205, in particular,
is capable of delivering antigens to phagosomes promoting cross-presentation, and its ectopic
expression confers elevated cross-presentation ability onto cDC22'°. Ectopic expression of other
endocytic receptors, such as Dectin-1 and FcyRIIA have been shown to promote cross-
presentation in cells which are otherwise incapable, further indicating that the mechanism of
antigen uptake is a crucial determinant of cross-presentation®***'''2, Additionally, ¢cDCs do not
express scavenger receptors to the same extent as macrophages, in which Mertk, Axl, and Tyro3
facilitate the silent clearance of dead cells®"’.

One major caveat to the conclusions made by Dudziak et al. is that they targeted OVA to
DEC-205 to deliver it to cDCI1, so the heightened cross-presentation ability by ¢cDC1 in this

study may seem more pornounced based on the mechanism of antigen delivery*”’

. However, the
cDCl1-specific factors promoting cross-presentation go beyond the surface receptor level.

Direction of internalized antigens to proper cellular compartments is the hypothesized function
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of WDFY4, a protein expressed by cDC1, but not cDC2 or macrophages, which has been
implicated in the cross-presentation of cell-associated antigens. WDFY4 localizes near the
plasma membrane, and is colocalized with both clathrin—which generates intracellular vesicles
and is essential for receptor-mediated endocytosis—and the early/recycling endosome marker

Rab11, but not with the lysosome marker Lamp12'

. Exactly how specific receptors target
antigens to different intracellular compartments in vivo is likely to be context-dependent. For
example, DEC-205 was originally shown to target antigen to Lamp1” endosomes in (GM-CSF)
BMDC:s in vitro, and was postulated to promote antigen presentation on MHC-II rather than
cross-presentation®'’. Indeed, B cells express high levels of DEC-205 on their surface, and
targetting OV A to B cells using the same method as Dudziak et al. results in efficient antigen
presentation on MHC-II and has been used extensively to study germinal center reactions®'®2!7,
While the authors did not specifically test for cross-presentation by B cells after targetting OVA
to DEC-205, cross-presentation is a function that is not typically associated with B cells.

The properties of phagosomes within cDC1 further promote cross-presentation once the
antigen arrives. Because peptides loaded onto MHC-I are largely generated by the proteasome in
the cytoplasm, antigens must not be degraded in a phagosome before they can be transported to
the cytoplasm®'. In order to maintain intact antigens, cDCs express much lower levels of
lysosomal proteases, such as cathepsins, than do macrophages, resulting in slower lysosomal
degradation?'®*'”. Phagosomes of ¢cDC1 are maintained at a slightly alkaline pH through the
expression of the NADPH oxidase NOX2, which generates reactive oxygen species** 2%, further
inhibiting antigen degradation, as lysosomal proteases are generally most active in acidic
conditions?’. Finally, the cDC1-specific PRR DNGR-1, a C-type lectin receptor endoded by the

gene Clec9a, recognizes filamentous actin, a DAMP associated with necrotic cell death?2%,

DNGR-1 signaling via SYK leads to phagosomal rupture, exposing antigens to proteasomal
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degradation in the cytoplasm®*’.

In addition to their cross-presentation abilities, cDC1 promote effector Th1 and CD8" T
cell responses through the production of IL-12 and IL-15"*#%23! Production of these two
cytokines is often downstream of PRR signaling, and a few PRRs are expressed exclusively by
c¢DC1. TLR3 is one such PRR which detects dsSRNA within the debris of virally infected cells

232

upon internalization™. Additionally, cDC1 express high levels of TLR11, which recognizes a

profilin-like molecule that is made by Toxoplasma gondii***. Pattern recognition by either of

these receptors leads to IL-12 production, and ligation of TLR3 also leads to production of IL-6

and type 1 IFN by ¢cDC] 4032233

1.3.3 Function of ¢cDC2
Similarly to cDC1, ¢cDC2 can be SLO-resident or migratory, and exist in tissues
throughout the body. However, unlike cDC1, ¢cDC2 specialize in antigen presentation on MHC-

IT and are relatively poor at cross-presentation of antigens on MHC-I1*"

. This specialization is in
part due to transcriptional regulation by IRF4, which controls the expression of cathepsin S, as
well as the accessory proteins to MHC-II loading H-2M, H-20, and CD74'*. ¢cDC2 also display
much greater functional and transcriptional heterogeneity across tissues than do cDC1'%. As
such, cDC2 are important in orchestrating immunity to a wide array of threats.

cDC2 are very responsive to the cytokines thymic stromal lymphopoietin (TSLP), IL-4,
IL-13, IL-25, and IL-33, all of which drive a Th2-promoting phenotype in cDC2%*?*°, and ¢DC2

241

have a well-described role in allergic airway inflammation®*'. A subset of cDC2 expressing
CD301b has been implicating in priming Th2 responses to papain and Nippostrongylus

brasiliensis in cutaneous and mediastinal LNs, respectively®*?. Polarization of ¢cDC2 to a Th2-

promoting phenotype is dependent on IRF4 and KLF4'>#¢2% Conversely, cDC2 can be
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polarized to promote type 3 immunity by NOTCH2. These cDC2 are the primary source of IL-23
required by Th17, Tc17, and ILC3'%*!**2% NOTCH2-dependent cDC2 express both CD11b and

CD103 in the intestinal lamina propria, Peyer’s patches, and mesenteric lymph nodes'**#2%,
These ¢cDC2 are also required for IL-17 production by CD8" T cells in the skin and cutaneous

lymph nodes in response to the various Staphylococcus species™>**®

, and their production of IL-
23 promotes IL-17 and IL-22 production by T cells in murine models of dermal inflammation®’.
Both KLF4- and NOTCH2-dependent cDC2 are particularly sensitive to signals of tissue
stress and damage. Interestingly, cDC2 have recently been shown to interact closely with
neurons in the skin, and the two cell types probably interact in other tissues as well. Release of
calcitonin gene-related peptide (CGRP) by TRPV 1™ afferent sensory neurons in response to
topical imiquimod treatment or Candida albicans infection promotes IL-23 production by dermal

CD301b" cDC2'42% Release of Substance P by the same TRPV 1" neurons, meanwhile,

promotes the Th2-polarizing cDC2 response to topical papain treatment>°,

1.3.4 The Role of ¢cDC1 in Cancer
The importance of ¢cDC1 in anti-tumor immunity is well-documented'*'*°, The presence

and activation of ¢cDCI1 in the tumor are strongly and positively correlated with CD8" T cell

251,252 1253

infiltration and long-term patient survival®” in many different cancers. The role of DCs in
cancer is largely similar to their role in other immune responses; they internalize tumor antigens,
integrate signals from their environment, and produce signals for other immune cells. A
characterization of the different myeloid populations in the tumor demonstrated that neutrophils,
monocytes, macrophages, and DCs are all capable of acquiring a fluorescent model tumor

253

antigen”. However, follow-up studies highlighted the importance of migratory cDCI1 in

transporting tumor antigens to the tdLN. Despite the fact that all myeloid cells in the tumor can
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internalize tumor antigens, and that these antigens can also, in theory, drain into the lymph node
through the afferent lymphatics, the presence of fluorescent tumor antigens in the tdLN was
dependent on CCR7-mediated DC trafficking?**>°. Migratory ¢cDC1 are then capable of
transferring antigens, as well as MHC molecules, to other APC subsets via cell-cell contact-
dependent synaptic vesicles®®.

1178254255 ' while anti-

Anti-tumor CD8" T cell responses are predominantly primed by ¢cDC
tumor CD4" T cell responses have been shown to be orchestrated by ¢cDC2%’. Batf3” mice are
unable to mount CD8" T cell responses against tumor antigens, reject immunogenic tumors
whose growth is typically checked in wild-type hosts, or respond to checkpoint blockade
therapy'”®#3® The necessity of tumor antigen cross-presentation by ¢cDC1 is further highlighted
by the reduction in anti-tumor CD8" T cell priming in Wdfy4”~ mice, which have a defect in
cross-presentation of cell-associated antigens®'*, as well as in Clec9a” mice, which lack the
cross-presentation-promoting f-actin receptor DNGR-1%*. As in other immune contexts, CD103"
¢DCI are also the primary source of IL-12 in the tumor and tdLN***%_ In addition to their
requirement for anti-tumor CD8" T cell priming in the tdLN, ¢cDC1 have important functions
within the tumor environment. CD103" ¢cDC1 recruit activated CD8" T cells to the tumor through
their production of the chemokines CXCL9 and CXCL10, which attract CD8" T cells through the
receptor CXCR3%%*!, They can also reactivate T cells in the tumor through antigen presentation
and the provision of secondary and tertiary signals'**'*°,

As in normal, healthy tissues, pre-DCs can seed tumors, where they mature into
functional ¢cDC1 or ¢cDC2%*?, Fully differentiated ¢cDC1 can also be recruited into the tumor
thanks to their expression of the chemokine receptors CCRS and XCL1. The ligands for these

receptors, CCL5 and XCL1, respectively, can be produced in the tumor by NK cells, as well as

tissue resident memory and effector CD8" T cells*®. By attracting ¢cDC1 in this manner, CD8"
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TILs promote their own restimulation and ensure that cDC1 continue to infiltrate the tumor. Not
all tumors are infiltrated by cDC1, however. Elevated tumor-intrinsic Wnt/B-catenin signaling

leads to the exclusion of ¢cDC1 from the tumor and a resulting absence of anti-tumor CD8" T cell
264

priming™*. Production of prostaglandin E, (PGE,) by tumor cells can also suppress infiltration of

the tumor by, and activation of, cDC1?%

. Activation of ¢cDC1 in tumors occurs primarily in
response to type 1 IFN. Bone marrow-chimeric mice in which all cDC1 are IFNAR-deficient are
unable to mount antigen-specific CD8" T cell responses®'**. Type 1 IFN production in the
tumor is the result of stimulator of interferon genes (STING) signaling following the recognition
of internalized tumor DNA by cGAS in the cytoplasm of APCs*’. Anti-tumor CD8" T cell

priming has also been shown to be dependent on IKKp expression by ¢cDC1?%, though this defect

may be due to impaired migration by ¢cDC1 independent of any activation'®.

1.4 Antigen Presentation on MHC-I
1.4.1 The MHC-I Presentation Pathway

CDB8" T cells survey cells for signs of transformation or infection by an intracellular
pathogen through TCR/pMHC-I interactions. All nucleated cells present MHC-I loaded with
peptides derived from proteins expressed by the cell. These peptides are generated through
evolutionarily conserved degradation mechanisms which regulate protein turnover in
homeostatic conditions and times of stress®?”°, Protein degradation resulting in peptides bound
for presentation on MHC-I is typically mediated in the cytoplasm by the proteasome®’!, though
peptides generated by cathepsins—most notably cathepsin S*”>—in lysosomes can also be loaded
onto MHC-I. The proteasome is a large, multisubunit protease which unfolds and degrades
ubiquitinated proteins in the cytoplasm?”**™*. While proteins are routinely ubiquitinated during

normal turnover, defective or misfolded proteins are also ubiquitinated to mark them for
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degradation by the proteasome. As a result, peptides generated by the proteasome include the

275

products of alternative open reading frames of mRNAs?*”, introns®’, and defective ribosomal

products?’’-"®

, as well as peptides from normal, functional proteins, including those with post-
translational modifications®®*"'*”, The proteasome is also capable of fusing peptides from
different proteins, creating non-coded peptide antigens**#*!. Detection of misfolded or otherwise
defective proteins in the endoplasmic reticulum (ER) results in their retrotranslocation to the
cytoplasm via the ER-associated degradation (ERAD) pathway, subjecting these proteins to
ubiquitination and proteasomal degradation as it would occur for cytoplasmic proteins®***",
Although proteolysis occurs in the cytoplasm, peptides are loaded onto MHC-I molecules
in either the ER or vacuoles containing both ER-associated and endosome-associated proteins®™.
To access the lumen of these organelles, peptides generated by proteasomal degradation and
bound for MHC-I presentation are translocated across the vacuolar membrane by the Transporter
associated with Antigen Processing (TAP), a heterodimeric ATP-dependent transporter encoded
by two genes within the MHC locus®* %, Because TAP can transport peptides which are much
longer than those bound by MHC-I, further processing is required after translocation®*¢. ER
aminopeptidase associated with antigen processing (ERAAP; known as Eraminopeptidase-1, or
ERAPI, in humans) preferentially trims long peptides down to a length suitable to accomodate
MHC-I binding, typically 8-10 amino acids®’. Resultant peptides are subsequently loaded by the
aptly-named peptide loading complex (PLC), which consists of TAP, the MHC-I heavy chain,
B>-microglobulin, tapasin, ERp57, and calreticulin and facilitates peptide loading, as well as

quality control?”°

. Because empty MHC-I molecules are inherently unstable, if the peptide
affinity for MHC-I is not sufficiently high, the complex dissociates and the empty MHC-I is

either recruited into another PLC or degraded via ERAD?”. This inherent instability also means

that in the absence of functional TAP—either due to inhibition by pathogen virulence factors or
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genetic deletion—almost no MHC-I reaches the plasma membrane*”. Loss of tapasin

ERp57%°, and calreticulin®' also decrease overall MHC-I presentation, though not as drastically.
Cells constitutively internalize surface receptors and other membrane components for

essential processes such as nutrient uptake and signal transduction, necessitating mechanisms of

recycling membrane-bound proteins to the cell surface®”

. APCs also internalize large parts of
their plasma membrane in the acquisition of antigens via phagocytosis®*®. Endocytosis and
recycling of MHC-I is regulated by a conserved tyrosine-based motif in its cytoplasmic domain,
similar to canonical YXX¢ motifs associated with clathrin-mediated endocytosis expressed by
many surface membrane-bound proteins®*****, Following endocytosis, MHC-I can be directed to
an early endosome (also known as recycling endosome) or a late endosome®>, MHC-I can be
recycled to the plasma membrane within minutes upon arrival to an early endosome®*, while
MHC-I targeted to a late endosome which then fuses with a lysosome are exposed to acidic
conditions in which peptide binding is less stable. Dissociation of the peptide in a lysosome can
lead to another peptide being loaded onto MHC-I in its place®’*%; this new peptide can be
derived from cathepsin-mediated pretoelysis, rather than proteasomal degradation®’.
Phagosomes within APCs also contain the Insulin Regulated Aminoprotease (IRAP), a close
relative of ERAAP with similar functions in trimmung peptides that has been shown to
colocalize with MHC-I*”. Reloaded pMHC-I molecules can then be recycled to the plasma
membrane from lysosomes, albeit not as efficiently as from early endosomes. Eventually, MHC-
I, like other proteins, undergoes steady-state turnover, in this case regulated by ubiquitination of
the cytoplasmic tail targeting MHC-I to lysosomes for degradation. Intracellular pathogens can

also use MHC-I ubiquitination as a mechanism of immune evasion®**",
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1.4.2 Antigen Cross-Presentation

Naive CD8" T cells must be activated before they can detect and remove infected or
transformed cells. This usually involves activation in a SLO by an APC, frequently a cDCI,
which is not itself infected or transformed". The acquision of a foreign antigen and subsequent
presentation of a derivative peptide on MHC-I is called cross-presentation. APCs such as cDCl1
constantly sample their environment for antigens and signals through various mechanisms.
Exogenous antigens can enter the cell through phagocytosis, macropinocytosis, receptor-
mediated endocytosis, or trogocytosis*®. Soluble antigens are typically acquired through

macropinocytosis, which involves the uptake of large volumes of extracellular fluids***>%

, while
large particles and dead cells are internalized via phagocytosis***"". APCs can also sample
antigens directly from live cells through trogocytosis, which involves tearing a small part of the
plasma membrane and cytoplasm from the sampled cell*®. Extracellular vesicles such as
exosomes, another potential source of cell-derived antigen®”, can be acquired through
macropinocytosis or receptor-mediated endocytosis®'’. The mechanism of uptake has been
demonstrated to affect the subcellular localization of acquired antigens and the efficiency of

cross-presentation’”®; however, exogenous proteins end up in endosomes or lysosomes—where

they do not have immediate access to the proteasome—regardless of the mechanism of uptake®®.

Treatment of cells with proteasome inhibitors drastically reduces cross-presentation in
vitro’!!,| indicating that many exogenous antigenic peptides are generated through proteasomal
degradation in a similar manner to the generation of endogenous peptides in direct MHC-I
presentation. Furthermore, TAP is required to transport exogenous antigens from the cytoplasm
to the ER or MHC-I-loading vacuoles in many different systems*'**'3, Given that exogenous

antigens arrive in vacuolar compartments of APCs but proteasomal degradation occurs in the

cytoplasm, export of foreign antigens from endosomes or phagosomes to the cytoplasm is a
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29 The relatively slow phagosomal proteolysis of ¢cDC1 is

crucial step in cross-presentation
essential for their cross-presentation ability, as it preserves antigens so that they can be exported
to the cytoplasm intact*!#*%*'>314 Transport of whole exogenous proteins from phagosomes to
the cytoplasm has been shown to be mediated by ERAD?**"°, Additionally, DNGR-1 signaling
within ¢cDC1 leads to phagosomal rupture and content release into the cytoplasm, where antigens

227" Alternatively, cross-presentation can occur

are then subjected to proteasomal degradation
through a separate, vacuolar pathway*'%. In this mechanism, peptides are generated by cathepsins
in a late endosome or lysosome, where they are loaded onto recycled MHC-I, newly-synthesized
MHC-I chaperoned to the phagosome by CD74, or unstably-loaded MHC-I whose peptides

become dissociated at low pH?"2#*27:2%31¢ Vacuolar cross-presentation occurs independently of

proteasomal degradation and TAP, though its contribution to overall in vivo cross-presentation is

still undetermined?'>3"3,

1.4.3 MHC-Dressing in Antigen Presentation

In addition to processing internalized antigens and loading derivative peptides onto
MHC-I, cells also have the ability to acquire intact pMHC-I from other cells in a process termed
MHC-dressing, or MHC cross-dressing®”-"". Intercellular transfer of MHC molecules and other
surface proteins was first observed between T cells and APCs*'**??, During the immunological
synapse, TCR and CD28 signaling in the T cell can lead it to trogocytose pMHC molecules,
CD80/86, and other membrane-bound proteins from the APC***?*, However, this does not seem
to confer upon T cells any significant antigen presentation or costimulatory capacity, as these
molecules are rapidly internalized and degraded**. The purpose and effects of pMHC
internalization by T cells have not yet been fully elucidated and are probably context-dependent;

various groups have proposed functions ranging from the promotion of tolerance by regulatory T
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cells through the removal of self pMHC-II and CD80/86**2%, to propagation TCR signaling
from an endosome by internalized pMHC*7**, NK cells can similarly acquire pMHC-I
molecules from traget cells, propagating inhibitory signals**~%,

Many different cell types have been shown to acquire exogenous MHC molecules in
vitro and in vivo; however, the capacity of cells to utilize MHC-dressing as a mechanism of

317 Although exogenous pMHC complexes can be detected on the

antigen presentation varies
surface of T and NK cells, conferrance of antigen presentation function upon these cells is
unlikely to be the primary effect of MHC-dressing®*?. Intercellular transfer of intact
superantigens or prefabricated peptide antigens was first hypothesized to contribute to the
induction of central tolerance in the thymus**. Indeed, transfer of MHC-I and MHC-II from
thymic epithelial cells to DCs remains one of the best-characterized systems involving MHC-
dressing in antigen presentation®**>*’. The observation that APCs can acquire intact MHC
molecules was the result of an attempt to optimize viral transduction protocols for APCs in vitro.
Russo et al. noticed that the large majority of human monocyte-derived DCs were positive for
the virally-encoded surface protein SLNGFr, despite the transduction efficiency being quite

10w338

. Further investigation demonstrated that monocyte-derived DCs acquired surface proteins,
including HLA molecules, along with segments of the plasma membrane from human melanoma
cells in vitro, and that monocyte-derived DCs were capable of presenting exogenous HLA-I to
allo-specific T cells®**. Shortly thereafter, Wolfers ef al. demonstrated that tumor-derived
exosomes contain both unprocessed antigens and pMHC complexes generated by the tumor cell,
and that human monocyte-derived DCs and murine (GM-CSF + IL-4) BMDCs acquired

exosome-derived MHC-I in vitro®*’

. While injection of exosome-pulsed BMDCs promoted the
rejection of autologous tumors in mice, it is unclear whether this was due to MHC-dressing,

cross-presentation of exosome cargo, or a combination of the two*’. In a subsequent study from
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the same lab by André et al., DCs were shown to be capable of presenting intact exosome-
derived pMHC-I to antigen-specific CD8" T cells in vitro and in vivo in a TAP-independent
manner, though it must be noted that in vivo MHC-dressing by DCs in this study involved the
injection of superphysiological quantities of exosomes into the foot pad of mice**.

In vivo acquisition of exogenous MHC-I derived from host cells was demonstrated by
Herrera et al., who separately transferred syngeneic B2m”I-A” (GM-CSF) BMDCs and
allogeneic BMDCs into C57BL/6 hosts and detected host MHC-I and MHC-II molecules on
transferred BMDCs by antibody staining®*! . Interestingly, the authors also showed that MHC-
dressing was temperature- and energy-dependent in vitro, suggesting that it was an active process
within APCs. Dolan et al. later showed that MHC-dressing contributed to in vivo (OT-I) CD8" T
cell priming in response to a subcutaneously (s.c.) injected mixture of live and dead fibroblasts
which expressed ovalbumin®*. Since these pioneering studies, MHC-dressing has been shown to
occur and contribute to antigen presentation in various contexts. DCs in the thymus present
substantial quantities of mTEC-derived MHC-I and MHC-II **, Interestingly, MHC-dressing by
thymic DCs is correlated with acquisition of mTEC-derived cytoplasmic and membrane-bound
proteins®*, suggesting that MHC-dressing is a consequence of DCs sampling their surroundings
for antigens. In vitro studies suggest that the degree to which DCs acquire and present exogenous
MHC is dependent on the lineage and environment—that cDC1 are better at presenting antigens
through MHC-dressing than cDC2, and that thymic DCs are particularly adept compared to

336

splenic DCs>*°. Hovewer, cDC2 which have been activated by type I IFN have recently been
shown to present antigens to CD8" T cells via MHC-dressing*®., so the use of MHC-dressing in
antigen presentation is not stricly restricted to cDC1. DCs have also been shown to present intact

pMHC-I derived from virally infected cells to CD8" T cells in vivo™***, though whether DCs can

prime naive antiviral CD8" T cells or exclusively memory cells is a matter of debate, and may
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depend on the infection and antigen load***. MHC-dressing has been observed using in vivo
MHC-mismatched mouse models such as allogeneic transplantation and maternal
microchimerism, and appears to have a prominent role in presentation of alloantigens*7=>,

The mechanism(s) by which MHC-dressing occur are incompletely defined, especially
regarding in vivo MHC transfer. Several groups have found that in vitro incubation of APCs with
purified exosomes is sufficient for MHC-dressing®***4**3% Furthermore, APCs can present

exosome-derived MHC molecules in vivo**°

. These findings are contradicted by in vitro
experiments conducted by numerous groups in which MHC-dressing is dependent on cell-cell
contact, as transfer of MHC molecules and other membrane components between co-cultured
cells is blocked when the cells are separated by a transwell membrane?®37341* This has led to
the assertion that MHC-dressing occurs through trogocytosis. Alternatively, Ruhland et al.
proposed in a recent study that intercellular transfer of MHC molecules—as well as fluorescent
protein antigens—occurs through the transfer of synaptic vesicles, but that this transfer requires
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direct cell-cell contact, perhaps reconciling the two models™°. Regardless of the mechanism,

337,341,344’ and

acquisition of pMHC molecules appears to be an active process by APCs
intercellular transfer is not unique to MHC molecules when MHC-dressing does occur. APCs
which acquire and present exogenous MHC also incorporate lipids from the plasma membrane of
the donor cell*****, Furthermore, MHC-dressing is also correlated with the acquisition of

cytoplasmic fluorescent protein in vivo in the thymus*™ and in vitro°

. Taken together, these
studies suggest the MHC-dressing can, and probably does, occur through more than one

mechanism in vivo, and that the extent and mechanism(s) of MHC-dressing may be context-

dependent.
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1.5 Summary

For all the recent advances in the field of tumor immunology, the events surrounding
anti-tumor CD8" T cell priming remain opaque, particularly the mechansims by which tumor
antigens are presented by APCs in the tdLN. Migratory CD103" ¢cDC1 acquire antigens in the
tumor and transport them to the tdLN, where pMHC-I are presented to naive CD8" T cells.
Antigen cross-presentation is a canonical function of cDC1; as such, that is the mechanism by
which tumor antigens are presented in current models. MHC-dressing has not been rigorously
studied in tumors for a variety of reasons, not least of which is that all cells in the host express
the same MHC-I molecules, making it difficult to discern the effects of MHC-dressing from
those of cross-presentation. Every in vivo demonstration of MHC-dressing has used a system
involving mismatched MHC, such as allotransplantation or engraftment of parental bone marrow
into F1 mice. Additionally, because cross-presentation has been so intensely studied and is
operational in vivo, the potential of MHC-dressing in syngeneic systems has been overlooked or
discounted. Its effect is understandable and quite visible in the presentation of alloantigens, but
less comprehensible in situations when cross-presentation should be, in theory, sufficient.

In this study, we set out to contribute to the collective understanding of anti-tumor CD8"
T cell priming. Specifically, we interrogated the mechanisms by which DCs present tumor
antigens. In order to do this, we used two syngeneic murine tumor models, C1498 and B16-F10,
in which the MHC-I molecule H-2K" was deleted using CRISPR/Cas9. When engrafting these
tumors expressing K -restricted model antigens into wild-type syngeneic mice, we found that
tumor-intrinsic MHC-I expression contributes to antigen-specific CD8" T cell priming. In
isolation, this finding does not necessarily implicate MHC-dressing as a major mechanism of
tumor antigen presentation. However, it was the impetus for all of the work that followed. From

there, the two main questions we sought to answer were 1) Does MHC-dressing occur in the
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tumor (if so, then how much)?; and 2) Is MHC-dressing sufficient for tumor antigen presentation
in the absence of cross-presentation? In answering these questions in the affirmative, we believe

that we have found a crucial mechanism underlying anti-tumor immunity.
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Chapter 2: Materials and Methods

2.1 Mice

C57BL/6 (B6, H-2%), B6.SJL (B6.SJL-Ptprc®Pepct/Boyl), OT-1 (C57BL/6-
Tg[TcraTerb]1100Mjb/T), Batf37 (B6.129S(C)-Batf3"™kmm/)), Tap1”’- (B6.129S2-Tap1"™47[]),
and p40-IRES-eYFP (C.129S4(B6)-1112b™!-11%/J) mice were purchased from Jackson
Laboratories (Bar Harbor, ME) and bred in our facility. K>**D** (B6.129P2-H-2K 1™5r¢ H-
2D 1™Br¢[Dcr]) mice were provided by Dr. A. Bendelac, University of Chicago. 2C (B6.Cg-
Cd8a<a> Tg(Tcra2C,Terb2C)1Dlo) mice were provided by Dr. T. Gajewski, University of
Chicago. Wdfy4”’- mice were generated at the University of Chicago as described below. All
mouse strains were bred and housed in a specific pathogen-free facility at the University of
Chicago and used in accordance with protocols approved by the university’s Institutional Animal
Care and Use Committee following guidelines established by the National Institutes of Health.
Six- to fourteen-week-old sex-matched littermate controls were used for all experiments unless

specified otherwise.

Table 2.1: Mice

Bred in our
Mice Strain full name Source facility
Jackson Laboratories, Bar
C57BL/6 C57BL/6J Harbor, Maine Yes
Jackson Laboratories, Bar
LyS.1 B6.SJL-Ptprca Pepcb/BoylJ Harbor, Maine Yes
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Table 2.1, continued
Gajewski Lab, University of
Thyl.1 B6.PL-Thyla/Cyl Chicago Yes

Jackson Laboratories, Bar

Tapl”~ B6.129S2-TapltmlArp/J Harbor, Maine Yes
B6.129P2-H2-K1tm1Bpe H2- Bendelac Lab, University of

K""D""  DI1tm1Bpe/Decr] Chicago Yes

Wdfy4” Made in this paper Yes

Gajewski Lab, University of

OT-I C57BL/6-Tg(TcraTcrb)1100Mjb/J Chicago Yes
Gajewski Lab, University of

2C B6-Tg(Tcra2C,Terb2C)1Dlo Chicago Yes
Jackson Laboratories, Bar

NSG NOD.Cg-Prkdcscid [12rgtm1W;j1/Sz]  Harbor, Maine No

2.2 Generation of Wdfy4” mice

Wdfy4”- mice were generated using CRISPR/Cas9. Guide (g) RNAs flanking exon 4 of
the Wdfy4 gene were designed using the IDT design tool. Excising exon 4 results in a frame-shift
in Wdfy4 after residue 116 (out of 3024) and a premature stop codon 30 amino acids later, as
previously described*®. Alt-R crRNA guides (sequences: ATGCATCACCAACGAGCTTT and
AGCACCTGGGAACACCTTCG) and tracrRNA were purchased from IDT, and gRNA was
assembled from the crRNA and tracrRNA according to the manufacturer’s protocol. Embryo-
grade water containing 20 ng/uL. gRNA and 60 ng/puL Cas9 protein was injected into the nuclei

of C57BL/6J embryos. Genotyping PCR primers (fwd: GCCTTGAGGTACATGGGCAA, rev:
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GGTTACACACAGCTCGTCCAT) were designed up- and down-stream of predicted cut sites.

A male Wdfy4”- founder mouse was backcrossed with a C57BL/6 female. F1 offspring were

genotyped by PCR, and the wild type and mutant bands were excised from the gel; DNA was

purified using a QIAquick Gel Extraction Kit (Qiagen), according to the manufacturer’s

protocol. Finally, the PCR-amplified DNA was sequenced at the University of Chicago

Comprehensive Cancer Center DNA Sequencing & Genotyping Facility. Sanger sequencing

confirmed a 144 bp deletion containing the entirety of exon 4. F1 mice were backcrossed with

C57BL/6J for two further generations. Subsequently, Wdfy4*" heterozygous mice were bred in

order to generate Wdfy4™*, Wdfy4"-, and Wdfy4~~ littermate mice that were used for

experimentation.

Table 2.2: Key Reagents for generation of Wdfy4” mice

Guide RNA Sequence Platform Manufacturer
Wdfy4 5° Sense CATGTAGCCTTGAGGTACAT Alt-R CRISPR-Cas9 crRNA  IDT

Wdfy4 5°

Antisense CTCCAGGGCTATTAACCTGG Alt-R CRISPR-Cas9 ctRNA  IDT

Wdfy4 3° Sense CAGGCCTCGAAGGTGTTCCC Alt-R CRISPR-Cas9 crRNA  IDT

Wdfy4 3’

Antisense GTCCCCTTTCCTCATAGACT Alt-R CRISPR-Cas9 crRNA  IDT
tracrRNA Alt-R CRISPR-Cas9 tractRNA IDT

2.3 RNA isolation and sequencing of PCR-amplified cDNA from splenocytes

Splenocytes from Wdfy4™" and Wdfy4” littermate mice were suspended in Trizol, and

RNA was purified via chloroform extraction. cDNA was generated from the RNA using the
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High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s protocol. Partial Wdfy4 cDNA was amplified by PCR (cycling conditions: 98°C
for 3 minutes, followed by 34 cycles of 98°C for 10 seconds, 64°C for 30 seconds, and 72°C for
30 seconds, and a 10 minute final extension at 72°C) using four different combinations of
primers; the two forward primers bound in exon 1 in the 5’-UTR and in exon 2 downstream of
the ATG start codon, while the two reverse primers bound in exons 6 and 7 (primer sequences
are listed in Table 2.3 below), such that all resulting bands spanned multiple exons — including
the deleted exon 4, predicted frameshift mutation, and premature stop codon — while also
removing the possibility of mistakenly amplifying potential genomic DNA contaminants. PCR
products were purified from cut gel bands using a QIAquick Gel Extraction Kit (Qiagen)
according to the manufacturer’s protocol. Finally, the PCR-amplified DNA was sequenced at the
University of Chicago Comprehensive Cancer Center DNA Sequencing & Genotyping Facility,
and the sequences were aligned to the full-length Wdfy4 transcript sequence using the NCBI’s

nucleotide BLAST alignment tool.

Table 2.3: PCR reagents for Wdfy4 genotyping and mRNA sequence

PCR Reagents Sequence Manufacturer Catalogue #
2X Taq RED Master

Mix Apex 42-138B
High Capacity cDNA 4368814
Reverse Transcription Applied

Kit Biosystems
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Table 2.3, continued

Phusion High-Fidelity

DNA Polymerase

Wdfy4 transcript ex1

fwd primer CTGGTGTAGCTTGTGAAGGGT
Wdfy4 transcript ex2

fwd primer TTCACTAGAAGGGCAGTCGC
Wdfy4 transcript ex6 rev

primer CCTCCAGACCCTGAGATTCG
Wdfy4 transcript ex7 rev

primer CCCCGTTCTCAAACTCCAGG
Wdfy4 genotyping fwd

primer GCCTTGAGGTACATGGGCAA
Wdfy4 genotyping rev

primer GGTTACACACAGCTCGTCCAT
Agarose LE

QIAquick Gel

Extraction Kit

2.4 Cell lines

New England

Biolabs MO0530S

IDT

IDT

IDT

IDT

IDT

IDT

Denville GR140-500

Qiagen 28704

The C1498 leukemia cell line was purchased from American Type Culture Collection,

and the C1498.SIY cell line was generated in our laboratory as previously described®'. The

B16.OVA cell line was kindly provided by Dr. T. Schumacher (Netherlands Cancer Institute,

Amsterdam, Netherlands). H-2K? was deleted in C1498, C1498.SIY, and B16.OVA cells using
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CRISPR/Cas9 targeting of exon 1 as we have previously described”?. K» cell lines were
subsequently established following 3 rounds of FACS purification of K°-negative cells. K was
re-expressed with a C-terminal eGFP tag in C1498 K> cells to generate C1498 K48 (K? Add-back)
cells using standard lentiviral transduction. The KP-eGFP lentiviral construct™ was kindly
provided by Dr. S. Springer (Jacobs University Bremen, Germany). Surface expression of K®
protein was periodically assessed on all cell lines by flow cytometry. SIY antigen levels on
cultured C1498.STY and C1498.SIY K’ cell lines were periodically monitored by FACS to
ensure equivalent eGFP fluorescence. The ability of BMDCs to cross-present C1498-derived
SIY antigen and B16-derived OV A antigen was assessed as described below. 1969 sarcoma cells
were a kindly provided by Dr. T. Gajewski (University of Chicago). C1498 and B16-F10 cell
lines were grown in DMEM supplemented with 10% fetal bovine serum (FBS), 2-
mercaptoethanol (2-ME), essential amino acids, and penicillin/streptomycin (complete DMEM).
1969 cells were grown in RPMI1640 supplemented with 10% fetal bovine serum (FBS), 2-
mercaptoethanol (2-ME), essential amino acids, and penicillin/streptomycin (complete RPMI).
Cells were cultured in a 37° C incubator with 5% CO.. All cell lines used were routinely
monitored for mycoplasma contamination using Venor GeM Mycoplasma PCR-Based Detection

Kit.

Table 2.4: Cell Lines

Cell Lines  Source

C1498 ATCC

B16.OVA  Schumacher Lab, Netherlands Cancer Institute
OCI-Lyl  ATCC

OCI-Ly8  ATCC
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2.5 Differentiation of BMDCs

Bone marrow was isolated from mice by flushing femurs, tibias, and pelvic bones with
sterile PBS. Bone marrow cells were plated at 10° cells/mL in sterile complete RPMI media plus
100 ng/mL recombinant FIt3 ligand (FIt3L). Cells were cultured for 8 days, with media and
FIt3L replacement at days 3 and 6. Differentiation of BMDCs was assessed on day 8 by flow
cytometry following cell staining with fluorescent-conjugated antibodies directed against CD1 1c,
MHC-II, CD24, and SIRP-a. BMDCs were considered to be differentiated if > 80% of the cells
in culture were CD11ch MHC-II", and the ratio of ¢cDC1-like (CD24" SIRP-a"%) to ¢cDC2-like

(CD24"e SIRP-a*) BMDCs was also noted.

2.6 CD8" T cell isolation for adoptive transfer experiments and in vitro cultures

Splenic TCR-tg 2C and OT-I1 CD8" T cells were isolated from TCR-tg mice by pressing
harvested spleens through a 70 um filter into sterile PBS containing 2mM EDTA and 0.5%
bovine serum albumin (BSA). The cells were then labeled with anti-CD8a microbeads (Miltenyi)
and positively selected by magnetic separation according to the manufacturer’s protocol. Next,
isolated cells were washed three times with sterile PBS, followed by labeling with CTV
(Invitrogen) according to the manufacturer’s protocol. For adoptive transfer experiments, CTV-
labeled TCR-tg CD8* T cells were resuspended in sterile PBS at 107 cells/mL, and 10 cells were
injected intravenously (i.v.) through the lateral tail vein of individual mice. For in vitro and ex
vivo co-culture experiments, CTV-labeled TCR-tg CD8" T cells were resuspended to a
concentration of 10° cells/mL in complete RPMI, and 10,000 cells were added to each culture

well.
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2.7 In vitro assessment of SIY and OV A antigen expression

BMDCs were resuspended in complete RPMI at 10° cells/mL, and 30,000 cells/well were
plated in a 384-well plate following 8 days of differentiation, along with 10,000 CTV-labeled
TRC-tg 2C or OT-1 CD8" T cells. K*** and K- C1498.SIY or B16.OVA cells were washed
with sterile PBS and resuspended to a concentration of 3 x 107 cells/mL in microcentrifuge tubes.
Cells were lysed by five cycles of rapid freezing and thawing, during which tubes were
alternatively transferred between dry ice and a 37° C water bath. The cells were centrifuged at
10,000 x g for 5 min at 40 C, and 3 pL (equivalent lysate from 30,000 cells) of the supernatant
was added to each well. TCR-tg CD8" T cell proliferation was assessed by flow cytometry to
assess for CTV dilution following a 72-96 hour co-culture. TCR-tg CD8" T cells were identified

by antibody staining for CD90, CD8p, and either the 2C TCR or Va2 (the TCRa chain of OT-I).

2.8 Subcutaneous (s.c.) tumor inoculations

Cultured tumor cells were washed twice with PBS, counted, and resuspended in PBS at a
concentration such that the injection volume was 100 puL (2 x 107 cells/mL for experiments
directly investigating in vivo pMHC-I transfer, 4 x 107 cells/mL for ex vivo DC priming
experiments, and 107 cells/mL for all other experiments). Mice were injected s.c. in the right
flank (both flanks were injected for ex vivo DC priming experiments) with 100 pL of cells using

a 27-gauge needle.

2.9 In vivo tumor growth experiments

10% tumor cells were inoculated s.c. into the right flank of each host mouse as described

above. Tumor area was measured using a caliper every 2-3 days starting at day 5 by a lab
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member who was blinded to the experimental setup. Mice were euthanized when they reached

the humane endpoint established in the IACUC-approved protocol.

2.10 Lymph node (LN) sample preparation

Mice were euthanized, and the indicated LNs were harvested. For experiments involving
analysis of DC populations, LNs were incubated in RPMI 1640 containing 2% FBS, 1 mg/mL
collagenase IV, and 20 pg/mL DNase I for 30 min at 37°C. After DNase/collagenase digestion
(for DC experiments) or immediately after isolation (all other experiments) LNs were pressed
through 70 um filters to create single-cell suspensions. For experiments in which cell counts of a
population were required, 5,000 counting beads were spiked into each sample to normalize
counts across samples and experiments. Samples were stained and analyzed by flow cytometry

as described below.

2.11 Tumor sample preparation

Mice were euthanized; tumors were harvested, minced with either razor blades or
dissection scissors, and incubated in RPMI 1640 containing 2% FBS, 1 mg/mL collagenase 1V,
and 20 pg/mL DNase I for 30 min at 37°C. Each tumor was then pressed through a 70 um filter
in order to generate a single cell suspension before proceeding with antibody staining and

analysis as described below.

2.12 Antibody staining and flow cytometry
F. receptors were blocked with an anti-FcyRII/FcyRIII (clone 2.4g2) antibody in FACS
buffer (PBS containing 2% FBS, 0.02 mM EDTA, and 0.03% sodium azide) for 15 min on ice.

Antibody staining was performed for 20-30 min on ice in FACS buffer. After washing,
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secondary staining was performed for 20-30 min on ice if necessary. Samples were washed with
FACS buffer and then with PBS. When possible, the cells were then stained with a Near-IR live-
dead dye according to the manufacturer’s protocol. Samples were fixed with 2%
paraformaldehyde in PBS for 30 min at 4° C and subsequently washed. For the experiment in
Supplemental Figure S7 in which MHC-dressing was assessed alongside tumor antigen uptake,
the cells were permeabilized using 0.1% Triton X-100 in PBS for 30 min on ice, followed by one
PBS wash, one wash with FACS buffer, and antibody staining in FACS buffer at room
temperature for one hour in the dark. Finally, cells were washed, resuspended in FACS buffer
and analyzed on an LSR Fortessa (4-15 or X-20 5-18) flow cytometer (BD) or Amnis Image
Stream X cytometer at the University of Chicago Cytometry and Antibody Technology Core

facility. See Table 2.5 for a comprehensive list of the antibodies used in this study.

Table 2.5: Flow cytometry antibodies and other reagents

Flow cytometry

antibodies and reagents Conjugate Clone Manufacturer  Catalogue #
CD16/32 unconjugated 2.4g2 Bio X Cell BE0307
CD3 Biotin 17A2 Biolegend 100244
CD3 FITC 17A2 Biolegend 100204
CDh4 Biotin GKI1.5 Biolegend 100404
CDh4 PE/Cy7 GKI1.5 Biolegend 100422
CD4 APC GK1.5 Biolegend 100412
CD8a Biotin 53-6.7 Biolegend 100704
CD8a Pacific Blue 53-6.7 Biolegend 100725
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Table 2.5, continued
CD8a
CD8a
CD8a
CD8a
CD8a
CD8a
CD8a
CD8b
CDl11b
CDl11b
CDl11b
CDll1c
CDll1c
CDll1c
CD19
CD24
CD44
CD44
CD45.1
CD45.1
CD45.1
CD45.1

CD45.2

BV605
FITC
PerCP/Cy5.5
PE

PE/Cy7
APC
APC/Cy7
FITC

Biotin
BV510
PerCP/Cy5.5
Biotin
PE/Cy7
APC

Biotin

FITC
Pacific Blue
PE/Cy7
Pacific Blue
FITC

PE

APC

Pacific Blue

53-6.7

53-6.7

53-6.7

53-6.7

53-6.7

53-6.7

53-6.7

YTS156.7.7

M1/70

M1/70

M1/70

N418

N418

N418

6D5

M1/69

IM7

IM7

A20

A20

A20

A20

104
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Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

100744

100706

100734

100708

100722

100712

100714

126606

101204

101263

101228

117304

117318

117310

115504

101806

103020

103030

110722

110706

110708

110714

109820



Table 2.5, continued
CD45.2
CD45.2
CD45.2
CD64
CDo4
CD80
CD80
CDg86
CD86
CD86
CD90.1
CD90.1
CD90.2
CD90.2
CD90.2
CD103
CD103
CD103
B220
B220
F4/80

F4/80

FITC
PE/Cy7
APC
FITC
PE/Cy7
FITC
PE
BV605
FITC
PE
Pacific Blue
FITC
FITC
APC
PE/Cy7
BV421
FITC
PE
Biotin
FITC
BV421

PE/Cy7

104

104

104

X54-5/7.1

X54-5/7.1

16-10A1

16-10A1

GL-1

GL-1

GL-1

O0X-7

O0X-7

30-H12

30-H12

30-H12

2E7

2E7

2E7

RA3-6B2

RA3-6B2

BMS

BMS
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Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

109806

109830

109814

139316

139314

104706

104708

105037

105006

105008

202522

202504

105306

105312

105314

121422

121420

121406

103204

103206

123137

123112



Table 2.5, continued

Gr-1
Granzyme B
H-2Kb

H-2Kb

H-2Kb:SIINFEKL

[-A/I-E
I-A/I-E
I-A/I-E
I-A/I-E
IFN-y
NKI1.1
SIRP-a
TCRB
TCRB
TCRB
TCR Va2
TCR Va2

TNF-a

2C TCR

Biotin
PerCP/Cy5.5
PE

APC

APC

Biotin
Pacific Blue
FITC
PerCP/Cy5.5
APC

Biotin

PE

Biotin

FITC
PerCP/Cy5.5
PE

APC

PE

Biotin

RB6-8C5
QA16A02
AF6-88.5
AF6-88.5
25-D1.16
M5/114.15.2
M5/114.15.2
M5/114.15.2
M5/114.15.2
XMG1.2

PK 136

P84
H57-597
H57-597
H57-597
B20.1

B20.1

MP6-XT22

1B2
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Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

108404

372211

12-5958-82

116518

141606

107604

107619

107606

107626

BD Pharmingen 554413

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen
University of

Chicago

Cytometry and

Antibody

108704

144012

109204

109205

109228

127808

127810

12-7321-82



Table 2.5, continued

hCD14

hCD19

hCD19

hCD20

HLA-A/B/C
HLA-A*02

Kb:SIY pentamer
Kb:SIINFEKL
pentamer
Streptavidin
Streptavidin
Streptavidin
Streptavidin
LIVE/DEAD Fixable
Near-IR Dead Cell
Stain Kit

Pacific Orange
succinimidyl ester
Golgi Plug
FOXP3/Transcription

Factor Staining Buffer

PerCP/Cy5.5
APC

FITC
PerCP/Cy5.5
PE

PE

PE

PE

FITC

PE
PerCP/Cy5.5

APC/Cy7

63D3

HIB19

HIB19

2H7

W6/32

BB7.2
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Technology
Facility
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Abcam

Prolmmune

Prolmmune
Biolegend
Biolegend
Biolegend

Biolegend

Invitrogen

Invitrogen

BD

Invitrogen

367110

302212

302206

302326

311406

ab79523

1803

93

405202

405204

405214

405208

L10119

P30254

555029

00-5523-00



2.13 Intracellular cytokine staining

tdLNs and analogous inguinal LNs from non-tumor-bearing mice were harvested and
homogenized as described above. These samples were divided in three and the fractions were
cultured in 200 pL. complete RPMI containing anti-CD28 (1 pg/mL) and plate-bound anti-CD3
(1 pg/mL) antibodies, 100 nM SIY peptide, or media alone in a 96-well u-bottom plate for five
hours at 37°C. Golgi Plug (BD) was added to each well one hour into the culture according to the
manufacturer’s protocol. Cells were then stained for cell surface markers as described above.
Immediately after staining with a live/dead dye, the cells were fixed and permeabilized using a
FOXP3/Transcription Factor staining kit (Invitrogen) according to the manufacturer’s protocol,

and stained overnight at 4°C with antibodies recognizing IFN-y, TNF-qa, and granzyme B.

2.14 In vivo TCR-tg CD8" T cell proliferation experiments

105 CTV-labeled TCR-tg CD8* T cells were adoptively transferred intravenously (i.v.)
into congenic hosts at day -1 via the lateral tail vein. 10 tumor cells were injected s.c. into the
right flank of each mouse at day 0. Mice were euthanized at day 6, and the right inguinal lymph
node (LN)—which drains the tumor—of each mouse was harvested and processed as described
above. The geometric mean fluorescence intensity (gMFI) of CTV in TCR-tg CD8" T cells was
normalized across experiments by dividing the gMFI of each sample by the mean of the gMFIs
of the non-tumor bearing control mice for each experiment, such that the group mean gMFI of
TCR-tg CD8" T cells from non-tumor bearing mice = 1 for each experiment. Due to the large
number of groups for experiments involving Wdfy4”~ mice, it was not possible to have sex-
matched littermates in all groups. These experiments were designed such that every Wdfy4~"-

mouse had sex-matched, co-housed, wild type and heterozygous littermates with the same tumor.
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Multiple age-matched (within 3 weeks) litters were used in each experiment, and male and

female mice were used in balanced numbers across groups.

2.15 Assessment of in vivo endogenous CD8* T cell response by pMHC-I pentamer stain
108 tumor cells were injected s.c. into the right flank of each mouse at day 0. Mice were
euthanized at day 6, the right inguinal (tumor-draining) LN was harvested and homogenized as
described above. In order to minimize scavenging of pMHC-I pentamers, all samples were
labeled with anti-CD4, -CD19, -B220, and -Gr-1 biotin-conjugated antibodies in FACS buffer
for 15 min on ice, followed by washing and incubation with biotin-binding Dynabeads
(Invitrogen) for 10 min and subsequent magnetic depletion. Samples were then stained with 5 pL
pMHC-I pentamer (SIY:K® or OV A3s7.264:K®, both from Proimmune) in 50 uL of FACS buffer
for 15 min in the dark at room temperature. Next, 50 pL FACS buffer containing antibodies
recognizing CD90.2, CD8P, and CD44 was added to each sample, and the cells were incubated
for a further 15 min in the dark at room temperature. The cells were then washed with FACS

buffer, followed by PBS, fixed, and analyzed as described above.

2.16 Assessment of the endogenous anti-tumor CD8" T cell response by ELISpot

C57BL/6 mice were inoculated s.c. with 10° C1498.STY K*** or K* cells on day 0.
Mice were euthanized at day 6 and tumor-draining LNs were isolated and homogenized. 10 cells
from each sample were restimulated overnight with media alone or with 100 nM SIY peptide,
and IFN-y producing cells were identified using an IFN-y ELISpot kit (BD Bio-sciences)
according to the manufacturer’s protocol. ELISpot plates were read using an ImmunoSpot Series

3 Analyzer, and data were analyzed with ImmunoSpot software.
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2.17 Polyclonal CD8" T cell transfer
10° C1498.SIY K*** or K¥~ cells were injected s.c. into the right flank of each primary

C57BL/6 mouse at day -7. Primary tumor-bearing and naive mice were euthanized at day -1, the
right inguinal lymph node (LN) was harvested and homogenized. LNs from 5 mice were pooled
into each sample. CD8" cells were isolated by magnetic separation using anti-CD8a microbeads
(Miltenyi) according to the manufacturer’s protocol. The CD8"-enriched cells were resuspended
in sterile PBS, and 5 x 10° cells were adoptively transferred into naive secondary C57BL/6 mice
1.v. through the lateral tail vein. At day 0, all secondary mice were inoculated s.c. in the right
flank with 10® C1498.SIY K*** cells. Tumors were then measured as described above for the

duration of the experiment.

2.18 In vivo MHC-I transfer experiments

C57BL/6 and K*~D" mice were inoculated s.c. in the flank with 2 x 10° tumor cells at
day 0. Mice were monitored for tumor growth and were euthanized when tumors became
palpable in the majority of mice in the experiment (between days 6 and 10). Tumors were
isolated (in some experiments tdLNs were isolated as well) and processed for analysis by flow
cytometry or ImageStream cytometry as described above. B16.OVA K*** and K”” cells were

treated with 100ng/mL recombinant IFN-y in culture for 48 hours prior to s.c. inoculation.

2.19 Ex vivo DC priming assay

C57BL/6, Tapl”, and K*-D"’ mice were inoculated s.c. with 4 x 10° C1498.SIY K**/* or K**
cells in each flank on day 0 (3-5 mice per group). On day 6, tumor-draining inguinal, axillary,
and brachial LNs were harvested and pooled by experimental group. These pooled LN samples

were incubated with sterile RPMI 1640 containing 2% FBS, 1 mg/mL collagenase IV, and 20
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ng/mL DNase I for 30 min at 37°C. Each sample was pressed through a 70 um filter and washed
with RPMI containing 10% FBS (R10). The samples were then washed with and resuspended in
PBS supplemented with 0.5% bovine serum albumin and 2 mM EDTA. The samples were
incubated with biotin-conjugated antibodies recognizing CD3, CD19, B220, Gr-1, and NK1.1 for
20 min on ice. After washing, the cells were incubated with biotin-binding Dynabeads
(Invitrogen) for 10 min, and the bead-bound cells were depleted by magnetic separation. The
cells were then stained with fluorescent-conjugated antibodies, as well as streptavidin-conjugated
APC-Cy7 on ice for 20 min in the dark. The samples were washed with PBS and stained with a
Near-IR live-dead dye for 10 min at room temperature in the dark. The samples were washed and
resuspended in R10 media and CD103" migratory cDC1, CD11b" migratory cDC2, CD8a*
resident cDC1, and CD11b" resident cDC2 were FACS-purified on a BD FACSAria II sorter in
the University of Chicago Cytometry and Antibody Technology Core facility using the gating
strategy depicted in Figure 2.1. Sorted samples were then resuspended in complete R10 media
containing gentamicin (50 ug/mL) and amphotericin B (2.5 pg/mL) at a concentration of of 10°
cells/mL, and 30,000 cells were plated per well in a 384-well plate, along with 10,000 CTV-
labeled TRC-tg 2C CD8" T cells which were isolated as described above. The cells were co-
cultured for 72 hours and proliferation of 2C CD8" T cells was determined by flow cytometry.

All buffers and media used in these experiments were sterile, passed through 0.2 um filters.

2.20 MDM / OCI-Ly8 co-culture

Peripheral blood mononuclear cells (PBMCs) were extracted through Ficoll density

gradient centrifugation using the peripheral blood of healthy HLA-A*02"°® human donors.

Monocytes were isolated by adhering PBMC:s to culture plates for two hours at 37°C. Non-
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adherent cells were removed by washing. Monocyte-derived macrophages were then generated
by culturing the adherent monocytes in complete RPMI media containing 50ng/mL M-CSF for 7

days. Following this process, monocyte-derived macrophages were then harvested by incubation

in EDTA/Trypsin for 5 minutes followed by gentle scraping. 10°> macrophages were then plated

A Resident

SSC

FSC FSC

CD11c

SSC
CD64

CD103y

FSC Fsc CD11b “MHCA CD11b
Figure 2.1: Gating strategy for the identification of DC subsets in the tumor and tdLN

Flow cytometry gating strategy for the tumor (A) and tdLN (B) used to identify DC subsets.
into each well of a 24-well plate, rested for 24 hours, and then co-cultured them with 10° CTV-
labeled HLA-A*02P° OCI-Ly8 lymphoma cells for 2 hours in the presence of 5ug/mL of an
isotype (BE0083, Bioxcell) or anti-CD47 antibody (B6H12, Bioxcell). Macrophages were then

collected from each well, identified by CD14 antibody staining and assessed for the expression

of lymphoma cell-derived CTV, HLA-A*02, and CD19 as determined by flow cytometry.
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2.21 Statistical Analysis

Statistical significance for tumor growth experiments was determined by two-way
ANOVA with Sidak’s post-hoc test using GraphPad Prism 7. For all other experiments,
statistical significance was determined by ANOVA with a post-hoc Tukey HSD test using R
version 3.6.3. The number of factors determined the type of ANOVA used in each specific case,
and the type of ANOVA used is indicated in the figure legends. Rounded adjusted p-values are
indicated when 10 < p-adj. < 0.1. When 108 < p-adj < 10, it is indicated as being less than the
next largest power of 10 (e.g. p = 0.0000085 would be displayed as p < 10-). Any p-adj < 10®
are indicated as p < 10®. Whenever a p value is not indicated, p > 0.1. Adjusted p values < 0.05

were considered to be statistically significant.

Table 2.6: Media, buffers, enzymes, and other key reagents

Media, buffers, and enzymes Manufacturer Catalogue #
1X DPBS Gibco 14190-250
10X DPBS Gibco 14200-166
RPMI 1640 Gibco 11875-119
DMEM Gibco 11965-118
Fetal Bovine Serum Gemini 100-106
MOPS Sigma M1254
2-Mercaptoethanol Sigma M3148
Penicillin/Streptimycin Gibco 15140-122
Gentamicin Sigma G1272-10ML
Amphotericin B Sigma A2942-50ML
L-arginine Sigma A8094
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Table 2.6, continued
L-glutamine

Folic acid

L-asparagine

0.05% Trypsin EDTA
Venor GeM Mycoplasma Detection Kit,
PCR-based

Dnase I

Collgenase IV

EDTA (0.5 M)

Sodium azide
Paraformaldehyde, 16% w/v
Triton X-100

TRIzol Reagent

Chloroform

Isopropanol

Sigma
Sigma
Gibco

Gibco

Sigma
Roche
Sigma
Alfa Aesar
Sigma
Alfa Aesar
Sigma

Ambion

Sigma-Aldrich

Acros Organics

UltraPure DNA Typing Grade TAE (50X) Invitrogen

CD8a Microbeads (mouse)

LS Column

Dynabeads biotin binder

50 mL Tube Top Filter (0.22-micron)

Vacuum-Driven Filter Systems (0.22-

Miltenyi
Miltenyi
Invitrogen
Corning
Olympus
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G8540

F8758

11013-026

25300062

MP0025-1KT

10104159001

C5138

60-00-4

52002

43368

T8787

15596018

C2432-

500ML

32727-0010

24710030

130-117-044

130-042-401

11047

430320

25-227



Table 2.6, continued

micron)

Cell strainer 70 micron

CellTrace Violet Cell Proliferation Kit

Recombinant mouse FIt3L (carrier-free)

Recombinant human M-CSF
Anti-CD47 (clone: B6.H12)
Mouse IgG1 Isotype control (clone

MOPC-21)

Fisher
Invitrogen

Biolegend

Peprotech

Bio X Cell

Bio X Cell
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22-363-548

C34557

550706

216-MC-

025/CF

BEO0019-1

BE0083



Chapter 3: Results

Dendritic cells can prime anti-tumor CD8" T cell responses through MHC-dressing
Brendan W. MacNabb!, Sravya Tumuluru?, Xiufen Chen?, James Godfrey?, Darshan N. Kasal',
Jovian Yu?, Marlicke L. M. Jongsma*, Robbert M. Spaapen?, Douglas E. Kline!, and Justin
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3.1 Abstract

Antigen cross-presentation, wherein dendritic cells (DC) present exogenous antigen on
MHC-I molecules, is considered the primary mechanism by which DCs initiate tumor-specific
CDB8" T cell responses. Here, we demonstrate that MHC-dressing, an antigen presentation
pathway in which DCs acquire and display intact tumor-derived peptide:MHC-I molecules, also
plays a critical role in orchestrating anti-tumor immunity. Cancer cell MHC-I expression was
required for optimal CD8" T cell activation in two subcutaneous tumor models. In vivo
acquisition of tumor-derived peptide:MHC-I molecules by DCs was sufficient to induce antigen-
specific CD8" T cell priming. Transfer of human tumor-derived HLA molecules to myeloid cells
was detected in vitro and in human tumor xenografts. In conclusion, MHC-I-dressing is crucial

for anti-tumor CD8" T cell priming by DCs. In addition to quantitatively enhancing tumor
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antigen presentation, MHC-dressing might also enable DCs to more faithfully and efficiently

mirror the cancer cell peptidome.

3.2 Introduction

The immune response against tumors has been intensely studied over the past few
decades®, leading to the development and widespread administration of cancer immunotherapies
in the clinic'**'™, However, for all its success, cancer immunotherapy is not universally
effective®®, and progress is hindered by persisting gaps in our collective understanding of the
fundamental mechanisms required for the orchestration of effective anti-cancer immune
responses, particularly at the level of early T cell priming. While the source, specificity, and
priming mechanism of tumor-infiltrating CD8" T cells in human cancers remain largely unclear,
murine cancer models have provided critical insights into these questions. Recently, the
professional antigen presenting cells (APCs) involved in anti-tumor T cell priming have been
identified®****; however the specific pathways utilized by these APCs to acquire and present
tumor-derived antigens in vivo remain incompletely defined.

Migratory CD103* and CD11b" dendritic cells (DCs) exist in tissues throughout the
body, constitutively acquiring proteins from surrounding cells before trafficking to draining
lymph nodes, where they present derivative peptide antigens to T cells in the context of major
histocompatibility complex (MHC) molecules'*'*. Migratory DCs within tumors similarly
acquire and subsequently present cancer cell-derived antigens to T cells in tumor-draining lymph
nodes (tdLNs)"*. Recent evidence indicates that tumor antigens are exclusively transported to the
tdLN by migratory CD103* DCs***, and that these DCs are primarily responsible for antigen-
specific CD8" T cell priming in vivo™**’, Migratory CD103" DCs, along with lymph node

resident CD8a" DCs, comprise the BATF3- and IRF8-dependent conventional type 1 DC (¢cDC1)
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lineage '’ Because antigen cross-presentation is a canonical function of ¢cDC1'"*%"7 and
numerous studies have demonstrated a requirement for cDCI1 in the activation of anti-tumor

130,178,251

CD8" T cell responses , prevailing thought is that tumor-specific CD8" T cells are primed

exclusively through antigen cross-presentation'¥**%%-35,

However, an alternative antigen presentation mechanism has increasingly been
recognized, in which DCs acquire and present intact peptide:MHC (pMHC) complexes captured
directly from neighboring cells*'’*%*3%2 This phenomenon has been implicated in antigen
presentation in various contexts ranging from viral infection®*** and vaccination®*® to thymic

335337 graft rejection®®®, and peripheral tolerance to maternal microchimerism**. By

selection
necessity, conclusions regarding the role of MHC-dressing in antigen presentation by DCs have
largely come from in vitro studies and in vivo models involving MHC-mismatched bone marrow

33534234 or solid organ transplantation®*, due to difficulty in controlling for cross-

chimeric mice
presentation without altogether abrogating antigen presentation on MHC-I. Indeed, while MHC-
dressing by DCs is sufficient to induce T cell priming in various contexts, the necessity of this
antigen presentation pathway in mediating in vivo T cell activation has never been conclusively
demonstrated in syngeneic hosts.

In this study, we utilized two syngeneic murine tumor models expressing distinct model
antigens presented in the context of the MHC-I molecule, H-2K" (K®), in order to determine the
extent to which MHC-dressing was involved in tumor antigen-specific CD8" T cell priming.
While the magnitude of the effect varied across models, CD8" T cell priming against K®-
restricted tumor antigens was significantly impaired in mice harboring K» tumors, despite the
cross-presentation pathway being fully intact. Furthermore, cancer cell-derived MHC-I

molecules were readily observed within and on the surface of tumor-resident APCs, and MHC-I-

deficient CD103* ¢DC1 isolated from tdLN of mice bearing K°-sufficient tumors were capable
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of stimulating antigen-specific CD8" T cells ex vivo. The importance of WDFY4-dependent
antigen cross-presentation®'* in mediating anti-tumor CD8" T cell responses differed across
experimental models, but in some cases was dispensable for in vivo CD8* T cell priming.
Finally, we demonstrated that APCs become dressed with human MHC-I (human leukocyte
antigen class I; HLA-I) molecules in vitro when co-cultured with HLA-mismatched tumor cells,
and in tumors xenografted in immunodeficient mice. Acquisition of tumor cell-derived HLA-I
molecules was strongly correlated with uptake of tumor antigens in vitro. Similarly, APCs
isolated from murine tumors acquired both tumor-derived MHC-I and fluorescent antigen in
vivo, suggesting that tumor cell phagocytosis and MHC-dressing may be linked processes. Taken
together, our results demonstrate that MHC-dressing is central to the ability of ¢cDCI to

orchestrate anti-tumor CD8" T cell responses.

3.3 Results
3.3.1 Development and validation of tumor models

In order to define the impact of cancer cell-derived MHC-I expression on subsequent
anti-tumor CD8" T cell priming, two tumor models were utilized, C1498 leukemia and B16.F10
melanoma (both H-2°). These models were selected due to differences in cell of origin and
baseline MHC-I expression levels. The B16 and C1498 models have been extensively
characterized, with well-established growth kinetics in syngeneic C57BL/6 mice**’***, Moreover,
the timing and magnitude of endogenous antigen-specific CD8" T cell responses raised against
these tumors have previously been defined*'**. To facilitate tracking of tumor antigen-specific
CD8" T cell responses, C1498 cells expressing an H-2K® (K®)-restricted model peptide antigen,
SIYRYYGL (SIY)**>*! and B16.F10 cells expressing the C-terminal domain (amino acids 161-

385) of chicken ovalbumin (OVA), including its derivative K’-restricted peptide antigen,
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SIINFEKL (OVA2s7.264)*®, were employed. KP-deficient (K*7") parental C1498, C1498.SIY and
B16.OVA cell lines were generated using CRISPR/Cas9 (Figure 3.1A-C), which allowed for a
direct comparison of antigen-specific CD8" T cell priming in mice bearing K*** versus K*
tumors. Additionally, K® was re-expressed in C1498 K» cells (C1498 KbAdd-back, gb4BY with a C-
terminal eGFP tag®??, so that the localization of tumor-derived K® molecules could be assessed
within host APCs (Figure 3.1A).

In C1498.S1Y cells, the SIY peptide was expressed in-frame at the C-terminus of eGFP,
which allowed for monitoring of SIY antigen expression (eGFP fluorescence), and for assessing
uptake of C1498.SIY-derived proteins by tumor-resident APC populations. Importantly, STY-
eGFP expression was identical in C1498.SIY K?*/* and C1498.SIY K*” cells, indicating that K®
deletion did not affect overall SIY antigen expression (Figure 3.1B). Additionally, bone
marrow-derived dendritic cells (BMDCs) cultured with C1498.SIY K*** or C1498.SIY K cell
lysates were similarly capable of presenting SIY to antigen-specific, T cell receptor transgenic
(TCR-tg) 2C CD8" T cells in vitro (Figure 3.1D). As expected, subcutaneously (s.c.) implanted
C1498.SIY K* tumors progressed more rapidly than C1498.SIY K**/* tumors in C57BL/6 mice
(Figure 3.1E), as the former could not be directly targeted for lysis by CD8" T cells specific for
Kb-restricted antigens. Conversely, C1498.SIY K*** and C1498.SIY K tumors exhibited
similar growth in Rag2”" mice lacking mature B and T cells (Figure 3.1F), indicating that
growth rate differences between K7~ and K** C1498.SIY tumors in C57BL/6 mice was due to
impaired effector responses by adaptive immune cells in the absence of cancer cell K°
expression.

Consistent with observations in C1498 cells, K deficiency did not affect OVA antigen
expression in B16.F10 cells, as evidenced by equivalent in vitro activation of OV Axs7.264-specific

TCR-tg OT-I CD8" T cells by BMDCs cultured with lysates from B16.OVA K" versus
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Figure 3.1: Validation of KD~ cell lines.
A) Surface anti-Kb antibody staining and Kb-eGFP expression in C1498 Kbt/ !, Kb-/ -, and
KPAB cell lines in vitro.

B) Surface anti-Kb antibody staining and SIY-eGFP expression in C1498.SIY Kb+/* and Kb~
cell lines in vitro.

C) Surface anti-KP antibody staining on B16.OVA Kb+/* and KD/~ cell lines in vitro with and
without IFN-y treatment (100ng/mL for 48 hours).

D) Histogram showing CTV dilution by TCR-tg 2C CD8™ T cells following 72-hour co-culture
with BMDCs and lysate from C1498.SIY KDH/ or Kb/ cells.

E and F) Growth kinetics of s.c. C1498.SIY Kb+ and Kb/~ tumors in C57BL/6 (E) and
Rag2'/ -~ mice (F).

G) Histogram showing CTV dilution by TCR-tg OT-I CD8™ T cells following 72-hour co-
culture with BMDCs and lysate from B16.OVA Kb/ or KD/~ cells.

H and I) Growth kinetics of s.c. BI6.OVA KP+/* and kP~ tumors in C57BL/6 (H) and
RagZ'/ = (I) mice.

Statistical significance for tumor growth experiments was determined by two-way ANOVA with
Sidak’s post-hoc test for multiple comparisons. Tumor growth data are depicted as mean + s.d.

and were pooled from two independent experiments (n = 10 mice per group in E and H; n=15
mice per group in F) or from one experiment (I, n = 5 mice per group).
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B16.OVA K*” cells (Figure 3.1G). Furthermore, as observed in the C1498.SIY model,
B16.OVA K tumors grew significantly faster than B16.OVA K**/* tumors in C57BL/6 mice
(Figure 3.1H), while the two tumors grew similarly in Rag2” mice (Figure 3.11I). Thus, we
generated two tumor models—featuring different baseline MHC-I levels and expression of
distinct KP-restricted antigens—in which to assess the role of cancer cell-derived MHC-I in anti-

tumor CD8" T cell priming.

3.3.2 Anti-tumor CD8" T cell priming against C1498.SIY tumors is largely dependent on
cancer cell MHC-I expression

Once the necessary tumor cell lines were validated, the degree to which MHC-I
expression by cancer cells affected antigen-specific CD8* T cell priming in tdLNs was
determined by assessing the expansion of CellTrace violet (CTV)-labeled, adoptively transferred
2C CD8" T cells six days following subcutaneous (s.c.) inoculation of C1498.SIY K*** or
C1498.SIY K* cells in congenic C57BL/6 hosts (Figure 3.2A). In tdLNs of mice bearing
C1498.SIY K" tumors, 2C CD8" T cells proliferated extensively, as measured by dilution of
their CTV fluorescent signal, and had accumulated both in terms of overall number and as a
proportion of all tdLN CD8" T cells (Figure 3.2B-E). Strikingly, 2C CD8" T cell priming was
almost completely abrogated in tdLNs of mice with C1498.STY K> tumors; very few 2C CD8"
T cells had divided, and 2C T cell frequencies and numbers were similar to those observed in
analogous cutaneous lymph nodes (cLN) of tumor-free control mice (Figure 3.2B-E).
Additionally, 2C CD8" T cells which had proliferated in response to C1498.SIY K" tumors
produced the effector cytokines IFN-y and TNF-a, as well as the cytolytic protein, granzyme B
(Figure 3.3). Thus, expression of K® by C1498.SIY cells is required for the priming of functional

effector 2C CD8" T cells.
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Figure 3.2: Cancer cell intrinsic K® expression is required for optimum in vivo activation of
KP-restricted antigen-specific TCR-tg CD8" T cells.

A) Experimental design for analysis of in vivo TCR-tg 2C CD8" T cell priming. 10° CTV-labeled
CD45.1" 2C CDS8" T cells were adoptively transferred into C57BL/6 mice (CD45.2%) on day -1.
Recipient mice were inoculated with 10° C1498.SIY K*** or K* cells on day 0. 2C proliferation
was assessed on day 6.

B and C) Representative flow cytometry plots depicting the identification of (B) and CTV
dilution within (C) 2C CD8" T cells in the tdLN.

D) Number (left) and frequency (right) of 2C CD8" T cells in the tdLLN.

E) Proliferation of 2C CD8" T cells, quantified as percent divided (left), and the geometric mean
fluorescence intensity of CTV within the population (right).

F) Experimental design for analysis of in vivo TCR-tg OT-I CD8" T cell priming. 10 CTV-
labeled CD90.1" OT-1 CD8" T cells were adoptively transferred into C57BL/6 mice (CD90.2%)
on day -1. Recipient mice were inoculated with 10° B16.OVA K*** or K" cells on day 0. OT-I
proliferation was assessed on day 6.

G and H) Representative flow cytometry plots depicting the identification of (G) and CTV
dilution by (H) OT-1 CD8" T cells in the tdLN.

I) Number (left) and frequency (right) of OT-1 CD8" T cells in the tdLN.
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Figure 3.2, continued

J) Proliferation of OT-1 CD8" T cells, quantified as percent divided (left), and the geometric
mean fluorescence intensity of CTV within the population (right).

Statistical significance was determined by one-way ANOV A with post-hoc Tukey’s HSD for
multiple comparisons. p < 0.05 was considered statistically significant. All summary plots are
depicted is mean + s.d. Data are pooled from three independent experiments. n.t. = no tumor.

A similar experiment was performed in which CTV-labeled OT-1 CD8* T cells were
adoptively transferred into congenic C57BL/6 host mice challenged s.c. with B1I6.OVA K*** or
K?" cells the following day (Figure 3.2F). By day 6, OT-1 CD8" T cells proliferated extensively
and expanded markedly in tdLNs of mice with B16.OVA tumors regardless of K? expression,
although there was a non-statistically significant reduction in priming in mice bearing B16.OVA
K*" tumors (Figure 3.2G-J).

We next sought to determine the impact of cancer cell-intrinsic MHC-I expression on
endogenous anti-tumor CD8" T cell activation. C57BL/6 mice were inoculated s.c. with
C1498.SIY K*** or K»* cells, and numbers of endogenous antigen-specific CD8" T cells were
measured in the tdLN by K®:SIY pentamer staining and flow cytometry six days later. Consistent
with observations in TCR-tg adoptive transfer experiments, endogenous SIY-specific CD8" T
cells expanded considerably in response to C1498.SIY K?** tumors, while the numbers of STY-
specific CD8" T cells recovered from tdLNs of mice bearing C1498.SIY K*- tumors were
comparable to the analogous cLNs from tumor-free control mice (Figure 3.4A and B).
Furthermore, numbers of functional, SIY antigen-specific T cells, as measured by IFN-y
ELISpot, were significantly reduced in tdLNs of mice with C1498.SIY K tumors (Figure
3.4C). In order to verify that tumor-derived K® molecules were required specifically at the level
of CD8" T cell priming, and that diminished CD8" T cell activation against K”*- tumors had

functional consequences with regard to the control of tumor growth, we performed an

experiment in which the priming and effector phases of the anti-tumor CD8" T cell response
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were uncoupled. CD8" T cells were isolated from tdLNs of mice six days post injection (d.p.1.)
of C1498.SIY K"+ or K~ cells, such that initial priming occurred either against a K°-sufficient
or -deficient tumor. CD8" T cells were also isolated from analogous cLNs of tumor-free control
mice. Equal numbers of isolated CD8" T cells were then adoptively transferred into cohorts of

naive C57BL/6 mice that were subsequently challenged with C1498.STY K*** cells (Figure
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Figure 3.3: 2C TCR-tg CD8" T cells produce effector cytokines in response to C1498.SIY
K" tumors.

10% CTV-labeled CD45.17 2C CDS8" T cells were adoptively transferred into C57BL/6 mice
(CD45.2%) on day -1. Recipient mice were inoculated with 10® C1498.SIY K*** or K* cells on
day 0. 2C cells were re-stimulated ex vivo with SIY peptide for 5 hours on day 6 and assessed for
production of IFN-y, TNF-a, and granzyme B.

A) Representative flow cytometry plots from intracellular cytokine staining.

B-G) Number (B, D, and F) and frequency (C, E, and G) of proliferated 2C CD8" T cells
producing IFN-y (B and C), TNF-a (D and E), and granzyme B (F and G). Data are pooled from
two independent experiments and depicted as mean + s.d.

Statistical significance was determined by one-way ANOV A with post-hoc Tukey’s HSD for
multiple comparisons.
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Figure 3.4: Endogenous antigen-specific CD8" T cell responses against K’-restricted tumor
antigens are reduced against KP-deficient tumors.

A and B) K":SIY pentamer stain of endogenous CD8" T cells from the tdLLN of C57BL/6 mice
bearing C1498.STY K*** or K** tumors at day 6. Representative flow cytometry plots are shown
in A and data are quantified in B.

C) ELISpot of IFN-y production in the tdLN of C57BL/6 mice bearing s.c. C1498.SIY K*** or
K" tumors at day 6.

D and E) Primary C57BL/6 mice received s.c. C1498.SIY K*** or K- tumors at day —7. On
day -1, 5 x10° MACS-enriched CD8" T cells from the tdLN of primary mice were adoptively
transferred into naive secondary C57BL/6 mice. At day 0, secondary mice were challenged with
s.c. C1498.SIY K*** tumors. Tumor growth was measured in secondary mice to compare
functional control by CD8* T cells transferred from primary mice. Experimental design is shown
in (D) and the growth of s.c. C1498.SIY K*** tumors in secondary (recipient) mice is depicted in
(E).

F and G) Identification (F) and quantification (G) of endogenous OV Ass7.264-specific CD8* T
cells in the tdLN of C57BL/6 mice bearing B16.OVA K*** or K/~ tumors at day 6 by K®:

OV Azs7.264 pentamer stain.

Statistical significance for tumor growth in (E) was determined by two-way ANOVA with
Sidak’s post-hoc test for multiple comparisons. For all other comparisons, statistical significance
was determined by one-way ANOVA with post-hoc Tukey’s HSD. p < 0.05 was considered
statistically significant. Tumor growth in (E) is shown as mean =+ s.e.m.; other plots are depicted
is mean = s.d. Data are pooled from two (E), three (B and C), or four (G) independent
experiments. n.t. = no tumor.
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3.4D). Adoptive transfer of CD8" T cells initially primed against a K®-sufficient tumor provided
superior control of C1498.SIY K*** tumors in secondary recipients compared with CD8" T cells
initially primed against a K®-deficient tumor, which provided no greater protection against tumor
growth than did CD8" T cells transferred from cLN of tumor-free mice (Figure 3.4E). Thus, K®
expression by C1498.SIY tumor cells is required for early priming of functional antigen-specific
CD8" T cell responses.

To determine the role of tumor-derived MHC-I in endogenous CD8" T cell priming in a
second model, C57BL/6 mice were inoculated s.c. with B16.OVA K*** or B16.OVA K" cells,
and OV Azs726s-specific CD8" T cell responses were analyzed in tdLNs at 6 d.p.i. Staining with
K®:OV A,s7.264 pentamer revealed robust expansion of endogenous antigen-specific CD8" T cells
in tdLNs of mice bearing B16.OVA K*** tumors, and that this expansion was significantly
reduced in mice bearing B16.OVA K*”- tumors (Figure 3.4F and G). This result contrasts with
those in Figure 3.2F-J, in which OT-I CD8" T cell priming occurred independently of K®
expression by B16.OVA. We speculate that OT-1 CD8" T cell priming was not representative of
the overall pool of endogenous OVA 257.264-specific CD8* T cells, which would have varying
affinities for the K*:OVA 157264 complex®®'. Additionally, while endogenous OV A 2s7.264-specific
CD8" T cell priming was reduced when B16.OVA cells lacked K® expression, it was not
completely abrogated as was SIY-specific CD8" T cell priming against C1498.SIY K tumors.
Together, these results highlight the differential impact of tumor-intrinsic K® expression on anti-
tumor CD8" T cell responses mounted against KP-restricted antigens in distinct tumor models.
Nevertheless, K" expression by cancer cells is clearly required for optimal endogenous CD8" T

cell priming against K -restricted antigens in both tumor models.
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3.3.3 MHC-I expression by the tumor does not affect antigen uptake or provision of
costimulatory signals by DCs

The demonstrated importance of K® expression by cancer cells in tumor antigen-specific
CDS8" T cell priming, coupled with the established role of cDC1 in mediating this process,
strongly suggested that MHC-I-dressing by DCs was involved. However, it was formally
possible that this effect occurred independently of MHC-dressing, because a lack of tumor K®
expression might have affected antigen uptake or DC activation. To determine whether K®
expression by cancer cells affected uptake of tumor antigens, we analyzed different APC
populations in C1498.SIY K*** or K>~ tumors for acquisition of SIY-eGFP by flow cytometry.
Gating strategies utilized to identify tumor-resident APC populations, and to identify unique DC
subsets in tdLNs are depicted in Figure 2.1. APCs in both C1498.SIY K*** and K*** tumors
were equally capable of acquiring tumor-derived SIY-eGFP fluorescence at 6 d.p.i. (Figure 3.5),
consistent with published results demonstrating tumor antigen uptake by all myeloid populations

in the tumor environment>>.
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Figure 3.6: Similar DC counts and costimulatory signals in tdLNs of C1498.SIY K*** and
K?” tumor-bearing mice.
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Figure 3.6, continued

A) Cell number for the ¢DC populations in the tdLN of C57BL/6 mice bearing C1498.SIY K?*/*
or K tumors at day 6.

B-D) CD80 and CD86 levels on cDC populations in the tdLN of C57BL/6 mice bearing
C1498.SIY K*** or K*” tumors at day 6. Representative flow cytometry histograms are shown in
B, and geometric mean fluorescence intensity data are shown in C (CD80) and D (CD86).

E-G) IL-12b expression by cDC subsets in the tdLN of IL12b"-1F reporter mice bearing s.c.
C1498.SIY K*** or K* tumors. Representative histograms are shown in E, and the data are
quantified as geometric mean fluorescence intensity (F) and percent IL-12b" cells (G).
Statistical significance was determined by two-way ANOVA (C and D) or three-way ANOVA
(F and G), with post-hoc Tukey’s HSD. Summary plots are depicted as mean + s.d. Data are
pooled from two independent experiments.

Next, we considered the possibility that K® expression by cancer cells may impact DC
maturation and provision of costimulation—an essential step in T cell activation. Expression of
costimulatory molecules was assessed by flow cytometry on DCs isolated from the tdLNs of
C57BL/6 mice bearing C1498.SIY K**/* or K7~ tumors at 6 d.p.i. No differences in DC number
or frequency were observed (Figure 3.6A), nor were there differences in CD80 or CD86 cell
surface expression levels on DC populations in the tdLN of mice bearing C1498.SIY K*** or
K* tumors (Figure 3.6B-D). Additionally, no differences in IL-12p40 expression were observed
within DCs isolated from tdLNs of 7L 2b"RES-YFP mice bearing C1498.STY K**/* or K* tumors.
(Figure 3.6E-G). Thus, the reduction in CD8" T cell priming observed against K°-deficient

tumors is not due to a defect in the acquisition of tumor antigens or provision of necessary

secondary or tertiary signals by DCs.

3.3.4 Tumor-resident DCs acquire and present cancer cell-derived MHC-I
DCs have been shown to present exogenous MHC-I molecules in MHC-mismatched in

341348 and maternal microchimerism?®*®°, as well as in vitro co-culture

vivo transplantation
models*¢**833%342 The data presented above suggest that MHC-I transfer between cancer cells

and APCs occurs in the syngeneic tumor context as well. To determine the extent to which
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cancer cell-derived MHC-I molecules were acquired by tumor-resident APCs, C1498 K+, K>,
or K8 cells were inoculated s.c. into MHC-I-deficient K»/-D?”- mice. At 6-10 d.p.i., anti-K" cell
surface antibody staining revealed that DC and macrophage populations isolated from C1498
K?** and K*8 tumors had broadly acquired cancer cell-derived K® molecules to a similar degree
(Figure 3.7A-E). Further, no presentation of K® molecules by K**~D"- tumor-infiltrating T cell
populations was observed (Figure 3.7C), indicating that acquisition of tumor-derived MHC-I
molecules was a unique property of phagocytic cells. However, presentation of C1498-derived
K® molecules was not detectable on migratory or resident APC populations in tdLNs (Figure
3.8), likely due to limited sensitivity of detection by conventional flow cytometric analysis.

To assess the localization of C1498-derived K molecules on or within APCs, and to
verify that the presentation of C1498-derived K® molecules by APCs observed in Figure 3.7A-C
was not an artifact resulting from the complete absence of endogenous MHC-I in K**D"”* mice,
over 4,000 CD11¢" MHC-II* cells from C1498 K48 tumors engrafted in 12 wild type C57BL/6
hosts were visualized using ImageStream cytometry (Figure 3.7F). Surprisingly, the majority of
APCs isolated from C1498 K8 tumors had internalized K°-eGFP molecules, and only a small
subset of the imaged APCs displayed KP-eGFP exclusively at the cell membrane (Figure 3.7G),
suggesting that MHC-dressing may be associated with tumor antigen uptake. Importantly, eGFP
fluorescence was absent in CD11¢* MHC-II" cells isolated from control C1498 K*** tumors
lacking eGFP expression, and eGFP fluorescence in CD11c¢* MHC-II" cells isolated from a
control C1498.SIY K”** tumor was almost exclusively classified as internal in a system in which
any acquired eGFP fluorescence must be internal (Figure 3.7G).

To test the hypothesis that MHC-dressing and tumor antigen phagocytosis may be linked
processes in vivo, C1498.SIY K™ or K> tumors were raised in K*D’ mice, and tumor-

resident APCs were analyzed by imaging flow cytometry for acquisition of tumor antigen (SIY-
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Figure 3.7: Acquisition of C1498-derived K molecules by APC populations in the tumor.
A-C) Representative flow cytometry histograms for surface K staining of cancer cells (A),
APCs (B), and T cells (C) isolated from the tumor of C57BL/6 and K”*D"*- mice bearing s.c.
C1498 K***, K, or K*B tumors at day 6-10.
D and E) Quantification of surface K" staining of APC populations shown in B, as either mean
fluorescence intensity (D) or percent K (E).
F and G) ImageStream cytometry of CD11¢” MHC-II" APCs isolated from C1498 K> or KPAB
s.c. tumors in C57BL/6 hosts at day 6-10. Representative images are shown in F, and
quantification of intracellular versus surface K® localization is shown in G, with each bar
representing one mouse.
Statistical significance for D and E was determined by two-way ANOVA with post-hoc Tukey’s
HSD test. Graphs are depicted as mean + s.d. Data are pooled from five (D and E) or three (G)
independent experiments.
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eGFP) and cancer cell-derived K® using an intracellular anti-K® antibody stain. Imaging revealed
that the APCs which acquired cancer cell-derived MHC-I molecules had also internalized the
model tumor antigen SIY-eGFP (Figure 3.9), often with at least some colocalization in
fluorescent signal between SIY-eGFP and internalized K® molecules. These results demonstrate
the ability of APCs to acquire C1498-derived MHC-I molecules in the tumor environment and
suggest that this MHC-dressing is highly correlated with—and might occur through—
internalization of tumor material, including antigens.

Attempts to replicate these results in the B16.OV A model were hindered by the fact that
B16.OVA cells express very low levels of K® in vitro®*72*% and while K" is rapidly upregulated
on B16.OVA cells in vivo in wild type hosts in response to IFN-y*, this did not occur in K**~D>"

mice, presumably due to their significantly reduced pool of endogenous CD8* T cells
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Figure 3.8: C1498-derived K" molecules are not detected on the surface of APCs in the
tdLN by flow cytometry.

Surface staining for K® on APCs isolated from the tdLN of K*“D"~ mice bearing s.c. C1498
Kt KP, and K*B tumors at day 6-10. Representative flow cytometry histograms (A) and
quantification of the data (B) are shown. Data are pooled from four independent experiments and
depicted as mean =+ s.d. Statistical significance was determined by two-way ANOVA with post-
hoc Tukey’s HSD test.
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(Figure 3.10A-C). To overcome this obstacle, B16.OVA K*** and B16.OVA K" cells were
pre-treated with IFN-y in vitro for 48 hours prior to s.c. inoculation into K*-D”* mice. IFN-y
treatment induced K® upregulation on B16.OVA K?** cells, but not on B16.OVA K* cells
(Figure 3.1C). Analysis of tumors at 6-10 d.p.i. revealed that K®-sufficient B16.OVA cells
retained IFN-y-induced K® expression in vivo, and as in the C1498 system, APCs isolated form
B16.OVA tumors were broadly capable of acquiring and presenting tumor cell-derived K®
molecules (Figure 3.10D-F). Thus, the ability of APCs to become dressed with cancer-derived

MHC-I is not restricted to a single tumor model.
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Figure 3.9: Correlation between acquisition of tumor-derived K* molecules and
internalization of a fluorescent tumor antigen.

CD11c* APCs isolated from C1498.SIY K*** or K* tumors in K*-D’’ mice at day 7 were
analyzed by imaging flow cytometry.

A) Representative images of CD11¢" APCs showing phagocytosis of a model tumor antigen
(STY-eGFP) and the acquisition of tumor-derived K molecules by intracellular antibody stain.
B) Summary bar graph of the data. Each bar represents one mouse, and the number of CD11c¢*
APCs imaged is indicated to the right. Three samples were excluded from the quantification
because fewer than 50 CD11¢* APCs were imaged in focus.
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3.3.5 Presentation of tumor-derived pMHC complexes by CD103* DCs is sufficient for
antigen-specific CD8"* T cell priming ex vivo

Considering the necessity for tumor derived K® molecules in optimal tumor antigen-
specific CD8" T cell priming, the known requirement of cDC1 in this process, and the ability of
APCs to acquire and present tumor-derived MHC-I, we next assessed the sufficiency of MHC-I-
dressing by DCs as a means of tumor antigen presentation. Accordingly, C1498.SIY K*** and

C1498.SIY K* tumors were inoculated s.c. in wild type, K*"D?, and Tapl”- mice. Due to
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Figure 3.10: Acquisition of B16.OVA-derived K" molecules by APC populations in the
tumor.

A-C) K*D"" mice received s.c. BI6.OVA K*** or K> tumors, which were analyzed at day 6-
10. Surface staining for K® is shown for tumor cells (A) and APCs (B) in the tumor, and the data
are quantified (C).

D-F) B16.OVA K*** and K* cells were pre-treated with IFN-y for 48 hr in vitro prior to s.c.
inoculation into C57BL/6 or K»“D"" hosts. Representative flow cytometry histograms of K®
surface staining are shown APCs (D), and the APC data are quantified as mean fluorescence
intensity (E) and percent K®" (F). Data in E and F are pooled from three independent
experiments, and all summary plots are depicted as mean + s.d.

Statistical significance was determined by two-way ANOVA with post-hoc Tukey’s HSD.
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defective peptide transport from the cytoplasm into the endoplasmic reticulum where MHC-I
loading occurs, Tapl”~ mice are largely incapable of classical antigen cross-presentation”***, Six
days later, tdLN-resident and migratory cDC1 and ¢cDC2 populations were separately FACS-

purified and co-cultured directly ex vivo with CTV-labeled 2C CD8" T cells (Figure 3.11A). The
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Figure 3.11: Presentation of C1498.SIY-derived pMHC complexes by CD103" ¢DC1 is
sufficient for TCR-tg 2C CD8"* T cell priming ex vivo.

A) Experimental design. cDC populations were sorted from the tdLN of C57BL/6, Tap!~-, and
K*-DP- mice bearing C1498.STY K*** or K*”~ tumors at day 6 and co-cultured with CTV-
labeled TCR-tg 2C CD8" T cells for 72 hours.

B) Representative flow cytometry plots showing proliferation of 2C CD8* T cells.

C and D) Bar graphs quantifying the data from B as number (C) and frequency (D) of divided
2C CD8+ T cells. Bar graphs are depicted as mean + s.d.

Data are pooled from two independent experiments and statistical significance was determine by
three-way ANOV A with post-hoc Tukey’s HSD test.
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ability to mediate 2C CD8" T cell activation was restricted almost exclusively to migratory
CD103" ¢cDC1 from mice bearing C1498.SIY K**/* tumors, which was expected given the
previously reported role of CD103* ¢DC1 in presenting tumor antigens to CD8" T cells***%,
Remarkably, cross-presentation of the SIY antigen in this context was dispensable for 2C CD8*
T cell activation ex vivo, as evidenced by the fact that priming was mediated similarly by Tapl”,
K**DP", and wild type CD103" ¢DC1 (Figure 3.11B-D). Further, migratory CD103* ¢DC1 from
tdLNs of wild type mice bearing C1498.SIY K~ tumors were incapable of stimulating 2C CD8*
T cells (Figure 3.11B-D), which is consistent with data presented in Figures 1 and 2, further
emphasizing the requirement for cancer cell-derived MHC-I in anti-tumor CD8* T cell priming.
This result demonstrates that acquisition and presentation of C1498 cell-derived K°:STY
molecules by CD103" ¢cDC1 is both necessary and sufficient for tumor-specific CD8" T cell

priming in this model.

3.3.6 Generation and characterization of Wdfy4”" mice

After establishing the role of MHC-I-dressing as a means of antigen presentation by
migratory CD103" ¢cDC1, we sought to determine the extent to which in vivo anti-tumor CD8" T
cell priming occurred independently of classical cross-presentation in the C1498.SIY model.
Here, we utilized Wdfy4”- mice, in which the cross-presentation of cell-derived antigens is
defective in cDC1*"*. We generated Wdfy4”- mice by deleting exon 4 using CRISPR/Cas9,
resulting in a frameshift and premature stop codon after only 146 amino acids (aa; compared to
the 3,184 aa full-length protein; see Materials and Methods for full details, scheme depicted in
Figure 3.12). Deletion of exon 4 from Wdfy4 was confirmed by PCR amplification of genomic
DNA and subsequent Sanger sequencing (Figure 3.12B). Furthermore, cDNA was generated

from RNA isolated from Wdfy4"" and Wdfy4” splenocytes. Regions of the Wdfy4 transcript were
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PCR amplified using four different primer pairs spanning multiple exons, including exon 4. The
removal of exon 4 and resulting frameshift mutation were also confirmed by Sanger sequencing,
and depicted with the corresponding amino acid sequence from the mutation through the

premature stop codon (Figure 3.12C-E). Thus, although there is no validated antibody available

to measure the murine WDFY4 protein levels, these results indicate that there is no
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Figure 3.12: Generation of Wdfy4” mice.

A) Illustration of the Wdfy4 gene depicting the exons in different splice variants, with gRNA
target sites indicated flanking exon 4.

B) PCR amplification of the genomic DNA surrounding exon 4, with a 144 bp excision in the
mutant (knockout) allele.

C and D) PCR amplification of a segment of the Wdfy4 transcript containing exon 4 from
Wdfy4"* and Wdfy4” splenocytes, with a 107 bp deletion in the mutant (knockout) allele.
Alignment of the amplified cDNA fragments are shown in red.

E) Illustration showing the length of Wdfy4 wild type and mutant (knockout) proteins (to scale),
along with the RNA (grey) and translated amino acid sequences (wild-type and consensus
sequences shown in black and the mutated region depicted in red) in the region containing the
frameshift mutation and stop codon.
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functional WDFY4 protein in the Wdfy4” mice.

No defects were observed in T cell numbers in secondary lymphoid organs in Wdfy4™-
animals (Figure 3.13). Importantly, WDFY4 deficiency did not affect the numbers, proportions,
or expression of costimulatory molecules by DC populations in cLNs (Figure 3.14), where anti-
tumor CD8" T cell responses are mounted against s.c. tumors. Further, DC numbers and
phenotype were broadly similar in various organs in Wdfy4"* and Wdfy4”- mice, with the
exception of mesenteric LNs, where a reduction in CD103* CD11b"¢ migratory cDC1 was
observed in Wdfy4”- mice (Figure 3.15); however, no other significant differences in DC

populations were observed.
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Figure 3.13: Normal T cell populations in secondary lymphoid organs of Wdfy4”- mice.
A) Flow cytometry plots identifying CD4" and CD8" T cells in mesenteric (mLN) and cutaneous
(cLN) LNs as well as spleens from Wdfy4**, Wdfy4*", and Wdfy4” mice.
B-D) Quantification of (A) by number and frequency in the mLNs (B), cLNs (C), and spleen
(D).
Statistical significance was determined by one-way ANOVA with post-hoc Tukey’s HSD test.
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In order to validate our Wdfy4” mice in a tumor system in which they have a previously

described phenotype®'*, Wdfy4”~ and Wdfy4"" littermate mice were inoculated s.c. with 10° 1969
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Figure 3.14: Normal ¢cDC development and costimulatory molecule expression in cutaneous
LNs of Wdfy4” mice.
A) Representative flow cytometry plots of ¢cDC populations in pooled cLNs of Wdfy4*"*,
Wdfy4*", and Wdfy4”- mice.
B) Counts of resident and migratory ¢cDCs in pooled cLNs of Wdfy4"*, Wdfy4*-, and Wdfy4"

mice.

C-F) Quantification of count, frequency, and CD80/CD86 expression data for resident CD8a"
cDCI1 (C), resident CD11b* ¢DC2 (D), migratory CD103" ¢cDCI1 (E), and migratory CD11b*

c¢DC2 (F) in pooled cLNs.
Statistical significance was determined by one-way ANOVA with post-hoc Tukey’s HSD test,
and p < 0.05 was considered to be statistically significant. Data are pooled from three
independent experiments.
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Figure 3.15: Reduced CD103* ¢DC1 populations in mesenteric LNs of Wdfy4”~ mice.

A) Representative flow cytometry plots of cDC populations in pooled mesenteric LNs (mLNs) of
Wdfy4*", Wdfy4*-, and Wdfy4" mice.

B) Counts of resident and migratory ¢cDCs in pooled mLNs of Wdfy4**, Wdfy4*", and Wdfy4"
mice.

C-G) Quantification of count, frequency, and CD80/CD86 expression data for resident CD8a"
cDCI1 (C), resident CD11b* ¢DC2 (D), migratory CD103" ¢cDCI1 (E), and migratory CD11b"
cDC2 (F), and migratory CD103* CD11b" ¢cDC2 in pooled mLNs (G).

Statistical significance was determined by one-way ANOVA with post-hoc Tukey’s HSD. Data
are pooled from three independent experiments.
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sarcoma cells, a tumor which is typically rejected by wild-type mice in a CD8" T cell-dependent
manner’'"*. As previously observed®'*, 1969 tumors were uniformly rejected by wild-type mice,
but grew progressively in Wdfy4” mice (Figure 3.16). In fact, 1969 tumor growth in Wdfy4”
mice tended to be more rapid than in Ba#f3” mice which are largely devoid of ¢cDC1 (Figure
3.16). This result confirms the requirement for WDFY4-dependent cross-presentation in
mounting a productive CD8" T cell response against 1969 sarcoma, while also highlighting that
although MHC-dressing contributes to anti-tumor CD8" T cell priming in certain systems, there

is clearly still a role for classical cross-presentation in this process.

- Wdfy4"T (22/22 tumors rejected)
Wdfy4” (1/14 tumors rejected)

-e- Batf3*(3/10 tumors rejected) Figure 3.16: Wdfy4” mice fail to reject an
2501 l comparisons: p < 10° immunogenic tumor. Growth curves of s.c. 1969
£ 2001 all comparisons: p < 10+ | tumors in littermate Wdfy4"" and Wdfy4” mice, as
Wdfy4"" vs. Wdfy4/ :p < 10" | : /- . . . . .
%150. W4 v, Batfa b = 104 well as in Batf3” mice. Statistical mgmﬁgance was
£ 400 Waly4 vs. Balf3": p = 012 determined by two-way ANOVA with Sidak’s post-
5 ¥ I,I hoc test for multiple comparisons. Data are depicted
5 =8 ¢ | | as mean + s.d. and pooled from two independent
~ p p

= O"__gg,”””i- ,,,,,,,,,, B .

0 3 10 15 S0 €Xperiments.

Days post engraftment

3.3.7 WDFY4-dependent cross-presentation is dispensable for anti-tumor CD8" T cell
priming against C1498.SIY tumors in vivo

To test the sufficiency of MHC-dressing in anti-tumor antigen-specific CD8" T cell
priming in mice unable to cross-present cell-associated antigens, CTV-labeled CD45.1* 2C CD8*
T cells were adoptively transferred into CD45.2" Wdfy4™*, Wdfy4*", and Wdfy4”- mice. One day
later, these mice were inoculated s.c. with 10° C1498.SIY K?*/* or K»~ cells. Six days after
tumor inoculation, tdLNs were isolated along with analogous cLLNs from non-tumor-bearing

mice and analyzed for the activation and expansion of 2C CD8" T cells. As expected, minimal
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2C T cell proliferation occurred in non-tumor bearing control mice and in mice bearing
C1498.SIY K* tumors, regardless of Wdfy4 genotype (Figure 3.17A and B). For mice bearing
C1498.SIY K*** tumors, 2C proliferation was robust in tdLNs of both Wdfy4*" and Wdfy4*"
mice, and only slightly reduced in Wdfy4”- mice (Figure 3.17C-F) with statistical significance
reached when analyzing CTV dilution, but not by 2C cell number or frequency. At the same
time, 2C CD8" T cell proliferation was significantly greater in Wdfy4”- mice bearing C1498.SIY
K?** tumors than in any mice bearing C1498.SIY K?** tumors and in tumor-free control mice by
the same measures (Figure 3.17C-F), demonstrating that WDFY4-dependent cross-presentation
is dispensable for in vivo CD8" T cell priming in response to s.c. C1498.SIY tumors. This result
also suggests that classical cross-presentation contributes minimally to overall presentation of
tumor-derived SIY by cDCI1, or alternatively that WDFY4 plays a role in antigen presentation
via MHC-I-dressing by cDCI.

To determine the extent to which WDFY4 might be directly involved in MHC-I-dressing,
Wdfy4”- mice were crossed with K*-D*/ mice. C1498 K**/* or K»- tumors were raised in
Wdfy4"T KDt and littermate Wdfy4”- K*--D"~ mice, and the ability of APCs to present C1498-
derived KPmolecules was assessed by flow cytometry as in Figure 3.7. Both Wdfy4** K**-Db"
and Wdfy4"- KD’ mice were included in the Wdfy4"" K>~D"" group, as heterozygotes were
phenotypically identical to homozygous wild type mice in Supplemental Figures S10-S12, and
were equally capable of mounting anti-tumor T cell responses in Figure 3.17. APCs isolated
from K*D"" mice harboring C1498 K*** tumors were clearly capable of acquiring and
presenting C1498-derived K® molecules regardless of whether or not they expressed WDFY4

(Figure 3.18), indicating that MHC-I-dressing is a WDFY4-independent process.
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Figure 3.17: In vivo TCR-tg 2C CD8" T cell priming occurs in the tdLN of Wdfy4” mice
bearing C1498.SIY K*"* tumors.

In vivo TCR-tg 2C CD8" T cell priming was assessed in the tdLN of Wdfy4*", Wdfy4*", and
Wdfy4”- mice bearing s.c. C1498.SIY K*** or K» tumors at day 6.

A) Representative flow cytometry plots showing frequency of 2C among CD8" T cells.

B) Representative histograms of CTV dilution by 2C CD8" T cells.

C) Summary plot of the number of 2C CD8" T cells in the tdLN (left) and heatmap depicting the
p values for pairwise comparisons (right).
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Figure 3.17, continued

D) Summary plot of the frequency of 2C among CD8" T cells in the tdLN (left) and heatmap
depicting the p values for pairwise comparisons.

E) Plot of the percent of 2C CD8" T cells which had proliferated in the tdLN (left) and heatmap
depicting the p values for pairwise comparisons (right).

F) Summary plot of the geometric mean fluorescence intensity of CTV within 2C CD8" T cells
in the tdLN (left) and heatmap depicting the p values for pairwise comparisons (right).
Statistical significance was determined by one-way ANOVA with a Tukey’s post-hoc HSD test.
The —logio of the adjusted p value is indicated in each tile of the heatmap. p < 0.05 (—logio(p) >
1.30) was considered to be statistically significant. The data are pooled from three independent
experiments. n.t. = no tumor.
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Figure 3.18: MHC-dressing occurs independently of WDFY4.

Wdfy4”- Kb*-Db- and Wdfy4"" K>~D"" mice were inoculated with s.c. C1498 K*** or K**
tumors. APCs were analyzed for the presence of C1498-derived K molecules by surface
antibody staining and flow cytometry.

A) Representative flow cytometry histograms.

B) Summary plot of normalized mean fluorescence intensity.

C) Summary plot of percent K" DCs. The Wdfy4"" group includes four Wdfy4** and four
Wdfy4*" mice.

Data are pooled from two independent experiments. Statistical significance was determined by
two-way ANOVA with post-hoc Tukey’s HSD.
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3.3.8 APCs acquire and present HLA-I molecules derived from human cancer cells

The above data indicate that MHC-dressed DCs have a critical, non-redundant role in
mediating the activation of tumor antigen-specific CD8" T cell responses in murine cancer
models. Given the obvious challenges associated with investigating transfer of HLA molecules
from cancer cells to APCs in vivo, in which all cells express the same HLA molecules, we sought
to ascertain the extent to which human HLA-I-dressing occurred in the context of in vitro assays
and xenograft models. First, HLA-A*02"¢ monocyte-derived macrophages (MDM) from a
healthy donor were co-cultured with CTV-labeled HLA-A*02P° CD19" OCI-Ly8 diffuse large B
cell lymphoma cells (Figure 3.19A). MDM were utilized due to ease of acquisition and culture,
as well as our observation that, like DCs, macrophages acquire and present cancer cell-derived
MHC-I molecules in murine tumors (Figure 3.7). OCI-Ly8 lymphoma cells were chosen due to
their high baseline expression of HLA-I, and because they express HLA-A*02, a common HLA-
A allele for which a specific antibody exists. Following a 4-hour co-culture, MDMs failed to
acquire detectable OCI-Ly8 cell-derived CTV fluorescence and remained HLA-A*02"<€,

Based on data presented in Figure 3.7, which suggest that MHC-dressing and
phagocytosis of tumor antigens are linked processes, a CD47-blocking antibody (a-CD47) was
included in the MDM/OCI-Ly8 culture to induce phagocytosis by blocking CD47-SIRPa
interactions. MDMs treated with an isotype control antibody acquired neither lymphoma cell-
derived CTV fluorescence nor captured HLA-A*02 molecules from OCI-Ly8 lymphoma cells,
while MDMs treated with a-CD47 acquired an abundance of both (Figure 3.19A, top), and
displayed acquired HLA-A*02 on the cell surface. Consistent with our observations in murine
models (Figure 3.7), MDMs that acquired the most CTV fluorescence also presented the highest
levels of OCI-Ly8 cell-derived HLA-A*02 (Figure 3.19A). Thus, human APCs are capable of

acquiring and presenting HLA molecules derived from human cancer cells. Also notable was the
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Figure 3.19: APCs are capable of MHC-dressing with human HLA molecules.
A) Monocyte-derived macrophages (MDMs) were differentiated from the blood of a healthy
HLA-A*02"¢ donor and subsequently co-cultured with CTV-labeled HLA-A*02" OCI-Ly8
lymphoma cells for 4 hours in vitro with or without an a-CD47 blocking antibody.
Representative flow cytometry plots of MDM for acquired OCI-Ly8-derived HLA-A*02 versus
CTV (top), CD19 versus CTV (middle), and CD19 versus HLA-A*02 (bottom).
B-F) OCI-Ly1 (blue) and OCI-Ly8 (green) tumors were xenografted s.c. into
NOD.Prkdc“I12rg™" (NSG) mice. Representative histograms showing cell surface staining for
tumor-derived HLA-I molecules on DCs are shown in B. Data are quantified as % HLA class I*
among cDC1 (C) and cDC2 (D), as well as normalized MFI of HLA class I for cDC1 (E) and
cDC2 (F). Flow cytometry plots in A are from one experiment, representative of three
independent experiments.



Figure 3.19, continued
Data in A are from one experiment, representative of three independent experiments. Data in C-F
are pooled from two independent experiments, and statistical significance was determined by
one-way ANOVA with post-hoc Tukey’s HSD test.
fact that the MDM that acquired the highest OCI-Ly8-derived CTV and HLA-A*02 also
displayed low levels of lymphoma-derived CD19 on their cell surface (Figure 3.19A, middle
and bottom), suggesting that the ability of a surface protein to transfer from one cell to another
is not unique to MHC/HLA molecules, and potentially is a broader phenomenon.

To determine whether HLA molecules from human tumor cells are also transferred to
APCs in vivo, lymphoma xenograft models were utilized. Here, human OCI-Lyl and OCI-Ly8
lymphoma cells were inoculated s.c. into immune-deficient NOD. Prkdc*“I12rg™" (NSG) mice,
devoid of B, T, and NK cells. Tumor resident DCs isolated from lymphoma xenografts displayed
high levels of lymphoma-derived HLA-I molecules on their cell surface (Figure 3.19B-F).
Comparatively, HLA-I was not detected on splenic DCs in NSG mice bearing lymphoma

xenografts (Figure 3.19B-F). Together, these data indicate that in vivo MHC/HLA-I-dressing by

tumor APCs is conserved in mice and humans.
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Chapter 4: Discussion

4.1 Summary

In this study, we have determined that MHC-dressing contributes to anti-tumor CD8" T
cell priming in vivo based on four key experimental observations: 1) K"-restricted tumor antigen-
specific CD8" T cell responses are reduced, and in some cases completely absent, against cancers
lacking K" expression (Figures 3.2 - 3.4); 2) APCs acquire cancer cell-derived K in the tumor,
and this is likely associated with internalization of tumor antigens (Figures 3.7 - 3.10); 3)
presentation of C1498-derived SIY by migratory CD103" ¢cDCI isolated from the tdLN was
dependent on K" expression by the tumor, while DC-intrinsic expression of MHC-I and TAP
were dispensable (Figure 3.11); 4) in vivo 2C T cell priming against C1498.SIY was WDFY 4-
independent (Figure 3.17).

The finding that MHC-I-dressing by migratory CD103" ¢DCI1 is a critical antigen
presentation pathway for mounting anti-tumor CD8" T cell responses challenges our current
understanding of the mechanisms by which cancer antigens are presented by DCs. At the same
time, our observations raise a profound, yet simple question: Why does MHC-I-dressing appear
to play such an important role in tumor antigen presentation when cross-presentation is the
hallmark function of cDC1? Any definitive answer will require significant additional
investigation; however, we can say at this time that the contribution of MHC-dressing to antigen
presentation varies across antigens and systems. Although our results highlight a key role of
MHC-I-dressing in anti-tumor immunity, they certainly do not diminish the importance of
classical cross-presentation. For example, whereas MHC-dressing was absolutely required for
antigen-specific CD8" T cell priming against C1498.SIY tumors, both MHC-dressing and

classical cross-presentation were operational in the priming of CD8" T cells in the B16.OVA
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model. Although not directly addressed, the fact that immunogenic 1969 regressor tumors grew
progressively in Wdfy4” mice (Figure 3.15), coupled with the data indicating that MHC-dressing
occurred independently of WDFY4 (Figure 3.16), suggests that cross-presentation of 1969
tumor-derived antigens is necessary for immune mediated rejection in this model system.
Although MHC-dressing occurred in the C1498 and B16 tumor environments, its subsequent
contribution to CD8" T cell priming in the tdLN differed, opening avenues for future study into
questions regarding specific contexts in which MHC-dressing contributes to antigen
presentation.

Another recent study by Duong ef al. likewise found MHC-dressing to be important for
tumor antigen presentation in the transplantable MC57 regressor tumor model**. In that study,
the authors concluded that a population of cDC2 activated by type I IFN signaling mediated anti-
tumor CD8" T cell priming via MHC-dressing. That study differs from ours in a few key aspects.
First, the demonstration of MHC-dressing in the tumor by Duong et al. involved the engraftment
of MC57 tumors—originally derived from C57BL/6 mice (H-2*)—into Balb/c (H-2%) hosts.
While this models a tumor in theory, it bears more similarity to MHC-mismatched

335,337,341,348,349_due to

transplantation models, in which MHC-dressing has been studied previously
the complete mismatch in MHC alleles—than a true tumor, in which cancer cells are syngeneic
with the host. In contrast, all experiments in this study were performed with syngeneic tumor
models, and the acquisition of MHC-I molecules by APCs was observed using MHC-deficient
hosts or tumors expressing eGFP-tagged MHC-I (Figures 3.7 - 3.11). Second, we showed that
DCs in tdLNs were capable of priming CD8" T cells via MHC-dressing, while Duong, et al.
focused exclusively on MHC-dressing by tumor-resident APCs. This distinction is important,

because while antigen presentation in the tumor is crucial for sustained T cell immunity, CD8" T

cells must first be activated in the tdLN before they gain the ability to traffic to the tumor®.
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Finally, the two studies identify different APC populations presenting tumor antigens via MHC-
dressing. This could be a result of the two studies investigating antigen presentation from
different sites. Data presented in Figures 3.7, 3.10, 3.18, and 3.19 show that both cDC
populations and macrophages are all similarly dressed with MHC-I molecules in the tumor. That
these cells are capable of presenting tumor antigens via MHC-dressing in situ is highly likely.
Likewise, Duong et al. show that both cDC1 and type I IFN-activated cDC2 isolated from the
tumor are capable of presenting tumor antigen via MHC-dressing, despite their focus being on
the latter’®. That our study and that of Duong et al. both found that MHC-dressing contributes to
tumor antigen presentation, but to different degrees and through distinct APCs further suggests

that the relative contribution of MHC-dressing to anti-tumor CD8" T cell priming is contextual.

4.2 MHC-dressing in antigen presentation

A number of factors likely determine the extent to which MHC-I-dressing occurs, as well
as its impact on CD8" T cell activation. Intuitively, the abundance of donor cell MHC-I must be
a decisive factor, as MHC-dressing did not occur in B16.OV A tumors in vivo in the absence of
MHC-I expression on tumor cells (Figure 3.10A-C) — DCs cannot be dressed with non-existent

MHC-I molecules. Beyond the tumor context, reports of MHC-dressing have primarily focused

341,348 335-337

on MHC-mismatched transplantation models and thymic tolerance , environments with

high levels of MHC expression and abundant cell death, the latter of which has been shown to

promote MHC-dressing in vitro**

. We cannot comment on the impact of cell death on MHC-
dressing in the tumor based on the experiments performed herein, but tumors are commonly
enriched in cells undergoing various forms of cell death. Given that exosomes are a well-

characterized source of MHC-I??%343483% "exosome production by the tumor may be another

factor that contributes to MHC-I dressing in the tumor environment. However, any requirement
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for in vivo exosome secretion in MHC-dressing is currently undetermined. Furthermore,
redundancies in potential mechanisms of MHC acquisition may obscure the importance of any
one source. As described in greater detail in the next section, MHC-dressing appears to be linked
with tumor antigen uptake by APCs. If this is the case, and MHC-dressing is a byproduct of
antigen uptake, then any mechanism by which a cell inhibits phagocytosis or trogocytosis would
likewise diminish MHC-dressing. One example could be the upregulation of “don’t eat me”
signals that facilitate the evasion of phagocytosis by tumor cells, such as CD47. The inverse of
this scenario is demonstrated in Figure 3.19A, in which we showed that blockade of
CD47/SIRP-a interactions resulted in both enhanced internalization of OCI-Ly8 lymphoma cell
antigens and HLA-dressing by MDMs in vitro.

It is also possible that the nature of the antigen itself is an important factor in determining
whether its presentation occurs primarily through MHC-dressing or classical cross-presentation.
Immune cells express unique proteases compared to non-immune cells, and expression of
different proteasomal subunits leads to the generation of distinct peptidomes presented on MHC
molecules by different cell types®. It is therefore possible that certain peptide antigens displayed
on MHC-I in a tumor cell are not efficiently generated in professional APCs. While this may be
the case, specific antigens presented exclusively through MHC-dressing have yet to be identified
in syngeneic models. This explanation also does not account for the fact that both SI'Y and
SIINFEKL antigens can be presented by DCs through cross-presentation®'**%*, despite the
demonstrated importance of MHC-dressing for their presentation in the tumor context. For a
majority of antigens, a more likely explanation is that MHC-dressing simply increases the
density and overall number of MHC-I molecules loaded with donor cell-derived peptide
antigens. Thus, the contribution of MHC-dressing to antigen presentation would be the result of

the quantity, rather than the quality, of antigens presented in this manner. Resolving this issue
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could reveal key insights for the identification of neo-antigens in patients, as the preferred
mechanism of antigen presentation for a given peptide could be a confounding factor in current
prediction algorithms.

Given the varied nature of the models in which MHC-dressing has been implicated in
antigen presentation, a particularly appealing hypothesis is that MHC-I-dressing is a default
mechanism by which DCs present the antigens acquired in tissues. Direct transfer of pMHC-I
molecules from surrounding cells through phagocytosis, trogocytosis, or exosome capture
represents a rich source of intact pMHC-I, all of which would contain a peptide that is
necessarily generated from a donor cell-derived protein. We envisage that MHC-I-dressing
occurs constitutively and silently under steady-state conditions, unobserved because all host cells
express the same MHC-I molecules. Importantly, the occurrence of MHC-dressing would not
preclude classical cross-presentation functioning as the dominant antigen presentation pathway
in response to external stimuli, such as the detection of necrotic cell death via DNGR-1%%527

366_both of which would generate a bias

or pathogen-associated molecular patterns via TLRs
toward classical cross-presentation necessitated by the release of cellular antigens into the
extracellular matrix upon lytic or necrotic cell death, or the need to present pathogen-derived
antigens. Again, here we can only speculate that the contributions of MHC-dressing and cross-

presentation to overall presentation of a given antigen are a matter of degrees, and that MHC-

dressing is dependent on the density of pMHC molecules present on the donor cell surface.

4.3 Stochastic recycling as a proposed mechanism for MHC-dressing
The mechanism by which MHC-dressing occurs is still disputed. Super-physiological
concentrations of purified exosomes are a sufficient source of MHC-I complexes to facilitate

MHC-dressing in vivo®****33%° Conversely, in vitro experiments have demonstrated that MHC-
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dressing requires direct cell-cell contact®***!2%, leading to speculation that MHC-dressing
requires trogocytosis or contact-mediated transfer of synaptic vesicles. It is possible that the
mechanism by which MHC-dressing occurs is context dependent, especially in vivo, where there
are many more variables than in simple in vitro co-culture experiments. Our data strongly
suggest that MHC-dressing is linked with tumor antigen uptake; this association between MHC-
dressing and acquisition of donor cell-derived fluorescent proteins is not without precedent***%
We hypothesize that APCs internalize exogenous pMHC-I complexes, and that these complexes
are subsequently recycled to the plasma membrane from an endosome via the endogenous MHC-
I recycling pathway (Figure 4.1). This mechanism would account for the observed correlation
between MHC-dressing and tumor antigen uptake, as MHC-dressing would be a useful
byproduct of the DC’s habitual sampling of its surroundings. Indeed, should a DC internalize
tumor cargo which maintained its original membrane topology, subsequent membrane fusion
between this cargo and the endosome containing it would result in exposure of the cytoplasmic
face of acquired MHC-I molecules to its trafficking chaperones, as well as the release of
antigenic proteins to the cytoplasm, simultaneously promoting antigen presentation through both
MHC-dressing and canonical cross-presentation (Figure 4.1). Unless acquired MHC-I molecules
were routinely ubiquitinated®”, there is no reason they would not be presented by an APC after
export to the plasma membrane from an early/recycling endosome; APCs are capable of MHC-I

296367368 and are likely not able to discriminate between endogenous and exogenous

recycling
MHC-I molecules. Our data and this proposed model neither discriminate between receptor-
mediated endocytosis, phagocytosis, and trogocytosis as the mechanism of MHC-dressing, nor

discount extracellular vesicles as a source of tumor antigens, be they intact pMHC-I complexes

or whole proteins.
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Figure 4.1: Endosomal recycling as a potential mechanism of MHC-I-dressing. Proposed
mechanism of MHC-dressing. i) DCs first acquire tumor cargo (or cargo from any donor cell)
containing pMHC-I complexes; i1) membrane fusion in an endosome releases the contents of the
internalized cargo into the cytoplasm while incorporating membrane-bound proteins into the
endosomal membrane with their original topology preserved; iii)) pMHC-I molecules traffic to
the plasma membrane of the DC via the endogenous MHC-I recycling pathway; iv) acquired
pMHC-I molecules are displayed to CD8" T cells.

If MHC-dressing results from stochastic recycling of MHC-I acquired during antigen
uptake, defining one mechanism or cell surface receptor as the master regulator of MHC-
dressing seems unlikely. Here, cross-presentation may serve as a useful precedent. The specific
endocytic/phagocytic receptor involved in antigen uptake determines the destination of
internalized antigen and its propensity for cross-presentation*®*!°. However, there is no one
endocytic receptor specific for cross-presentation; internalization through DEC-2052%72103¢,

Dectin-1*"", Fey receptors®'?, and DC-SIGN*"°—to name a few—have all been shown to facilitate

cross-presentation. The commonality is that when these receptors promote cross-presentation,
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their cargo is generally delivered to an endosome that is not especially proteolytic?***”'. Even
among these receptors, the ultimate destination of the internalized cargo can vary; despite their
ability to promote cross-presentation, DEC-205%'° and DC-SIGN*"? have also been shown to
direct cargo to lysosomes. Additionally, the functional importance of DNGR-1, another receptor
which promotes cross-presentation, appears to be in its ability to facilitate phagosomal rupture
and exposure of antigens to the proteasome, rather than being strictly limited to endocytosis®’.
Furthermore, DNGR-1 is not strictly required for cross-presentation®”?. In our model, any
endocytic/phagocytic receptor could theoretically promote MHC-dressing, so long as it directs its
cargo to an endosome from which MHC-I can be recycled.

Due to the expression of a wide array of endocytic/phagocytic receptors by APCs, the
loss of any one receptor is unlikely to eliminate MHC-dressing in all circumstances. However, it
is possible that certain receptors will be important for MHC-dressing in a situational basis. For
instance, CD36 has been shown to contribute to MHC-dressing in vitro and is required for
internalization of mTEC-derived fluorescent antigen by cDCI1 in the thymus. Moreover,
interruption of SIRP-a/CDA47 signaling was required for in vitro HLA-dressing by MDMs in
Figure 3.19, but this receptor/ligand interaction cannot regulate in vivo MHC-dressing by cDCI,
which do not express SIRP-a. To again use cross-presentation as an example, the intrinsic ability
of individual receptors to facilitate cross-presentation of internalized antigens has largely been
determined through gain-of-function experiments. Ectopic expression of DEC-2052", Dectin-
12'"and FcyRIIA*'? conferred cross-presentation ability onto cells which were otherwise
incapable. Similar gain-of-function experiments could be useful in identifying receptors that can
promote MHC-dressing by cell lines such as HEK-293 in vitro.

A related conundrum from our work stems from the finding that migratory CD103"c¢DC1

were exclusively able to prime anti-tumor CD8" T cell responses via MHC-dressing despite all
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APC subsets being equivalently dressed with MHC-I molecules in the tumor. In contrast, Duong
et al. found that cDC2 activated by type I IFN signaling in the tumor were capable of presenting

3 This discrepancy may result from the two studies relying

tumor antigens via MHC-dressing
on DCs from different sites, the tumor versus the tdLN. As the focus of this study was on anti-
tumor CD8" T cell priming, antigen presentation capacity was assessed by DCs isolated from the
tdLLN. It is possible that cDC2 are also capable of presenting tumor antigens by MHC-dressing in
the tumor models we employed, but not in the tdLN, due to differences in migration or ability to
effectively transport intact pMHC-I molecules to the tdLLN for presentation. This explanation
would be consistent with studies from the laboratory of Max Krummel, which demonstrated that
all myeloid cells in the tumor internalize tumor antigens, and both tumor-resident cDC1 and, to a
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lesser extent, cDC2 can prime CD8" T cells ex vivo™” . Despite this, only migratory CD103"
cDCI1 transport tumor antigens to the tdLN, and this cDC population are the most potent
mediators of CD8" T cell activation by a wide margin®***, Another distinction between our
study and that of Duong et al. is that the tumor model used in their study, MC57, is typically
rejected in wild-type hosts, while our two modes, C1498 and B16-F10, grow progressively. The
activation of cDC2 by type I IFN was required for their ability to present antigens via MHC-
dressing in that study, and their presence in MC57 tumors was proposed as the primary reason
why those tumors are rejected®®. It could be the case that we observed no CD8" T cell priming
by ¢DC2 in the tdLLN because this type I IFN-stimulated ¢cDC2 population is unique to MC57
tumors and may not exist in tumors that fail to be spontaneously rejected.

Another possible answer for why only migratory CD103" ¢cDC1 present tumor antigens
through MHC-dressing in the tdLN despite all APCs being MHC-dressed in the tumor may be

inferred from the underlying cell biology and principal functions of DC subsets. For instance,

while most APCs generate an acidic endosomal pH to promote elimination of pathogens and
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efficient generation of peptides for loading onto MHC-II, ¢cDCI1 actively maintain a neutral to
alkaline endosomal pH, which is conducive to the partial protection of intact antigens for
subsequent export to the cytoplasm for proteasomal degradation and eventual display via
classical cross-presentation?!*?2227312314 Thig fundamental property of ¢cDC1 may also promote
antigen presentation via MHC-dressing by increasing the likelihood that the donor pMHC-I
molecule is recycled to the cell surface intact, as pMHC-I complexes are often unstable under
acidic conditions*”*7, This theory also fits well with the reported role of migratory CD103*
cDC1 in transporting intact, pH-sensitive antigenic proteins acquired in the tumor environment
back to the tdLN*>**, Indeed, migratory CD103* ¢cDCI are capable of transferring both intact
tumor-derived fluorescent antigens, as well as MHC-I complexes, to other APC subsets in the
tdLN*®, While this seems to be the most logical explanation, more work must be done to fully

elucidate the cDC1-intrinsic mechanism of antigen presentation via MHC-I-dressing.

4.4 MHC-dressing in human cancer

Finally, the role of MHC-I-dressing in human cancers must be addressed. Data presented
in Figure 3.19, as well as published observations of others**, demonstrate that APCs are capable
of presenting exogenous human HLA molecules. However, the significance of this finding in
regard to the subsequent activation of anti-tumor T cell responses in cancer patients remains
unknown. For all the same reasons that studying MHC-I-dressing in syngeneic mouse models
has been difficult, directly investigating this process in cancer patients is extremely challenging,
especially when compounded with other known limitations of human immunology studies. A
human tumor and its infiltrating immune cells always express identical HLA molecules, with the
exception of HLA-mismatched bone marrow transplantation, which might represent one human

cancer context in which MHC-dressing could be explored in the future.
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One piece of circumstantial evidence suggesting a role for MHC-dressing in tumor
antigen presentation is the existence of tumors which have down-regulated HLA-I presentation
despite having no detectable CD8" T cell response®”> >, While mutations in the HLA-I
presentation pathway are typically considered to be a mechanism of immune evasion in response
to CD8" T cell-mediated cytolysis®™, in these instances they might have inadvertently preempted
a CD8"* T cell response by eliminating MHC-dressing in the absence of any selective pressure.
Unfortunately, due to the limitations described above, we cannot know whether HLA down-
regulation in the absence of a CD8" T cell response is a mere passenger, one of many potential
factors being controlled by a driver mutation®”®, or a silhouette of MHC-dressing, whose

importance is illuminated only in its absence.

4.5 Conclusions and limitations of the study

In conclusion, we have found that cDCI1 utilize acquired cancer cell-derived pMHC-I
molecules to prime anti-tumor CD8* T cell responses, even when classical cross-presentation is
fully intact, and that MHC-dressing is associated with tumor antigen uptake. These unexpected
observations challenge the current dogma and raise new questions about the mechanisms
required to initiate anti-tumor CD8™ T cell priming. Future studies are necessary to gain a
complete understanding of the processes through which MHC-dressing occurs and how this
impacts antigen presentation and adaptive immune responses, both in cancer and in other
contexts.

One potential limitation of our results is the reliance on transplantable tumors and model
antigens. It is possible that the impact of MHC-I dressing on anti-tumor CD8" T cell priming is
over-estimated when analyzing responses against immunodominant antigens, such as SIY and

SIINFEKL. SIY, in particular, has been found to not be representative of all tumor antigens in
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disseminated leukemia®®*. MHC-I-dressing and its effect on antigen-specific CD8" T cell
activation will need to be examined in more physiological models in future studies; however, the
nature of the questions addressed in the current study necessitated the use of these models.
Future studies will also be able to make use of B2m conditional knockout mice™' to assess the
role of MHC-I expression by APCs in vivo, rather than relying exclusively on ex vivo priming

experiments.
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