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Abstract:

What properties, at the level of individual molecules, are responsible for allowing the
adaptive immune system to differentiate cancerous cells from surrounding healthy tissue?
This question is the bedrock of tumor immunology, for without some method of
differentiation it would be impossible for immunity to recognize and kill tumor cells without
simultaneously damaging normal organ systems. Thankfully, there are many potential
avenues available by which tumors can appear unique. This often results from the
evolutionary processes that either directly leads cells to become cancerous or as passengers
that occur in concert with that evolutionary process. Such distinguishable features include:
dramatic overexpression of normal proteins, ectopic expression of tissue or development-
specific proteins, neoantigens from oncogenic or passenger mutations unique to the cancer
cell lineage, aberrant glycosylation, metabolite, or lipid profiles, activation of non-
canonically transcribed DNA such as endogenous retroviruses, and loss of MHCI loading or
surface expression.

Most modern immunotherapies are prescribed blind to these processes based on the
hypothesis that immunity to tumor-specific features already exists and simply needs to be
boosted or released from suppression — or alternatively, that the therapy itself can create an
environment which results in new adaptive immunity. This hypothesis has proven true for
many patients since the time of William Coley, and has resulted in the widespread and
growing adoption of cancer immunotherapies such as checkpoint blockade, costimulatory
agonists, and cytokine therapies — as well as the established successes of traditional surgery,
radiation, and chemotherapies. Unfortunately however, many of today’s breakthrough

immune-oncology treatments still regularly fail in the clinic. Therefore, a deeper
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understanding of what tumor-specific immunity exists prior to therapy, whether such
immunity is induced or aided by therapy, and which targets are missed entirely by both the
natural and therapy-aided immune responses — all provide opportunities whereby additional
interventions can improve outcomes and save lives. Perhaps the largest of these gaps, and
the greatest opportunity, lies in better defining and monitoring antigen-specific adaptive
immunity to cancer proteins and peptides by T cells and antibody. There is already a great
deal of evidence that such protein and peptide antigens are both aberrantly expressed by
tumors and important for successful anti-tumor adaptive immunity — but technological
feasibility and cost hurdles have kept such antigen-specific humoral and cellular responses
from being defined and monitored in most cases.

The primary hypothesis underlying this document is that an improved ability to
measure and monitor antigen-specific adaptive immunity will lead to improved outcomes for
patients with cancer. Such monitoring will allow gaps in both natural and therapy-induced
anti-tumor immunity to be identified and exploited with additional therapies such as
generalized or personalized cancer vaccines — and may eventually allow for the design of
prophylactic cancer prevention vaccines which improve upon observations of natural anti-
tumor immune surveillance. This thesis progresses towards this goal by demonstrating
antigen-specific correspondence between 1gG antibody and CD8+ T cell responses to cancer
vaccines — a result that has important implications for high-throughput discovery and

monitoring of antigen-specific anti-tumor immunity.
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CHAPTER 1

INTRODUCTION



Cancer and immunity

Although the origins of each cancerous tumor are unique and complex, the problem
posed by cancer is itself quite simple. Most typically, cancer can be defined as a
continuously growing mass of autologous cellular tissue which ignores normal parameters of
resource use and spatial regulation at the expense of a host organism. This growth will
continue to surround or intrude into the margins of important tissues, organs, and blood
vessels — reducing the organism’s overall fitness and often eventually resulting in death.
Typically, these cancerous tumors are not transmissible between people for the same reason
other tissues and organs are not transplantable without careful histocompatibility matching
and immunosuppression: the adaptive immune system will acutely reject any cells with
foreign human leukocyte antigen (HLA) — which refers to the immune system’s major
histocompatibility complex class | (MHCI) peptide presentation machinery found on most all
somatic cells, and major histocompatibility complex class Il (MHCII), which is typically
found only on the antigen-presenting cells required for the activation of adaptive immunity.
Though there are dramatic naturally occurring examples of infectious cancers such as
transmissible venereal tumor in domestic canines [1] and Tasmanian devil facial tumor
disease [2] — these exceptions have unique immunologic profiles and are restricted to
transmission within genetically homogeneous populations that do not have a parallel in
humans.

The main goal of clinical tumor immunology — also termed cancer immunology,
immune oncology, and immuno-oncology — is to halt and reverse the growth of human
tumors by utilizing the adaptive immune system. In order to discuss how exactly it is that the

adaptive immune system is able to recognize and destroy tumor cells, it is important to more



thoroughly describe the origin of tumors themselves. Most cancers start as a single defective
progenitor cell, which by chance has been mutated or epigenetically dysregulated in such a
way as to cause continuous aberrant cell division. The human body is estimated to be
composed of tens of trillions of cells [3], many of which are replaced regularly, and yet the
lifetime incidence risk for cancer is only around 40% in a long-lived Western population
such as the United States [4]. This means the chances of any particular cell becoming
cancerous across a lifetime are vanishingly small. When one cell does become cancerous, it
typically has won a genetic lottery of sorts — with mutations knocking out or activating just
the right oncogenes in combination with epigenetic dysregulation which helps the cancer
grow and evade the immune system. Interestingly, sequencing studies of older individuals
have shown that aged tissues regularly contain numerous colonies of cells harboring
oncogenic mutations [5], and yet most of these cells still behave properly because not quite
enough has gone wrong for them to become cancerous.

Cancer is most often found originating from cells that have a higher likelihood of
acquiring the genetic and epigenetic aberrations that lead to cancer. In otherwise healthy
adults, this often means epithelial tissue such as can be found in the skin, lung, colon, breast,
and prostate or leukemias originating in the bone marrow. These carcinomas and leukemias
occur more often than sarcomas of the soft tissue and bone in part because they require more
cell divisions as a part of their normal function. Additionally, epithelial layers often serve as
protective barriers and will have increased exposure to mutagens, viruses, and inflammation
associated with the external environment — giving these cells additional evolutionary
opportunities to acquire the genetic and epigenetic modifications which lead to cancer. To a

tumor immunologist, the most interesting part of this so-called process of oncogenesis is how



it impacts the way that a tumor becomes either observable or hidden from the immune
system. The longer an individual lives, and the more environmental insults such as smoking
or ultraviolet radiation that they experience, the more chances they have of one cell acquiring
just the right combination of factors which lead to cancer. This accumulated experience of
both age and environment also increases the chance that when a cell does become cancerous
it will contain more ‘passenger’ mutations and epigenetic modifications. Such ‘passenger’
features, though unrelated to the process that directly resulted in the cell becoming
cancerous, can still appear foreign to the immune system. Both these passenger mutations
and modifications along with the oncogenic mutations and modifications provide candidate
antigens for tumor cell recognition by the adaptive immune system.

For this reason, clinicians are observing the apparent contradiction that smokers
actually respond better to checkpoint blockade immunotherapy than non-smokers [6],
possibly for the simple reason that smoking-associated carcinogens create a more highly
mutated and epigenetically dysregulated cancer cell than a non-smoker’s cancer cell. Similar
results have been observed with the treatment of microsatellite instable (MSI) colorectal
tumors and malignant melanomas — these cancers have a high abundance of genetic
modifications which give them more obviously foreign antigen profiles. This, in turn,
correlates with an increased susceptibility to checkpoint blockade therapies [7—10]. It might
be that some of these tumors are so immunogenic that they cannot exist without
simultaneously overexpressing immunologic checkpoint proteins such as programmed death-
ligand 1 (PD-L1). Normally functioning as a regulator against overzealous immune
responses, PD-L1 overexpression by tumors can directly suppress anti-tumor T cell responses

via programmed cell death protein 1 (PD-1), and is thus susceptible to anti-PD-1 checkpoint



blockade therapy with drugs such as nivolumab (Opdivo) and pembrolizumab (Keytruda).
Through these therapies and other immune checkpoint treatments, some of the most feared
and previously untreatable cancers have proven to be low-hanging fruit for tumor
immunologists: more severely mutated cancers are simultaneously more antigenic and more
likely to be utilizing checkpoint immune evasion mechanisms, making them susceptible to
systemic checkpoint blockade immunotherapy. Similar results have been observed with older
cytokine therapies such as interleukin-2 (IL-2), where a systemic dose of this T cell growth
factor can lead to dramatic responses for melanoma patients that endure for decades [11-13].

The real work going forward will be helping patients that fail these simple systemic
treatments. Even the combination of the two checkpoint drugs ipilimumab (anti-CTLA-4)
and nivolumab (anti-PD-1) leaves many patients with progressive disease [14]. Developing
effective immunotherapy interventions for the majority of cancer patients will require a deep
knowledge of the antigens available in a tumor to target, a method of boosting or creating
responses to those targets via therapy or vaccines, and a method of confirming and
continuing the therapy’s success by monitoring a patient’s humoral and cellular adaptive
immune responses to those antigenic targets. The purpose of this document is to advance
new methods and knowledge toward accomplishing these goals.
Tumor antigens

Genetic sequencing studies demonstrate that the evolutionary processes which lead to
cancer typically result in a single progenitor from which all daughter cells in a tumor are
descended. Though most tumors will typically become polyclonal and diversify as they grow
and metastasize, there is a unique ‘trunk’ of genetic and epigenetic features shared by all

these daughter cells that differentiates the tumor and its descendants from the rest of an



individual’s somatic cells [15,16]. Although many other antigens and targets will become
available as the tumor diversifies, and some of the shared epigenetic features may become
silenced, many of these trunk antigens — the genetic changes in particular — will remain
common across all new tumor sites. These tumor-specific passenger and oncogene
neoantigens are increasingly recognized as an important feature of successful anti-tumor
immunity [17-19], and are sometimes even a necessary component of oncogenesis which
cannot be silenced by a growing tumor. These shared trunk neoantigens in both oncogenic
and passenger mutations are unique differentiators whereby a tumor can be recognized and
destroyed via adaptive immunity.

Epigenetic modifications come in a greater variety and diversity but can also result in
aberrant or ectopic protein expression that can be passed along to descendent cells. Some of
these aberrantly expressed genes are normally expressed at specific times in development or
in immunologically protected tissues such as the testis. So-called cancer-testis antigens have
long been recognized as a unique antigenic differentiator of tumor cells [20-22].
Additionally, there are non-canonically transcribed regions of DNA such as endogenous
retroviruses which can become activated and serve as tumor antigens [23,24]. Additional
ways tumor cells can stand out are by aberrant glycosylation and other post-translational
modifications, altered metabolite production, and loss of MHCI loading or surface expression
— but these are beyond the scope of this document. The primary focus of this thesis will be
upon adaptive immune recognition of protein and peptide antigens by T cells and B cell

secreted antibody.



Tumor recognition and killing

For a patient with cancer, the ideal outcome of antigen-specific tumor recognition is it
leading to the destruction and clearance of a recognized tumor cell. In many cases, the cell
completing this final recognition and killing is a cytotoxic effector CD8+ T cell. CD8+ T
cells are well established as among the most important populations of adaptive immune cells
in a successful anti-tumor immune response [25-27], and CD8+ T cells accomplish this by
utilizing their T cell receptors (TCR), in combination with their MHCI recognizing CD8+ co-
receptors, to recognize an antigenic peptide-MHCI complex presented by tumor cells. This
peptide-MHCI interface is exceptionally important, and understanding why tumors present
the antigenic peptides that they do, and how CD8+ T cells are selected and activated to
recognize and kill cells bearing them, is essential to acquiring a deeper understanding of how
some antigens might be missed and thus available for therapeutic intervention with a cancer
vaccine or other immunotherapy.

Cancer cells, like healthy mammalian cells, are composed of thousands of unique
proteins of varying median lifespans (Fig. 1.1A). Due to failed translation, protein damage,
misfolding, oxidation, or as part of their intended structure and function — these cellular
components will regularly be degraded into short peptides via the ubiquitin-proteasome
system. First an E3 ubiquitin ligase identifies some aberrant or otherwise unique feature on
the target protein and tags it for poly-ubiquitination and targeting to the proteasome for
destruction (Fig. 1.1B) where the proteins are degraded into short peptides (Fig. 1.1C). In the
context of interferon gamma (IFNy), a cytokine that is secreted by tumor-recognizing CD8+
T cells and is associated with improved outcomes for patients receiving cancer

immunotherapy [7], the cancer cell will upregulate expression of both MHCI and alternate
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Fig. 1.1 — Overview of CD8+ T cell recognition and killing of a tumor cell. (A) Tumors are composed of
thousands of unique proteins of varying abundance and lifetime. These can be divided into long-lived proteins
with low turnover and short-lived proteins with high turnover. (B) E3 ubiquitin ligases tag proteins for poly-
ubiquitination and degradation via the proteasome. (C) After proteasome digestion, these short peptide
fragments are transported via TAP transporters into the endoplasmic reticulum where ~8-11mer peptides are
(D) loaded onto MHCI molecules. These MHCI molecules are (E) delivered via vesicles to the tumor cell
surface. (F) Activated CD8+ effector T cells whose T cell receptors (TCR) match the peptide-MHCI complex
are triggered (G) to induce tumor killing via perforin and granzymes.

proteasome subcomponents that form a structure called the immunoproteasome. The
immunoproteasome is a proteasome isoform that increases the likelihood of this ubiquitin-
proteasome degradation process creating peptides that bind MHCI. Appropriately sized
peptides digested by either the proteasome or immunoproteasome are transported across the
endoplasmic reticulum via the transporter associated with antigen processing proteins (TAP)
(Fig. 1.1D), where peptides are loaded onto empty MHCI molecules [28,29]. These peptide-
MHCI complexes are then transported via vesicles (Fig. 1.1E) to the cell surface, where they

then become available to passing activated effector CD8+ T cells. If an effector CD8+ T cell



happens to have a cognate TCR matching the peptide-MHCI complex on the tumor cell (Fig.
1.1F) — and there are no regulatory or other microenvironment effects inhibiting its function
—the T cell will then proceed to kill the tumor cell via inducing Fas-mediated apoptosis or
directly disrupting the membrane with perforin and granzyme-induced killing (Fig. 1.1G).

Even in a tumor microenvironment free from immunosuppression, there are many
factors which determine whether a tumor-specific effector CD8+ T cell will be able to
recognize a peptide-MHCI complex. The availability of a peptide for loading onto MHCI is
determined not by its overall abundance in the tumor cell, but its throughput of proteasome
degradation. While true that an abundant protein will be overrepresented in this degradation
in relation to a rare protein with the same median turnover rate, proteins with extremely short
half-lives are over-represented. In particular, peptides from defective ribosomal products
from failed translation (DRiPs) and short-lived proteins (SLiPs) are abundant on MHCI in
relation to their overall static abundance [30-33]. It has been hypothesized that in cancer
cells, such DRIiPs and SLiPs may be especially prevalent due to a dysregulation of normal
MRNA translation [34], and be over-represented in tumor peptide-MHCI complexes.

In addition to being digested by the proteasome, peptides must be of the correct
amino acid composition to bind the individual person’s unique profile of MCHI isoforms.
While some features of peptide-MHCI binding are somewhat general — such as a length
preference for 8-11mer peptides — many others are highly individualized to the specific
MHCI isoforms encoded in an individual’s genetics. Wet lab experiments have enabled
MHCI binding prediction algorithms which allow the estimation of expected MHCI binding
for common supertypes [35,36], which like other biochemical processes can vary by

logarithmic values across different antigen candidates. It is in this way that peptides from



seemingly rare proteins can become very prevalent in surface peptide-MHCI complexes: by
either high-proteasomal turnover of the parent protein and/or out-competition of other
digested peptides for the available MHCI binding sites due to a dramatically higher MHCI
binding affinity. In short — the most common protein within a tumor cell is not necessarily
the most available tumor antigen for CD8+ T cell recognition via a peptide-MHCI complex.
Some groups have interrogated this by directly precipitating these short MHCI binding
peptides from tumor cells and identifying them with mass spectrometry [37,38].

Since each CD8+ T cell only expresses a single and often entirely unique form of T
cell receptor, the abundance of available cognate peptide-MHCI complexes are the limiting
factor for how many T cell receptor / peptide-MHCI pairs can be made during an interaction
with any particular tumor cell. The cumulative binding strength of these T cell receptor /
peptide-MHCI pairs, or avidity, determines whether the immunologic synapse they create is
strong enough to trigger tumor cell killing by the effector CD8+ T cell [39,40].
Unfortunately for scientists trying to understand what makes a peptide in a peptide-MHCI
complex into a strong tumor antigen, the intricacy doesn’t stop at how many peptide-MHCI
complexes are available to go into the immune synapse, but also depends on the strength of
the T cell receptor / peptide-MHCI binding interaction. The strength of these interactions
depends on the specific universe of available T cell receptors in any individual, a pool that is
broad and contains billions of unique TCRs [41]. This population of circulating CD8+ T
cells is sculpted away from self autoantigens in the thymus by a process called central
tolerance, and is available to recognize a large universe of potential non-self peptide-MHCI
complexes. In addition, an individual’s own unique history of previous antigen exposures

will control the frequency of circulating activated effector or memory cells and the space
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remaining for new activations and effector responses by naive cells. The chronic viral
infection induced by lymphocytic choriomeningitis virus (LCMV) is known to induce a
substantial percentage of the entire circulating CD8+ T cell population to target just a few
individual viral antigens [42,43]. All new anti-tumor immunity must compete for
immunologic space with responses to chronic viruses like LCMV, as well as other prior
infections, exposures, and autoimmunity. Therefore, the more frequent, stronger binding,
and foreign a tumor antigen appears in a peptide-MHCI complex, the more likely it is for that
antigen to become targeted by an effector CD8+ T cell.
Cross-presentation and autophagosome-enriched vaccines

None of the above described tumor recognition and killing can occur unless the CD8+
T cell has been previously activated to become an effector cell. A naive CD8+ T cell witha T
cell receptor that strongly binds a tumor’s peptide-MHCI complex is not licensed to Kill
tumor cells without first being activated to do so by recognizing the same peptide-MHCI
complex on an antigen presenting cell (APC) in the context of CD4+ T cell help. Unlike
antiviral CD8+ T cell activation, which can occur via direct presentation of peptide-MHCI
via viral infection of an antigen presenting cell — anti-tumor CD8+ T cell activation requires
a process called cross-presentation for the antigen presenting cell to obtain tumor peptides.
During cross-presentation, professional antigen presenting cells acquire external tumor
peptides on their surface MHCI molecules [44,45]. These cross-presented peptides are
synthesized within tumor cells, later acquired by APCs, and then presented by the APCs as
peptide / MHCI complexes to CD8+ T cells for activation [44,45]. Although this can occur
directly by acquisition of MHCI from tumor cells or tumor cell fragments via a process

called trogocytosis [46] — a direct membrane to membrane transfer of MHCI — this is not
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thought to be a major pathway for cross-presentation [44,47,48]. More often, exogenous
tumor antigen is thought to be phagocytosed and internally processed for MHCI loading from
large tumor cell vesicles, cell fragments, or tumor-antigen / antibody bound immune
complexes. This uptake, and subsequent processing for MHCI loading, occurs via one of
two major pathways — the phagosome-to-cytosol pathway or the vacuolar pathway [44,45].
The exact uptake mechanism, specific MHCI loading pathway followed, and subsequent
signals provided to CD8+ T cells are thought to depend on both the specific antigen
presenting cell lineage involved and a surrounding context of toll-like receptor (TLR) ligands
[44,45].

In the case of large fragments from necrotic tumor cells — such as autophagosomes
with surface C-type lectin receptor (CLEC9A) ligands — these necrotic fragments are
acquired by cross-presenting dendritic cells bearing CLEC9A receptors [44,49]. In mice
these CLEC9A+ cross-presenting dendritic cells often bear the surface protein CD8a [50],
whereas in humans a corresponding population bears the protein CD141 / thrombomodulin /
BDCAS3 [51]. Although these CLEC9A+ dendritic cells are traditionally thought to be the
major subset of cross-presenting dendritic cells, evidence is growing for the importance of
dendritic cells which do not bear these markers — including classical dendritic cells and even
plasmacytoid dendritic cells [52-54]. These alternative populations of cross-presenting
dendritic cells instead are able to utilize 1gG antibody-binding Fcy receptors for sampling of
antibody / antigen bound immune complexes from the external environment [54,55]. In this
way, cross-presentation to CD8+ T cells can be directly dependent on or enhanced by an
antigen-specific context of pre-existing humoral immunity [54]. The exact outcome of the

CD8+ T cell interaction following this uptake and processing depends on the specific
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dendritic cell subtype, a diversity of Fcy receptors — each with a different affinity for
differing 1gG subtypes — and a surrounding signaling context provided by TLR ligands
[54,56,57]. Although all of these factors are believed to play an essential role in cross-
presentation — in particular for distinguishing whether the antigen’s peptide / MHCI complex
will be activating or tolerizing to CD8+ T cells — the specific combinations of dendritic cell
subtypes, Fcy receptors, 1gG subtypes, and TLR ligands which lead to successful CD8+ T
cell immunity are not well understood [54]. This gap in knowledge is compounded by
differences between mice and humans in the functions of Fcy receptors, IgG subtypes, and
dendritic cell subtypes. Ligands binding TLR3 — stimulated by viral double-stranded RNA
and the vaccine adjuvant polyinosinic : polycytidylic acid (poly I:C) are often reported to
enhance cross presentation [58]. In contrast, other pathways such as TLR4 have been
reported in differing contexts to either promote or inhibit cross-presentation [54,55,59,60].
After antigen uptake by dendritic cells, ingested proteins destined for cross-
presentation must then be processed and loaded onto MHCI molecules. The first of these
major pathways is the phagosome-to-cytosol pathway, wherein a fraction of the
phagocytosed proteins are transferred to the cytosol and then undergo traditional proteasome
digestion, TAP transport, and MHCI loading [44,45]. Exactly how antigens are moved from
the phagocytic vesicle into the cytosol is not entirely resolved [44]. In some cases it is
thought the phagocytic membrane is disrupted directly, but the mechanism of this
destabilization remains unknown. Additional evidence exists for a mechanism analogous to
endoplasmic reticulum (ER)-associated degradation (ERAD) - the pathway by which
misfolded proteins are removed from the ER. ER-associated machinery such as calreticulin

and Sec61 has been found in phagosomes, and silencing of Sec22b — a protein associated
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with delivery of ER-associated proteins to phagosomes — severely reduces phagosome-to-
cytosol cross-presentation [44,61-63]. ERAD-like systems functioning in phagosomes poly-
ubiquitinate ingested proteins before transporting them to the cytosol via transporters such as
Sec61, Derlin, or Hrd1 [44,61]. In addition to this incompletely understood phagosome-to-
cytosol pathway, cross-presentation can also occur via a vacuolar pathway. In this case,
proteins are digested directly in the phagosome by proteases, with further digestion by
insulin-regulated aminopeptidase (IRAP), and finally processed for MHCI loading directly in
the phagosome [44,45]. MHCI itself can arrive for vacuolar pathway cross-presentation after
transport from the ER or via surface-recycling; knockdown of the Rab22a protein that
controls MHCI endosome recycling will partially inhibit cross-presentation [64].

As discussed before, two hypothesized classes of tumor-associated proteins —called
defective ribosomal products (DRiPs) and short-lived proteins (SLiPs) — are produced in
abundance within tumor cells, however are inherently unstable and only expressed transiently
under physiologic conditions before being poly-ubiquitinated and degraded by tumor cell
proteasomes [65]. These tumor-associated DRiPs/SLiPs, while expressed frequently on
tumor MHCI, are inefficiently cross-presented due to many becoming degraded by tumor
proteasomes before they reach the antigen presenting cell. Therefore — short-lived antigens
might be missed by natural anti-tumor immunity due to a lack of antigen available for cross-
presentation. This makes DRiPs/SLiPs a strong pool of candidate antigens for therapeutic
intervention, and could form the basis of a novel anti-tumor vaccine.

One proposed way to create such a novel short-lived protein vaccine is via a method
of simultaneously blocking proteasomal degradation and manipulating the cellular autophagy

pathway — leading to stabilization of DRiPs/SLiPs proteins and formation of autophagosome
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microvesicles that contain not only DRiPs/SLiPs, but also other protein products that have
been shown to facilitate cross-presentation [66]. These tumor autophagosomes are then
harvested by membrane disruption and fractionation to create a DRiPs and SLiPs
autophagosome-enriched vaccine (DRibbles). Evidence supporting the utility of this
autophagosome-enriched vaccine platform for priming T cell responses was first
demonstrated in a series of in vitro experiments with a single dominant OVA antigen [67].
The OVA gene was engineered to produce “short-lived” OVA proteins that would become
poly-ubiquitinated and degraded by proteasomes under physiologic conditions [34,67].
Whole cells were treated with bortezomib (Velcade) and ammonium chloride (NH4CI),
which block proteasome activity and lysosomal digestion of autophagosomes. Then, the
treated cells were mechanically disrupted and fractionated by centrifugation to harvest
autophagosome-enriched vaccine. Compared to non-treated cells or non-disrupted
bortezomib / NHACI-treated cells, the short-lived OVA proteins were found to be enriched in
this autophagosome-enriched vaccine. Furthermore, autophagosome-enriched vaccine was
superior in priming OVA-specific T cells compared to non-treated or non-disrupted cells.
These data suggested that such vaccines could be an effective treatment for educating the
adaptive immune system against endogenous tumor-associated short-lived proteins. A brief

overview of this described vaccine manufacturing process is pictured (Fig 1.2).
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Fig. 1.2 — Overview of DRibbles autophagosome-enriched vaccine. Healthy tumor cells are abundant in
long-lived proteins, yet short-lived proteins with higher rates of proteasome turnover are more frequently
presented on MHCI molecules. Treating these tumor cells with Velcade (Bortezomib) to block proteasome
degradation, and ammonium chloride to block lysosomal digestion, results in increased p62 (Sgstm1) dependent
autophagy and an accumulation of poly-ubiquitinated (Ubb) short-lived proteins within autophagosomes. Cells
are lysed, and LC3+ autophagosomes enriched in poly-ubiquitinated short-lived proteins are harvested as
DRibbles autophagosome-enriched vaccine via centrifugation.

On a theoretical level, such autophagosome-enriched vaccines can either be produced
based on an autologous concept (i.e. making the vaccine from a patient’s own tumor) or an
allogeneic concept (i.e. making an “off-the-shelf” vaccine from one or more tumors to be
administered to many patients). An early autologous-concept study using 3LL Lewis lung
cancer cell line was shown to delay tumor growth and improve survival in that cancer model
[68]. However, it was realized early on that these autophagosome-enriched vaccines would
be much more useful if proven effective in an allogeneic setting. To model the allogeneic
concept, autophagosome-enriched vaccine was generated from multiple implantable
methylcholanthrene (MCA)-induced sarcoma cell lines. The long-standing paradigm was that
whole-cell MCA vaccine would be effective only against homologous tumors [69]. However,

vaccination with this autophagosome-enriched vaccine derived from unrelated MCA-induced
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sarcomas was also effective in slowing tumor growth of other, independently-derived MCA
sarcomas [34]. T cells isolated from these mice additionally released interferon gamma
(IFNy) against both homologous and independently derived tumors, suggesting they had been
cross-primed to a broader array of antigens present across a variety of sarcomas. This
phenomenon was called ‘cross-protection,” and was found to depend in part on the function
of p62 (Sgstm1), a protein involved in trafficking poly-ubiquitinated proteins to the
autophagosome [34]. These results provided evidence that an allogeneic autophagosome-
enriched DRibbles vaccine might serve as an “off-the shelf” vaccine in the clinic — a
hypothesis which is being investigated in clinical trials [66,70,71]. We realized that if it were
possible to determine which tumor antigens were responsible for this cross-protective effect —
it might be possible to enrich or isolate them to create an even more powerful generic cancer
vaccine. Our attempts to find such antigens are what led to us searching for the coordinated
IgG antibody and CD8+ T cell recognition of tumor antigens presented in this document.
Further background information on autophagosome-enriched vaccines available to us at the
outset of this work included the knowledge that the surfaces of these vaccines contain
extracellular filamentous actin or CLEC9A ligands, which have been shown to bind
CLECO9A receptor [72] and facilitate antigen uptake by a subset of dendritic cells that play an
important role in cross-presentation [73]. Extracellular filamentous actin is associated with
debris from catastrophic cell death such as may occur during infection, and is thus not found
on the surface of intact whole tumor cell vaccines (Fig. 1.3A). In contrast (Fig. 1.3B), the
membrane disruption method of autophagosome-enriched vaccine harvest results in these
surface CLECO9A ligands which improves their antigen uptake by CLEC9a expressing APCs

(Fig. 1.3C) and cross presentation to T cells (Fig. 1.3D).
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Fig. 1.3 — Comparison of adaptive immunity to whole cell and DRibbles autophagosome-enriched cancer
vaccines. Overview of cross-presentation and immune activation by vaccines and an antigen-presenting
dendritic cell. Whole tumor cell vaccines (A) do not benefit as much from CLEC9a facilitated phagocytosis.
The long-lived proteins in whole cells are more available for cross-presentation than the short-lived proteins
common on tumor cell MHCI. This leads to (B) weak activation of CD8+ T cells specific to the cross presented
long-lived antigens. In contrast (C), the exterior of DRibbles autophagosome-enriched vaccine is rich in
CLECH9a ligands and is easily phagocytosed. The abundant poly-ubiquitinated short-lived proteins in this
vaccine more closely mimic the proteins naturally available for MHCI presentation in living tumor cells than
the antigens provided by a whole cell vaccine. (D) This results in robust activation of CD4+ and CD8+ T cells,
as well as B cell activation to membrane proteins captured from the membrane-rich DRibbles vaccine via
trogocytosis.

In humans, the autophagosome-enriched DRibbles vaccine was first evaluated as an
autologous vaccine manufactured with tumor cells isolated from pleural effusions of patients
with non-small cell lung cancer. In this phase I clinical trial, autologous vaccine was found to
be safe when combined with docetaxel, a chemotherapy, plus GM-CSF, a cytokine adjuvant

[71]. Autologous autophagosome-enriched vaccines, while providing a potential opportunity
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to vaccinate against patient-specific antigens, have proven difficult to manufacture
consistently. Instead, subsequent trials in malignancies such as prostate adenocarcinoma and
non-small cell lung cancer have focused on allogeneic vaccines based upon the cross-
protection concept [34]. Not knowing the relevant tumor antigens in such an off-the-shelf
clinical vaccine is a gap in knowledge which makes it impossible to determine whether
patients are responding optimally to their treatment. This need, combined with preclinical
work demonstrating such vaccines are a strong antigen-delivery mechanism, make
autophagosome-enriched vaccines a superb and relevant model for studying antigen-specific
immune responses to complex tumor antigen populations.

In an ongoing clinical trial, seromic protein arrays are being used to evaluate patient-
specific 1gG antibody responses based on the hypothesis that some of these antigen-specific
responses would prove relevant to vaccine efficacy [70]. The rationale is that the most robust
immune responses might be coordinated with concomitant CD4+ T helper cell, CD8+
cytotoxic T cell, and humoral 1gG immune responses [74] — and therefore antibody reactivity
may serve to identify antigen-specific immune responses associated with therapeutic success.
Using the protein array, several of the autophagosome-vaccine patients were found to exhibit
robust (i.e. >10-fold increase from baseline) antibody responses to multiple antigens
following vaccination [70]. These clinical data provide the rationale behind our desire to
directly demonstrate such coordinated cellular and humoral responses in a controlled
preclinical mouse model.

IgG antibody and CD8+ T cell activation
No human organ system operates in a vacuum. Even systems once thought to operate

with independence are being shown to be more interrelated than was once assumed. For
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example, bacterial populations within the gut microbiome have a dramatic impact on the
outcome of cancer immunotherapy [75,76]. While the underlying immunologic
entanglements behind this are not entirely understood, general bacterial recognition via toll-
like receptor (TLR) ligands can induce organism-wide cytokine changes. Additionally,
antigen-specific recognition of individual microbial antigens may create cross-reactive
immunity which has impact elsewhere in the body. This latter effect could be responsible for
another recent report that memory T cells recognizing infectious antigens are common in
unexposed individuals [77]. These and many other unique behaviors of the adaptive immune
system are simultaneously complex and poorly understood. One of the potential
entanglements in need of further investigation is the hypothesis that antigen-specific adaptive
immunity might be mirrored across important immunologic systems which are traditionally
seen to operate with some degree of independence: effector CD8+ T cells and 1gG antibody
production by B cells.

An obvious interrelationship between CD8+ T cell and B cell behavior exists via
CD4+ T cell help. A productive interaction between helper CD4+ cells is typically required
along with antigen recognition for both B cell activation [78] and CD8+ T cell activation
[79]. Type 1 CD4+ T helper cells secrete interferon gamma (IFNy) and the T cell growth
factor interleuikin-2 (IL-2) — both associated with cytotoxic effector CD8+ T cell responses.
Additionally, IFNy stimulates expansion of B cells bearing the human IgG subclass IgG;
[80]. In contrast, Type 2 CD4+ T helper cells (Th2) secrete interleukin-5 (IL-5) and the B
cell stimulatory factor interleukin-4 (IL-4), which is associated with the majority of 1gG
antibody responses — boosting production of the most common IgG subclass IgG1 [81]. For

CD8+ T cells, a common understanding of Th1 helped activation occurs as follows: in an
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activating environment created by danger signals such as TLR ligands or damage-associated
molecular patterns (DAMPS), a cross-presenting dendritic cell will become activated and
migrate to a lymph node where it increases expression of surface peptide-MHC complexes
and costimulatory molecules. The dendritic cell will increase CD40 expression to provide
costimulation to CD40L on any surrounding CD4+ cells who have recognized tumor
antigens on dendritic cell MHCII. Pairing with the CD4+ T cell signals the dendritic cell to
upregulate chemokines such as CCL3 and CCL4 and induces the Thl CD4+ cell to secrete
IFNy and IL-2. These chemokines encourage trafficking by CD8+ T cells into the local
environment where they sample tumor peptides cross-presented on dendritic cell MHCI. If a
strong enough immune synapse is formed between any passing CD8+ T cell and the dendritic
cell peptide-MHCI complexes, it will become activated and begin to replicate itself with the
aid of local IL-2 via signaling from the Thl CD4+ T cell [79,82]. In this way, antigen-
specific Thl CD4+ helper T cells can help license CD8+ T cells in a somewhat antigen-
linked manner: the same population of tumor antigens available for CD4+ presentation on
MHCII are also digested and loaded onto MHCI for cross-presentation to the CD8+ T cell.
B cells do not require MHC signaling for activation, but are instead activated or
induced to proliferate when antigens bind to their B cell receptors (BCR) directly via soluble
or surface membrane antigens in the context of bystander CD4+ help, TLR ligand
stimulation, or an extreme abundance of antigen [78,81,83]. The BCRs of these naive and
newly activated B cells express IgM and some IgD [78,84]. After this initial antigen
encounter, activating B cells internalize antigen complexes bound to their BCRs, digest the
antigens in MHC class I1-loading vesicles, load the fragments onto MHCII, and shuttle

peptide-MHCII complexes to the surface for presentation to CD4+ T cells [85].

21



Simultaneously, the B cells begin expression of costimulatory surface proteins important to T
cells such as CD86 and CD80 [85]. These newly-activated B cells may begin to secrete IgM
and are now able to present antigen and help prime or restimulate CD4+ T cells through
direct cell-to-cell cognate interactions via peptide-MHCII and CD86 / CD80 [85,86].
Stimulated CD4+ T cells are now able to aid the newly activated B cells in an antigen-linked
manner by secreting cytokines such as the B cell stimulatory factor IL-4 into the local
environment [85-87]. This creates a positive feedback loop of increasing B cell and T cell
proliferation.

Later, during a secondary antigen encounter, these previously activated B cells can be
restimulated to undergo class switching. This results in the B cell expressing different
immunoglobulin isotypes — most often a subtype of IgG [88,89]. This class-switching occurs
within a structure known as a germinal center that forms in peripheral lymphoid organs such
as the spleen and lymph node [89-91]. Initiation of these germinal centers begins at the
center of B cell follicles — lymphoid structures consisting primarily of IgM+1gD+ naive B
cells. At the center of these follicles, follicular dendritic cells serve as an antigen reservoir
that awaits activated B cells and the initiation of a germinal center reaction [91-93]. B cells
must have been previously activated with the aid of CD4+ helper T cells to enter the
germinal center. Once in the germinal center, extremely rapid and error-prone B cell division
occurs surrounding the follicular dendritic cell antigen source. This error-prone proliferation
results in errors within the immunoglobulin variable region, a process termed somatic
hypermutation [91,94]. Although most cells will have similar or inferior affinity for the
antigen after this process, a select few will have dramatically higher affinity — and begin to

win a Darwinian selection process within the germinal center. The dominant method of
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selection in this competition has not been determined, but it is thought to depend on either
direct competition for source antigen on follicular dendritic cells or competition for CD4+
follicular T cell help on the periphery via peptide-MHCII presentation [89,91]. The growing
colony of dominating high-affinity B cell clones forms a histologically ‘dark zone,’
surrounded by a ‘light zone” of T cells to create the mature germinal center. Other cells, such
as CD8+ T cells, can be found in this ‘light zone’ — but their role is not as well defined as that
of CD4+ cells [91,91].

After undergoing development in the germinal center, a mature class-switched B cell
may find itself in the same local environment as an activating CD8+ T cell if its BCRs bind
local soluble antigen, trogocytosed antigen, or immune complex-bound antigen on the
surface of a CD8+ T cell activating dendritic cell. If that B cell has already undergone class-
switching to the 1gG; subclass, it can be stimulated to proliferate by IFNy secreted any Thl
CDA4+ T cells aiding local CD8+ T cell activation in the lymph node [80,95]. This B cell will
become further stimulated if the local Th1 CD4+ T cell finds its cognate antigen in a peptide-
MHCII complex on the B cell surface [78]. Since IFNy only supports proliferation of 1gG,
subclass cells and not class-switching to them, this will necessarily represent not activation
but a boosting of preexisting B cell immunity [80]. In this way, the observation of a boosted
1gG, subclass antibody signal might approximately represent the antigen-specificity of an
activating effector CD8+ T cell in the local environment. In mice, a similar [FNy-induced
expansion process occurs for B cells bearing 1gG2a subclass antibody at the expense of other
IgG subclasses [96].

Further rationale for the use of 1gG, antibody as a surrogate for CD8+ T cell

immunity exists in a recent report of natural 1gG, humoral immunity occurring alongside
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concurrent CD8+ and CD4+ T cell immunity to androgen receptor in men with prostate
cancer [97]. Interestingly, this IFNy-driven IgG, B cell expansion mechanism occurs at the
expense of the more prevalent 1gG; antibody subclass, with IFNy directly suppressing 1gG; B
cell proliferation [95]. This means that in some cases an exceptionally strong IFNy-driven
IgG, bearing B cell expansion paired with CD8+ T cell activation may present as a
misleading decrease in the overall IgG antibody population targeting those antigens.
Alternatively, it is also possible for CD8+ T cell activation to be influenced by the more
common IgG; antibody populations associated with Th2 CD4+ T cell immunity. These 1gG;
antibodies have a dramatically higher affinity for 19G-Fc receptors than 1gG, [98] meaning
they are more likely to scavenge free protein or peptide, create immune complexes, and
deliver them to antigen presenting for cross-presentation and thus effector CD8+ T cell
activation [99,100]. Since most 1gG antibody surveys are global and do not separate
differences in 1gG; and 1gG, subtype recognition, this has likely confounded or led to
conflicting results from some prior searches for CD8+ T cell and 1gG antibody
correspondence at the antigen level. For the work presented in this document, we also chose
to work with global 1gG due to constraints of the high-throughput technologies we used to
observe antibody responses and the prior success of others using similar methods
[74,97,101,102]. However, we believe it is important to remind the reader that in the
following pages our measurements and discussion will be of a combined IgG antibody signal
composed of different IgG subtypes and that these individual subtypes can be promoted by
opposing immunologic environments. Nonetheless, we were impressed by, and are excited
to present to you, the results in the following chapters. We believe this document

demonstrates a strong argument for future work and applied technologies surrounding the
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concept of antigen-specific correspondence between CD8+ T cell and 1gG antibody

recognition of tumor antigens.
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CHAPTER 2
1gG ANTIBODIES IDENTIFY DIVERSE PREEXISTING AND POST-TREATMENT
ANTIGEN-SPECIFIC IMMUNITY TO PEPTIDES FROM A NOVEL

COMBINATION CANCER IMMUNOTHERAPY
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Background: One of today’s greatest hurdles for cancer immunotherapy is the absence of
information regarding which tumor antigens are already recognized by patients receiving
immunotherapies, and whether those therapies then boost or generate an immune response
against tumor proteins. Because of this, some immunologists have turned to serum antibodies
as an alternative measure of antigen-specific anti-tumor immunity. We sought to thoroughly
characterize a novel combination immunotherapy using a cancer vaccine platform currently
undergoing human trials, and wished to determine whether we could observe any 1gG

antibody responses to candidate antigen peptides identified via that characterization.

Methods: We thoroughly profiled an autophagosome-enriched vaccine derived from 4T1
mammary carcinoma by whole exome sequencing and mass spectrometry. We then
vaccinated female BALB/c mice with a novel combination of this vaccine along with poly-
I:C adjuvant and screened serum for IgG binding to arrays of 15mer peptides containing

known mutation-sites in 4T1.

Results: Mass spectrometry analysis demonstrated previously unidentified features of
autophagosome-enriched vaccines, while whole exome sequencing confirmed previously
reported single nucleotide variant (SNV) mutations in 4T1. Combination vaccinated animals
demonstrated improved overall survival and increases in intratumoral CD3+CD8+ infiltrates.
Both naive and treated animals demonstrated a similar background 1gG binding to 4T1
mutation-site peptides, with vaccinated animals developing increased IgG signals to some
peptides after treatment. In an exemplary group of animals, these vaccine-induced IgG

signal increases correlated with the predicted MHCI affinity of the target antigens.
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Conclusions: These results demonstrate the efficacy a novel combination immunotherapy:
autophagosome vaccine plus poly-I:C adjuvant. Immunohistochemistry assays suggest a role
for CD8+ T cells in these improved outcomes, and it was possible to observe 1gG antibody
signals to antigens from the vaccine in both naive and vaccinated animals. In an exemplary
group of animals, overlap between post-vaccine 1gG responses and MHCI affinity suggested

coordination between IgG antibodies and CD8+ T cells at the level of individual antigens.
Background:

A large background of autoantibody signals to thousands of normal human proteins is
frequently observed in IgG biomarker surveys [103—107]. On average, over 20% of the entire
surveyed human proteome is targeted by a unique landscape of these autoantibodies in
healthy individuals [103]. Such preexisting or “natural” antibody landscapes are thought to
be the result of prior adaptive immunity to similar peptide mimics found in commensal
microbes, foods, environmental exposures, infections, and autologous proteins. However,
there has not been much investigation into whether this antibody landscape impacts anti-
tumor immunity — either via aiding surveillance, or in the recognition and killing of

established tumors.

Although the overall benefit of B cell responses to cancer remains controversial [108—
110], there is a long history of surveys for antigen-specific anti-tumor antibodies [111,112].
Most of these studies have involved full-length human proteins, with less done at the level of
individual peptide antigens. We hypothesized that we could use an autophagosome-enriched
vaccine to identify 1gG antibody recognition of individual peptide antigens from our vaccine.

To identify antigen candidates for our assays, we profiled the vaccine by tandem mass tag
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liquid chromatography-tandem mass spectrometry (TMT LC-MS/MS) and performed whole
exome sequencing to confirm previously reported tumor-specific single nucleotide variant
(SNV) neoantigens. The role of SNV neoantigens in anti-tumor immunity is increasingly
recognized [113-117]. These SNV antigens only differ by a single amino acid from their
normal wild-type (WT) counterpart autoantigens. We sought to screen for IgG antibodies to
peptides centered at previously reported mutation-sites in the 4T1 tumor model in both SNV
neoantigen and their WT autoantigen counterpart versions, and determine whether our

vaccine could generate immunity to these peptides.
Methods:
Study design

For this work, we chose 4T1, a metastatic murine mammary carcinoma model in
BALB/c mice with a limited number of previously described neoantigens, and a
autophagosome vaccine model that is known to both work in 4T1 therapeutically and
generate cross-reactive immunity to diverse unrelated tumors [118,119]. This vaccine model
provided an opportunity to repeatedly interrogate antigen-specific immune responses to
specific components of our vaccine in a well-controlled system. Prior to undertaking
antigen-specific experiments, we profiled our 4T1 cell line by whole exome sequencing and
by quantitative tandem mass tag (TMT) liquid chromatography tandem mass spectrometry
(LC-MS/MS). We then utilized these data to create a custom peptide array for profiling 1gG
antibody responses. These IgG antibody arrays were used to profile serum IgG responses to
4T1 mutation-site peptides by vaccinated and control animals in parallel with prophylactic

tumor challenge experiments.
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Cell identity confirmation

The 4T1 tumor cell line was a gift of Emmanuel Akporiaye (Earle A. Chiles Research
Institute, Portland, OR), from stocks received from Suzanne Ostrand-Rosenberg (UMBC,
Baltimore, MD). Cell line identity was confirmed identical to ATCC 4T1 and free from
Mycoplasma and other common eukaryotic contaminants via microsatellite profiling

(IDEXX RADIL).
4T1 autophagosome vaccine production

Tumor cells were thawed directly from the confirmed bank and passaged less than 4
times before use. Cells were cultured in complete media consisting of RPMI-1640 (Lonza)
with 1% L-Glutamine (Lonza), 1% Sodium Pyruvate (Lonza), 1% Non-essential Amino
Acids (Lonza), 0.1% Beta Mercaptoethanol, 50 mg/L Gentamicin Sulfate, and 10% fetal
bovine serum (Atlas Biologicals Lot # 1070612). Production of three 4T1 autophagosome-
enriched vaccine lots was performed as previously described [118,120]. In brief, tumor cells
were seeded into T225 flasks, grown to ~70% confluence, and treated with 20 mM
ammonium chloride and 100 nM Bortezomib (Velcade) to induce autophagosome formation.
Treated 4T1 cells were harvested and sonicated to release autophagasomes. Suspended
autophagasomes were harvested with centrifugation at 12,000 G. Protein content was
measured by a BCA assay using bovine serum albumin as a standard, and harvested 4T1
autophagosome-enriched vaccine was diluted to a protein concentration of 1 mg/mL in
hetastarch vehicle and frozen at -80 °C until use. Quality and similarity of autophagosome

vaccine lot preparations was confirmed by flow cytometry analysis; vaccine microvesicles
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were stained and analyzed for LC3+, a widely used marker for autophagasomes

microvesicles.
TMT LC-MS/MS of 4T1 cells and autophagosome-enriched vaccine

Quantitative tandem mass tag (TMT) liquid chromatography tandem mass
spectrometry (LC-MS/MS) was performed by the Proteomics Shared Resource at Oregon
Health & Science University on three 4T1 autophagosome-enriched vaccine lots and three
paired samples of untreated whole 4T1 cells. Samples were lysed using a probe sonicator and
protein concentration was estimated using BCA assay. Forty pg of protein per sample was
trypsin digested in solution. In brief, samples were dried, dissolved in 10 puL of 4X buffer (8
M urea,1 M Tris (pH 8.5), 8 mM CaCl,, 0.2 M methylamine), reduced, alkylated, diluted to a
final 2M urea concentration and digested by addition of 1.6 ug of sequencing grade trypsin
overnight (ProMega) Completion of the digestion was confirmed by 1-D gel analysis.
Twenty-five ug of each digested sample was then solid phase extracted using Oasis HLB 1cc
cartridges (Waters Corporation), and peptides dried by vacuum centrifugation. Samples were
labeled with 10-plex TMT reagents (Thermo Scientific), pooled together, and on-line two
dimensional reverse phase / reverse phase (RP-RP) liquid chromatography used to separate
into 9 fractions at high pH, and each fraction further separated at low pH. Peptides were
analyzed using an Orbitrap Fusion Mass Spectrometer (Thermo Scientific) with a
synchronous precursor selection MS3 TMT method [121]. Twenty puL samples (32.9 ug)
were injected onto a NanoEase 5 uM XBridge BEH130 C18 300 uM x 50 mm column
(Waters) at 3 pL/min in a mobile phase containing 10 mM ammonium formate (pH 10).

Peptides were eluted by sequential injection of 20 puL volumes of 14, 20, 22, 24, 26, 28, 30,
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40, and 90% acetonitrile (ACN) in 10 mM ammonium formate (pH 10) at a 3 uL/min flow
rate. Eluted peptides were diluted with mobile phase containing 0.1% formic acid at a 24
pL/min flow rate and delivered to an Acclaim PepMap 100 uM x 2 cm NanoViper C18, 5
uM trap (Thermo Scientific) on a switching valve. After 10 min of loading, the trap column
was switched on-line to a PepMap RSLC C18, 2 uM, 75 uM x 25 cm EasySpray column
(Thermo Scientific). Peptides were then separated at low pH in the 2nd dimension using a
7.5-30% ACN gradient in mobile phase containing 0.1% formic acid at 300 nL/min flow
rate. Each 2nd dimension LC run required 2 hours for separation and re-equilibration, so the
entire LC/MS method required 18 hours for completion. Survey scans were performed in the
Orbitrap mass analyzer (resolution = 120,000), and data-dependent MS2 scans performed in
the linear ion trap using collision-induced dissociation (normalized collision energy = 35)
following isolation with the instrument’s quadrupole. Reporter ion detection was performed
in the Orbitrap mass analyzer (resolution = 60000) using MS3 scans following synchronous
precursor isolation of the 10 most intense ions in the linear ion trap, and higher-energy

collisional dissociation in the ion-routing multipole (normalized collision energy = 65).

Mass spectrometry data was processed against the UniProt Swiss-Prot canonical
mouse protein database (v. 2014 _05, 16669 sequences) with SEQUEST HT in Proteome
Discoverer v1.4 (Thermo Scientific). Search settings were: monoisotopic parent ion mass
tolerance of 1.25 Da, monoisotopic fragment ion tolerance of 1.0 Da, tryptic cleavage with
up to 2 missed cleavages, variable modification of oxidized methionine, and static
modifications for TMT reagents (peptide N-term and lysines) and alkylated cysteines.
Peptide sequence assignments were validated using Percolator [122] g-values (less than 0.05)

and 20 ppm delta mass agreement between measured and theoretical peptide masses.
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TMT reporter ion intensities of individual peptides were exported as text files and processed
with in-house scripts. A median reporter ion intensity cutoff of 1500 was used to reject low
quality peptides, and all reporter ion intensities for unique peptides matched to each
respective protein were summed to create total protein intensities. A minimum of 2 peptides
contributing to the protein total was required for each identification to improve data quality.
Protein identification, quantitative information, and additional UniProt annotations were
tabulated for all proteins. A total of 4416 proteins were identified and quantification was

done on 4196 proteins (excluding contaminants).
4T1 whole exome sequencing and variant detection

DNA was then isolated from our 4T1 cell line bank using a Qiagen DNeasy kit and
sent to a contractor for whole-exome sequencing (Otogenetics) at a target 50x coverage
depth. Using CLC Genomics Workbench v7.04, the resulting Illumina FASTQ files were
aligned to the mm10 reference genome using CLC NGS core tools, a BWS algorithm, to
preserve annotations. Known SNVs and indels in BALB/cJ versus mm10 were subtracted
using a variant file downloaded from the Sanger mouse genome project
(www.sanger.ac.uk/science/data/mouse-genomes-project). Heterozygous non-synonymous
protein-coding variants detected >10 times were determined to be 4T1-specific SNV

mutation candidates.
Mitochondrial protein comparison

The Mouse MitoCarta2.0 database [123], a list of 1158 nuclear and mtDNA genes
encoding proteins with strong support for mitochondrial localization, was downloaded from

the Broad Institute and compared to proteins identified by TMT LC-MS/MS .
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Tumor challenge assays

Age-matched 14-20 week old female BALB/c mice (Jackson Laboratories) were
vaccinated in both inguinal nodes with a total of 10 ug 4T1 autophagosome-enriched vaccine
plus 3 pg of Vaccigrade poly-1:C (Sigma-Aldrich) in 20 uL hetastarch carrier, vaccine and
carrier alone, poly-1:C adjuvant and carrier alone, or left untreated. Animals were boosted
after two weeks with a single subcutaneous injection of the same total dose in the left flank.
After another two weeks serum was harvested for analysis or mice were challenged with
5000 live 4T1 cells in the left mammary fat pad. Tumor growth in challenged mice was
measured thrice weekly for 30 days until immunohistochemistry and tumor-bearing serum
experiments, or until a maximal area of 150 mm?, which was the determinant for death in

overall survival experiments.
Multispectral IHC

Day 30 4T1 tumors were pretreated for 24 hours in a zinc solution, placed in 70%
ethanol, and then paraffin embedded until staining as previously described [124]. Five um
sections were cut and fluorescently stained with DAPI and specific antibodies to CD8a (53-
6.7, BD Pharmingen), F4/80 (Cl:A3-1, Bio Rad), CD3 (SP7, Spring Bioscience), FOXP3
(FIK-16s, eBioscience), and CD4 (RM4-5, BD Biosciences) via tyramide signal
amplification. Multispectral fields were imaged with a multispectral microscope
(PerkinElmer, Vectra) and 15 representative 20x fields per sample were quantified with

vendor software (PerkinElmer, Inform).
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4T1 15mer mutation-site peptide arrays

Mutation-site candidates identified from our sequencing were compared to a list of
heterozygous non-synonymous protein coding 4T1 SNVs identified in prior publications
[125,126]. One of these studies reported immunologic response data to 17 4T1 neoantigens
[125], and we included all of these previously reported immunogenic 4T1 mutation-sites on
the arrays. As space allowed in the array design, we additionally included 66 of the 81 total
mutation-sites identified by both our independent sequencing and confirmed by at least one
of the other reports. The Mouse ENSMBL protein database was downloaded from BioMart
(www.ensembl.org/biomart) [127], and 15mer wild-type peptide sequences were extracted
centered at the 75 selected coordinates. The 15mer wild-type sequences were then altered to
the identified SNV versions for a total of 150 WT and SNV peptides. These 150 peptides
were printed in triplicate in replicate arrays along with the known 4T1 retroviral antigen AH1
[128] and anti-mouse 1gG control spots by JPT Peptides (Berlin, Germany). Whole mouse
sera were pooled from 2-3 animals per experimental group, diluted 1:200, and incubated on
the peptide arrays for one hour at 30 °C. 1gG signals were detected with a fluorescent anti-
mouse IgG secondary. All samples reacted to anti-mouse 1gG control spots. Each array spot
was imaged with a high resolution fluorescence scanner and its intensity quantified with
GenePix spot-recognition software (Molecular Devices). Resulting IgG fluorescence
intensity values were averaged across each of the three replicate spots for further analysis. In
this initial study, the average intensity values from all 20 arrays were normalized
simultaneously using an interquartile range transformation performed using BRB-ArrayTools
v4.5.0 developed by Dr. Richard Simon and the BRB-Array Tools Development Team

(brb.nci.nih.gov/BRB-ArrayTools).
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MHCI binding predictions of mutation-sites

NetMHCpan v2.8 Server was used to calculate predicted H2-Kd, H2-Dd, and H2-Ld
MHCI binding scores for all possible WT and SNV 8mers, 9mers, 10mers, and 11mers that

include the mutation-site [129]. Out of all outputs, the highest score was selected for plotting.
MHCII binding predictions of mutation-sites

NetMHCII v2.2 Server was used to calculate predicted H2-1Ad MHCII binding
scores for all possible WT and SNV 15mers that include the SNV site [130,131]. The highest

score was selected for plotting.

Statistical analyses

Analyses were performed on either summary data or individualized experiments, and
this information is placed alongside the specific type of test performed and p-value (P) within
the figure legends. All statistical tests were considered significant at the P<0.05 level and
were performed with Prism 7 (GraphPad). In general, parametric comparisons were either
two sample t-tests or paired t-tests, and non-parametric tests were Wilcoxon matched-pairs
signed rank tests. Significance of all correlations was determined by linear regression and

Pearson correlation coefficient.
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Results:

We have previously demonstrated the benefits of our tumor cell-derived
autophagosome-enriched vaccine model [118-120,132], a vaccine that has demonstrated
both prophylactic and therapeutic efficacy against both syngeneic and unrelated tumors. This
vaccine platform is currently in clinical trials, and has demonstrated increased therapeutic
efficacy when combined with anti-OX40 for the treatment of established 4T1 [119], a
metastatic mammary carcinoma model with established sequencing and neoantigen immunity
data [125,126,133]. In order to develop robust assays for measuring antigen-specific
immunity to this vaccine, it was first necessary to create controlled production lots of the
vaccine and analyze them thoroughly. A master cell bank was created from existing stocks
used in our previous studies [119], and aliquots from this 4T1 cell bank were demonstrated to
be free of mycoplasma, other mouse tumor cell lines, and non-murine eukaryotic
contaminants by a third party vendor. Cells from this bank were then used to harvest DNA
for whole exome sequencing, and used to create three independent 4T1 autophagosome
vaccine lots paired with normal 4T1 cells for use in both future immunologic assays and
tandem mass tag (TMT) liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis (Fig. 2.1 A). These vaccine lots were demonstrated by flow cytometry to be
enriched in autophagasomes, with >80% of the vaccine microvesicles being positive for
LC3+, a widely used marker of autophagasomes (Fig. 2.1 B,C). Enrichment for
autophagasomes is a feature associated with biologic activity for the DRibbles vaccine
platform [120], and gave us confidence in the quality and consistency of our 4T1
autophagosome vaccine lots. Since there was no published proteomic profile of either

preclinical or clinical autophagosome vaccines, we sought to better understand antigen
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candidates in 4T1 vaccine by quantitative tandem mass tag (TMT) liquid chromatography
tandem mass spectrometry (LC-MS/MS). TMT LC-MS/MS provided an opportunity to
identify and relatively quantify thousands of proteins in our vaccine. TMT LC-MS/MS is
unique suited to analyzing autophagosome vaccines over RNAseq because the production
method for these vaccines involves creating an altered proteomic profile via blocking
proteasome digestion and lysosome fusion with autophagasomes. The TMT LC-MS/MS
analysis was performed by our collaborators on the three pairs of 4T1 autophagosome
vaccine lots and whole cells already presented (Fig. 2.1). This analysis identified fragments

from 4416 unique proteins and provided quantitative data to a depth of 4196 proteins.
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Figure 2.1 — Overview of 4T1 autophagosome vaccine characterization. (A) DNA was harvested from a
prepared 4T1 cell bank for cell identity confirmation and whole exome sequencing. For each of three
independent vaccine lots, 4T1 DRibbles autophagosome-enriched vaccine was prepared from whole 4T1 cells,
or whole 4T1 cells were harvested without treatment. Protein amounts were quantified in each lot, and samples
were analyzed simultaneously by quantitative tandem mass tag (TMT) liquid chromatography tandem mass
spectrometry (LC-MS/MS). Data from TMT LC-MS/MS and genomic sequencing were integrated to select
antigen candidates for immunologic analyses. (B) Representative flow cytometry plot from 4T1
autophagosome vaccine microvesicles stained for LC3 autophagosome marker or 1gG isotype control. (C)
Average percentage of LC3+ microvesicles in each of the three independent autophagosome vaccine lots plotted
from n=2 independent flow cytometry experiments with SEM.
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Figure 2.2 — Quantitative tandem mass tag liquid chromatography tandem mass spectrometry
demonstrates that 4T1 autophagosome vaccines are enriched in mitochondria. Average data from three
4T1 whole cell lots versus three paired autophagosome vaccine lots. (A) Each of the 4196 quantified proteins
are plotted according to their normalized difference in TMT LC-MS/MS signal for vaccine lots versus whole
cells for both fold enrichment and total signal enrichment. Fragments from proteins identified as carrying an
SNV in 4T1 plotted in red, fragments matching proteins in the Mouse Mitocarta2.0 database plotted in blue, and
other proteins plotted in black. (B) Higher average TMT LC-MS/MS signal intensity in 4T1 autophagosome
vaccine lots for mitochondrial proteins from the Mouse Mitocarta2.0 database (P<.0001) by Wilcoxon matched-
pairs signed rank test. (C) No average difference in TMT LC-MS/MS signal intensity for proteins with SNV
mutations identified in 4T1 by whole exome sequencing (P=.59) by Wilcoxon matched-pairs signed rank test.
(D) The mitochondrial protein Lrpprc is the most common SNV mutated protein in 4T1 autophagosome
vaccine, responsible for 44% of the total TMT LC-MS/MS signal intensity from proteins containing a known
SNV.
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Normalized average differences between 4T1 vaccine and whole cells are plotted by
both fold-enrichment and overall signal enrichment (Fig. 2.2 A). These results demonstrated
that p62 (Sgstm1) and poly-ubiquitin (Ubb) are highly enriched in 4T1 autophagosome
vaccines versus whole 4T1 cells, a feature shared with autophagosome vaccines made from
different cell lines [118,120]. This gave us further confidence in the quality of our vaccine
preparations. We next sought to determine whether any other features differentiated 4T1
vaccine from whole cells, and noticed many of the enriched proteins seemed to be localized
to mitochondria. To quantify this, we downloaded the Mouse MitoCarta2.0 database [123]
and compared it to our list of quantified proteins. We observed that the average TMT signal
intensity for proteins in the Mouse MitoCarta2.0 database was much higher in 4T1
autophagosome vaccine than whole 4T1 cells (Fig. 2.2 B). Additionally, we overlaid our
prior variant analysis data and determined that the average TMT signal intensity was not
enriched for proteins with a SNV mutation in 4T1 (Fig. 2.2C). This demonstrates that on
average, SNV mutations in 4T1 are not severe enough to alter protein turnover and become
enriched in the vaccine. If severe mutations were in fact degraded more often in normal 4T1
cells, we would expect them to become enriched in 4T1 autophagosome vaccine. However,
the mitochondrial-localized protein Lrpprc is both mutated in 4T1 and highly enriched in the
vaccine, accounting for nearly half the total TMT signal from identified proteins with a

known SNV (Fig. 2.2D).

Now that we had a more thorough understanding of the antigenic profile of our
vaccine, we sought to simultaneously confirm the vaccine efficacy and to save serum
samples for future antigen-specific 1gG assays. Animals received the 4T1 autophagosome-

enriched vaccine + poly-1:C adjuvant injected into the inguinal lymph nodes of naive female
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BALB/c mice. A single booster vaccination was given subcutaneously at 2 weeks, and, at 4
weeks, animals were killed for sera harvests or challenged with live 4T1 tumor cells (Fig.
2.3A). Challenged animals that had received prophylactic 4T1 autophagosome-enriched
vaccine + poly-1:C, but not either alone, benefitted from a significant delay in tumor growth
(Fig. 2.3B), results similar to our prior publications [118,119]. Additionally, the only group
that demonstrated a statistically significant increase in long-term survival was the

combination treatment (Fig. 2.3C). It should be noted that while the level of protection is

A. Upfront vaccine Response characterization Survival or tumor
analysis in serum and cells harvests

- QNG QI QI

| Day 30 or Survival |

Intranodal vaccines Subcutaneous boost Harvest or challenge Tumor bearing endpoints
B. C.
Tumor Growth Overall Survival
< — Naive (n=25)
= 1201~ poly-I:C only (n=18) 100 — Naive (n=17)
£ 100{ — 4T1 vaccine only (n=18) = poly-:C only (n=10)
— Vaccine + poly-l:C 75 = 4T1 vaccine only (n=10)

£ ©
g 80 (n=18) « g — Vaccine + poly-1:C (n=10)
|
60 =
i 7] 50
: o = 2
5 20  —
= ]
0 r v . 0 v v . - - .
0 10 20 30 40 0 20 40 60 80 100 120
Day Day

Figure 2.3 — Prophylactic autophagosome vaccination delayed 4T1 tumor growth and improved overall
survival. (A) Mice were vaccinated in both inguinal lymph nodes with 4T1 autophagosome-enriched vaccine plus
poly-1:C, vaccine alone, adjuvant alone, or left untreated. Animals were boosted subcutaneously after two weeks.
After another two weeks, sera or spleens were harvested at Day 0 for in vitro antibody and T cell assays or animals
were challenged with live 4T1 tumor cells for survival endpoints, tumor-bearing sera, and immunohistochemistry.
(B) Upon challenge, reduced average tumor growth was observed in combination vaccine + poly-I:C pretreated
animals with maximum separation occurring at Day 22 versus poly-1:C alone (P=0.04) and Day 27 versus naive
animals (P=0.002) by Dunnett's multiple comparisons test. Data were pooled from five independent experiments
with error bars plotted as the standard error of the mean. (C) Overall survival was improved in combination
treatment versus all other groups (P=0.02) by Gehan-Breslow-Wilcoxon test. Data were pooled from three

independent experiments.
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small, 4T1 is considered to be a poorly immunogenic tumor as vaccination with irradiated
4T1 tumor cells fails to protect any animals from a tumor challenge [134].

We next applied immunohistochemistry in order to determine whether these tumors
had any differences in intratumoral T cell infiltrates. We hypothesized this might help
explain the treatment benefit because numerous studies [135] have linked increased T cell
infiltrate with improved outcomes following original work by Galon and colleagues [136].
Similar associations have also been observed in preclinical mouse models [137]. We stained
sections from day 30 4T1 tumors as previously reported [124] for CD3, CD4, CD8, FOXP3,
and F4/80 and quantified the infiltrates. VVersus all other groups, including adjuvant-only
controls, combination vaccinated animals demonstrated an increase in CD3+CD8+ infiltrates
(Fig. 2.4A,B). Versus adjuvant-only controls, these same tumors demonstrated no difference
in CD3+CD4+FOXP3- or CD3+CD4+FOXP3+ infiltrates (Fig 2.4C,D). These results
demonstrate that our combination autophagosome-enriched vaccine creates increased
frequencies of CD8+ T cells that were capable of trafficking to 4T1 tumors in vivo. These

results correlate with delayed in vivo tumor growth similar to previous clinical reports [136].

We next sought to determine whether antigen-specific 1gG antibodies might occur in
concert with these treatment-induced CD8+ T cell infiltrates. If so, we hoped such antibodies
might help provide a window into the antigens recognized by vaccine-induced CD8+ T cells.
We were led to this by our own experience and others who have observed links between IgG
antibody and T cell responses to human tumor antigens [138,139]. We utilized whole-exome
sequencing on our 4T1 cell bank, and used the sequencing data to identify heterozygous

single nucleotide variants by comparison to a female BALB/cJ reference sequence —
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Figure 2.4 — Prophylactic autophagosome vaccination results in increased intratumoral CD3+CD8+
infiltration. Mice were vaccinated in both inguinal lymph nodes with 4T1 autophagosome-enriched vaccine
plus poly-1:C, vaccine alone, adjuvant alone, or left untreated. Animals were boosted subcutaneously after two
weeks. After another two weeks, animals were challenged with live 4T1 tumor cells for immunohistochemistry.
Zinc and alcohol fixed day 30 4T1 tumors were stained for six color immunohistochemistry with tyramide
signal amplification. (A) Three color representative image from each group showing CD8+ (red), F4/80 (green),
and DAPI (blue). (B-D) Fifteen 20x fields were imaged for each of 4 to 6 tumors per group and quantified for
labeled cells per mm?. Lines plotted are the median and interquartile range, and fields from individual tumors
are colored separately. (B) Higher numbers of CD3+CD8+ infiltrates were seen in the fields from vaccine +
poly-I:C pretreated tumors versus all other groups (P<0.0001) by t-test. There is no significant difference for
combination vaccine group (C) CD3+CD4+FOXP3- infiltrates versus poly-1:C only (P=0.29) by t-test or in (D)

CD3+CD4+FOXP3+ infiltrates versus poly-1:C only (P=.94) by t-test.
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subsequently referred to as SNVs. We used SNVs that were both identified in previous
reports [125,126,133] and confirmed by our sequencing to design a custom 15mer peptide
array for 75 SNV neoantigens and 75 alternate allele wild type (WT) autoantigens centered at
4T1 mutation-sites, as well as the known retroviral antigen AH1 [128]. An overview of the
design layout of these peptide arrays is shown (Fig. 2.5), and the specific printed sequences
are also available (Table 2.1). A number of these mutation-sites have been previously
reported as immunogenic to murine CD4+ or CD8+ T cells [125]. Each array contained all

peptides printed in triplicate along with anti-mouse 1gG controls. We ran IgG arrays with
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Figure 2.5 — Overview of custom 4T1 mutation-site peptide array. Twenty arrays were printed by JPT
peptides on a single slide with individual wells for each sample. Twenty arrays were used for the first study
with 1gG only, and forty for the follow-up experiments paired with T cell assays presented in Chapter 3 (A).
These arrays consisted of AH1 plus 75 WT and 75 SNV 15mer peptides centered at 4T1 mutation-sites.
Peptides were printed in triplicate on each array along with anti-mouse 1gG control spots (B). Whole mouse sera
were pooled from three animals per experimental group, diluted 1:200, incubated on the arrays for one hour at
30 °C, and developed with an anti-mouse 1gG secondary. All samples reacted to anti-mouse 1gG control spots.
Each spot was imaged with a high-resolution fluorescence scanner and quantified with spot-recognition
software. Example image provided showing fluorescence from one of the arrays printed for this experiment (C).
Resulting values for each replicate were averaged across each of the three replicate spots.

44



WT SNV
Gene Variant MS+ CS;II:; tre: g:'" Mutation-Site Mutation-Site
Coordinate 15mer 15mer
Assays
AH1 gp70 423-431 N/A TRUE SPS-YWHQF N/A
Dpp9 GB33E TRUE TRUE KPHTLQPGRKHPTVL KPHTLQPERKHPTVL
Gen1 K707N TRUE TRUE RVAVKTTKNLVMKNS RVAVKTTNNLVMKNS
likap 11278 TRUE TRUE EMQDAHVILNDITQE EMQDAHVSLNDITQE
Lrpprc L1347M TRUE TRUE EYLTAKNLKLDDLFL  EYLTAKNMKLDDLFL
Man2b2 V210l TRUE TRUE QQEIFTHVMDHYSYC QQEIFTHIMDHYSYC
Polr2a M11021 TRUE TRUE LGEPATQMTLNTFHY  LGEPATQITLNTFHY
Wdri1 T3401 TRUE TRUE LDPVQELTYDLRSQC LDPVQELIYDLRSQC
Wdr33 H13Y TRUE TRUE GSPPRFFHMPRFQHQ GSPPRFFYMPRFQHQ
Zfr K411T TRUE TRUE AKHQKVVKLHTKLGK AKHQKVVTLHTKLGK
Abccd 11140K TRUE DPRTDELIQQKIREK DPRTDELKQQKIREK
Cyp26a1 L3161 TRUE ATSLITYLGLYPHVL ATSLITYIGLYPHVL
Gzme P338 TRUE EISPHSRPYMAYYEF EISPHSRSYMAYYEF
0OIfr618 A290T TRUE LYVVVPPALNPIIYG LYVVVPPTLNPIYG
Qars E530D TRUE RRRGFPPEAINNFCA  RRRGFPPDAINNFCA
St8sia3 L235F TRUE RNNFFLSLKKLDGAI RNNFFLSFKKLDGAI
Dusp1 C24R TRUE LREGAAQCLLLDCRS LREGAAQRLLLDCRS
Finb L500Q TRUE GPKGLEELVKQKGFL GPKGLEEQVKQKGFL
Gli2 N980K TRUE FHSTHNMNPGSLPPC FHSTHNMKPGSLPPC
Gprc5a F118L TRUE SCLLAHAFNLIKLVR SCLLAHALNLIKLVR
Itprip A15G TRUE VCLVVVTAIINHPLL VCLVVVTGIINHPLL
Mrpl22 A98V TRUE MSIDQALAQLEFNDK MSIDQALVQLEFNDK
Myh14 R1415P TRUE LEAGEEARRRAAREA LEAGEEAPRRAAREA
Scrni C89G TRUE GANEHGVCIANEAIN GANEHGVGIANEAIN
Vars GB821S TRUE PGTLLETGHDILFFW PGTLLETSHDILFFW
Abcal13 Q4266H LLRKFRDQDPVCADA LLRKFRDHDPVCADA
Actn2 N68K NIEEDFRNGLKLMLL NIEEDFRKGLKLMLL
Adam24 AT30P KKSREAAASQPAEER KKSREAAPSQPAEER
Adamts9 1623L GFSSFQKIRLDLTSM  GFSSFQKLRLDLTSM
B3gailnt1 D267V VKPIKFEDVYVGICL VKPIKFEVVYVGICL
Bmp4 H51Y GRRSGQSHELLRDFE  GRRSGQSYELLRDFE
Cep120 HE8N DRKVLHQHRLQRTPI DRKVLHQNRLQRTPI
Chd2 D1357G NKAPRLKDEHGLEPA NKAPRLKGEHGLEPA
Cpxm1 L6251 VRDKDTELGIADAVI VRDKDTEIGIADAVI
Ctsg $133T PVALPQASKKLQPGD PVALPQATKKLQPGD
Cyp2c39 599G EEFSDRGSIPMVEKI EEFSDRGGIPMVEKI
Dmrta2 R73G TPKCARCRNHGVVSA TPKCARCGNHGVVSA
Enho L101 AAISQGALIAIVCNG AAISQGAIIAIVCNG
Fmo2 F69L TSKEMSCFSDFPMPE TSKEMSCLSDFPMPE
Ggt7 W222R EEALQRSWDTKPGLL EEALQRSRDTKPGLL
Glycam1 Tasl PAAQSTPTSYTSEES PAAQSTPISYTSEES
Hpcald AB1V KFFPYGDASKFAQHA KFFPYGDVSKFAQHA
Isoc1 V205L IPGVRSVVLFGVETH  IPGVRSVLLFGVETH
Kbtbd2 T91R MIIAYAYTGNLAVND MIAYAYRGNLAVND
Kif2b G454R DLAGNERGADTAKAT  DLAGNERRADTAKAT
Lhx4 A31S MQQIPQCAGCNQHIL MQQIPQCSGCNQHIL
Lyst SB50F DIQQELPSLSVGPSL  DIQQELPFLSVGPSL
Malt1 T534A LLEDKKITVLLDEVA LLEDKKIAVLLDEVA
Mc3r A214G YIHMFLFARLHVQRI YIHMFLFGRLHVQRI
Mrgprd S28T LVTWIYFSVTFLAMA LVTWIYFTVTFLAMA
Nirp14 S155R EQVLSKPSSLLFIID EQVLSKPRSLLFIID
OIfr1057 N307S ALKEFLKNPCKRFNL ALKEFLKSPCKRFNL
Olfr1216 K20R LGLSQNPKIEKILFV LGLSQNPRIEKILFV
Olfr1278 M208V ANSGFISMGTFLLLI ANSGFISVGTFLLLI
OIlfr50 M146V SLCVLLVMVSWAFSS SLCVLLVVVSWAFSS
0OIfr635 Q65H RTEPSLHQPMYLFLS RTEPSLHHPMYLFLS
oIfr77 A300S RNKDVKGALVRLLRR  RNKDVKGSLVRLLRR
0Olfr862 F161V MNSLVHYFIVSQLKF MNSLVHYVIVSQLKF
0Ifrg81 c101Y NISHAECMTQLFFF NISHAEYMTQLFFF
OIfr938 N42K YLVTVVGNLGMIVLI YLVTVVGKLGMIVLI
OIfr979 T75K DMWFSTVTVPKMLMT DMWFSTVKVPKMLMT
Pzp G1199E SLHWQRPGDVQKVKA SLHWQRPEDVQKVKA
Rragd L268P HQTSAPSLKALAHNG HQTSAPSPKALAHNG
Slc19a3 F185L LACVSVAFFFSLFLP LACVSVALFFSLFLP
Sic6a2 V307E YRLKEATVWIDAATQ YRLKEATEWIDAATQ
Sostdc1 N112K LPLPVLPNWIGGGYG LPLPVLPKWIGGGYG
Spam1 11448 DKLGLAIIDWEEWRP DKLGLAISDWEEWRP
Sult2a1 Q262H KNHFTVAQAEAFDKV KNHFTVAHAEAFDKV
Sva T41P HNEPRNYTLTLNMKI HNEPRNYPLTLNMKI
Tafdb P561H TPVNAVMPTSKFPPS TPVNAVMHTSKFPPS
Tef3 $255N PLPLAPGSSSVGSGT  PLPLAPGNSSVGSGT
Tmtc2 V2011 AVSAVYDVFVFHRLK AVSAVYDIFVFHRLK
Usp43 R621W NMAPHVARRSTNSKA  NMAPHVAWRSTNSKA
Vmn1r9 V126D LKKYMVCVFLCIWSF LKKYMVCDFLCIWSF
Zmynd12 R13C PLAVPKGRRLSCEVC PLAVPKGCRLSCEVC
Zzz3 K311N FKKLKKQKLQQMQAE FKKLKKQNLQQMQAE

Table 2.1 — Individual peptides printed on the 4T1 mutation-site peptide arrays. Listed are the individual
sequences for AH1 and the 75 WT and 75 SNV 15mer peptides printed in triplicate on arrays for serum IgG
antibody analysis of naive and treated animals.
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sera harvested from animals used in the tumor challenge experiments already presented (Fig.
2.3, Fig. 2.4). All arrays presented positive anti-mouse IgG controls. Prior to analysis,
triplicate spots were averaged and data from all arrays were simultaneously normalized via
an interquartile range transformation. Serum from naive animals contains preexisting
background IgG signals to WT (Fig. 2.6A) and SNV (Fig. 2.6B) versions of the mutation-
sites peptides. The largest of these 1gG signals are against Wdr33:H13Y mutation-site
peptides. We next analyzed serum 1gG array fluorescence intensity data from 4T1
autophagosome-enriched vaccine + poly-I:C vaccinated animals versus poly-1:C only
controls. An increase in normalized IgG signals was observed to the known 4T1 retroviral
antigen AH1 in all four experiments. There was no significant preference for increased
antibody signals to WT or SNV forms of the peptides (Fig. 2.7A), or to peptides from
proteins previously confirmed present in the vaccine by mass spectrometry (Fig. 2.7B). We
next performed MHCI and MHCII peptide predictions using NetMHCpan and NetMHCI| for
both WT and SNV forms of each mutation-site on the array [129-131] to assess for antibody
/ MHC relationships similar to previous reports (13,18). On average, there was a vaccine-
dependent increase in normalized IgG signals to both WT and SNV 4T1 peptides from a
higher-affinity MHCI binding mutation-site (Fig. 2.7C). This was not true for higher-affinity
MHCII binding sites (Fig. 2.7D).

This observed association between MHCI affinity and antibodies after vaccination
was very interesting because it suggested some underlying link or cross-talk between
antibody and T cell responses at the level of individual peptide antigens. In the normalized

antibody data, a trend between IgG and MHCI was observed in 3 of 4 experimental groups —
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Figure 2.6 — Background IgG antibodies in naive serum bind 4T1 mutation-site 15mer peptides. Data are

from initial 1gG arrays and are not paired with T cell data. Normalized average naive serum IgG fluorescence
signal intensity versus 15mer peptides centered at WT (A) and SNV (B) versions of 4T1 mutation-sites. Data

are averages of two independent experimental arrays each with 3 replicate spots per peptide, and sorted by

increasing combined average WT and SNV signal intensity.

but we observed that one group appeared much stronger than the others. We revisited the

raw 1gG array data without normalization, and found that in one group of animals the result

was so strong that a direct correlation between 1gG and MHCI could be observed in the raw

values (Fig. 2.8C). Although it is not clear what conditions caused the effect in this case, we

were not surprised by the variability. Our laboratory has long understood that cancer vaccine

experiments can be highly variable from experiment to experiment, even with the same

production lot of vaccine. Diversity in the antigen- specificity of response was also observed

independent of MHCI affinity. A circos [141] plot of all the naive and post-vaccine antibody
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Figure 2.7- Increased 1gG antibody signals in post-vaccine sera correlate with MHCI binding affinity. All
data are the average normalized serum IgG signal differences between four independent 4T1 autophagosome
vaccine + poly-I:C experimental arrays versus four paired poly-1:C only control experimental arrays. Each array
contained 3 replicate spots per peptide. Positive values are increased in groups receiving vaccine. (A-D) SNV
versions of mutation-sites are plotted in black, and WT versions in blue. (A) 1gG signal differences in vaccine
groups show no preference for WT or SNV versions of mutation-site peptides (P=0.62) by paired t-test. (B) No
association between signal intensity differences and LC-MS/MS mass spectrometry confirmed parent proteins
in the vaccine (Data File S1) (P=0.53) by unpaired t-test. (C) A strong average normalized association between
higher observed 1gG signals in vaccine groups and stronger top-predicted 9-11mer H2-Dd,Kd,Ld MHCI
binding score for that mutation-site (P<0.0001) by Pearson correlation coefficient. (D) No association between
observed IgG signal differences in vaccine groups and stronger top-predicted 15mer H2-1Ad MHCII binding
score for that mutation-site (P=0.47) by Pearson correlation coefficient.

array data (Fig. 2.9) demonstrates that although most IgG antibodies similarly target WT and
SNV versions of the 4T1 mutation-site peptides, these new responses are stochastic with
some strong responses only occurring once across the 4 experiments. However, even with
these new antibody responses, the bulk of the antibody profile was similar across both naive

and combination vaccinated animals.
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Figure 2.8 — Raw IgG antibody signals in post-vaccine sera correlated with increased MHCI binding
affinity in an exceptional single experiment. (A-H) All data are the raw serum IgG signals for four
independent 4T1 autophagosome vaccine + poly-1:C experimental arrays versus four paired poly-1:C only
control experimental arrays. Each array contained 3 replicate spots per peptide. In an exceptional experiment
(C) there is a correlation between the MHCI affinity of 4T1 mutation-sites and the raw 1gG signal intensity
against those site after vaccination (P<.0001) by Pearson correlation coefficient.
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Figure 2.9 — Diversity of preexisting serum IgG landscape and new responses to 4T1 mutation-site 15mer
peptides. Circos plot of normalized 1gG fluorescence intensity in individual experiments. From interior out,
plot shows total normalized fluorescence intensity to WT and SNV for individual naive serum pool experiments
(n=2), combination vaccine experiments (n=4), and normalized 1gG fluorescence signal increases in
combination vaccine experiments over paired adjuvant-only controls (n=4). Mutation-sites are arranged by total
normalized WT and SNV signal intensity in naive groups, with proteins confirmed by mass spectrometry in 4T1
vaccine and cells presented separately. In all plots, black graphs pointing outward represent 1gG fluorescence
signals against SNV 15mers and blue graphs pointing inward the corresponding WT 15mer. Yellow outer
highlights are used to recognize sites selected for further T cell assays. Relative top-predicted MHCI affinity for
both SNV and WT versions of the mutation-site is plotted along with relative top-predicted MHCII affinity in
the outer rings.
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Discussion:

The efficacy of autophagosome-enriched cancer vaccines have been previously
reported as depending on p62 (Sgstm1) dependent trafficking of poly-ubiquitinated proteins
to autophagosome microvesicles [118]. This poly-ubiquitinated protein compartment is
thought to be enriched in the high-turnover proteins more commonly presented on MHCI,
and thus provide a more relevant antigen compartment for cross-presentation than vaccines
based on whole tumor cells [32,33]. However, this study is the first report to thoroughly
characterize the proteome of autophagosome-enriched vaccines and attempt identification of
antigen-specific responses. The TMT LC-MS/MS results reported here identify a strong
enrichment for mitochondrial proteins, suggesting a potential role for mitophagy — another
p62 dependent process involving trafficking of mitochondria to autophagosomes [142] —in
the function of these vaccines. Both mutated and normal mitochondrial proteins could be a
source of the p62-dependent cross-protective immunity observed in previous studies with
autophagosome vaccines [118,120], and should be investigated further. Additionally, though
the efficacy of autophagosome vaccines in the 4T1 tumor model has been previously
reported — this was in combination with OX40 T cell agonist [119]. This model reports poly-
I:C as an effective adjuvant for 4T1 autophagosome vaccines, and additionally demonstrates
via immunohistochemistry that these vaccines create a CD3+CD8+ T cell response capable

of trafficking to these tumors in vivo.

With this working and thoroughly characterized vaccine model, we used whole
exome sequencing to demonstrate that our 4T1 vaccine contained the same SNV neoantigens

previously reported by others [125,126], and used them to design an array of 15mer peptides
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for measuring IgG antibody responses. Interestingly, we found that even naive animals
demonstrated strong background binding to a handful of the peptides prior to treatment. This
is similar to work with human protein arrays which has demonstrated IgG autoantibodies
targeting normal proteins are common [103]. However, although we observed increased
antibody signals in vaccine groups, there was no preference for SNV over WT peptides and
these new IgG signals targeted both versions of the peptides simultaneously. This suggests a
cross-reactive response for these antibodies which is not as selective as many neoantigen T
cell responses reported in the literature. This lack of specificity could be due to the fact that
we only administered two vaccines — leaving less opportunity for affinity maturation toward
a more neoantigen-specific response. Alternatively, it could be a sign that the observed 19G
antibody responses are boosted antibodies based on prior immunity to microbes and other
antigenic exposures in these animals, and are simply boosted more non-specifically in
response to the vaccine. This would be consistent with our vaccine creating an IFNy driven

expansion of 1gG2a bearing B cells [143].

Also interesting is the diversity of the new antibody responses observed. Since our
earliest experiments with autophagosome cancer vaccines, it has been observed that some
experiments can work dramatically better than others. Similar results were observed here.
Many strong IgG responses to both SNV and WT versions of a peptide were only observed in
a single vaccine experiment, an effect which could be due to the rarity of each antigen in
comparison with the B cell and T cell repertoire of those specific animals. Additionally, a
strong correlation between peptide MHCI affinity and new IgG responses was observed best

in a single exceptional group of animals, a result which hints at an underlying
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correspondence between IgG antibody and CD8+ T cells that demands further investigation.

This will be interrogated directly in the following chapter.
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CHAPTER 3
COORDINATED RESPONSES TO INDIVIDUAL TUMOR ANTIGENS BY 1gG

ANTIBODY AND CD8+ T CELLS FOLLOWING CANCER VACCINATION
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Background: Our previous work in Chapter 2 suggested coordination might occur between
IgG antibody and CD8+ T cell responses, and additionally provided antigen targets for
follow-up experiments. Using antibody-based assays to evaluate immune response
repertoires and focus T cell antigen exploration could afford substantial advantages for
discovering and monitoring the anti-cancer immune responses of patients enrolled on clinical
trials. This is important because for CD8+ T cells in particular, patient-specific immune
recognition and responses at the level of individual tumor antigens are rarely characterized.
In this work, we sought to simultaneously interrogate serum IgG antibody and CD8+ T cell
recognition of individual tumor antigens to determine whether antigen-specific serum 1gG

antibodies provide a window into the behavior of antigen-specific CD8+ T cell responses.

Methods: As before, we vaccinated female BALB/c mice with a combination of an
autophagosome-enriched vaccine derived from 4T1 mammary carcinoma along with poly-
I:C adjuvant, then screened serum for IgG binding to arrays of 15mer peptides containing
known mutation-sites in 4T1. In these additional experiments, we simultaneously primed
CDB8+ T cell cultures from these animals with peptides targeting the same antigens featured
on the 1gG arrays. These primed T cells were then stimulated to measure recognition of the

peptides or live 4T1 cells by IFNy release.

Results: Vaccinated animals demonstrated increases in antigen-specific CD8+ T cell
recognition of 4T1 tumor cells and peptides. For proteins confirmed in 4T1 cells and vaccine
by mass spectrometry, there is a correlation between this increased CD8+ T cell IFNy release

and serum IgG binding to individual peptide antigens.
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Conclusions: These results suggest it is possible to observe some features of a patient’s
antigen-specific T cell repertoire via an antibody surrogate, which has implications for tumor

antigen discovery and clinical monitoring of antigen-specific anti-tumor immunity.
Background:

In spite of the frequency of autoantibodies observed in humans, and the similarity
between many types of tumor antigens and autologous targets, it is not known whether these
serum antibodies or changes in their abundance might also hint at the antigen-specific
behavior of an individual’s T cell repertoire. Others have used antibody as a surrogate
measure of antigen-specific anti-tumor immunity [106,107,138], and we hypothesized that
IgG antibody signals would be more likely to overlap with features of antigen-specific CD8+
T cell recognition than expected by chance. Potential mechanisms for such a relationship
could occur via overlap with the underlying CD4+ T cell repertoire necessary for activating
both CD8+ T cells and B cells, or from antibody-aided T cell activation via Fc receptor
targeting of antigens to antigen presenting cells. Improved understanding of the antigen-
specific relationships between antibody and T cell responses to tumor antigens could lead to
improved immune monitoring for cancer patients and a deeper understanding of what

features define clinically-relevant tumor antigens.

Based on published literature and our own work presented in Chapter 2, we
hypothesized that some vaccine-induced patterns in these antibody profiles would relate to
vaccine-induced T cell recognition of those same antigens. In viral immunity, there are
documented examples of IgG antibody responses mirroring CD4+ responses at the level of

individual antigens [140,144,145]. Similar to the viral literature, potential links have been
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observed between anti-tumor antibodies and T cell responses to specific tumor antigens
[139,146]. Additionally, increased antigen-specific antibody responses have been observed
in association with improved outcomes following immunotherapy treatments typically

understood to depend on T cells [106,138,147].
Methods:
Study Design

After profiling our 4T1 vaccine and identifying features of overlap between IgG
antibody and T cell responses to peptide antigens, we next sought to determine whether we
could observe simultaneous antigen-specific recognition by T cells and 1gG antibody from
the same groups of animals. Using the same vaccine lots, antibody array batches, and cell
lines profiled previously, we repeated our initial experiments and added to them antigen-
specific T cell assays. These assays involved either 8-11mer MHCI binding peptides or
15mer peptides matching the IgG arrays. The experiments were performed both with whole
T cell populations and CD8+ enriched T cell populations. Tumor recognition by CD8+ T
cells was confirmed using live 4T1 cells in vitro. Finally, all these data were integrated into
combined analysis which included IFNy T cell recognition, serum IgG array recognition, 4T1

variant profiling, and vaccine TMT LC-MS/MS profiling.

4T1 15mer mutation-site peptide arrays

An additional set of 15mer peptide array data was generated using the same lot and
batch of IgG peptide arrays created for the first experiments (Chapter 2). 40 new samples
were run on 40 arrays. In these follow-up studies, arrays were used to analyze pooled serum

IgG from groups of animals paired with T cell assays utilizing pooled splenocytes from these
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same groups. As before, 2-3 mice were used in each group, and the array design and
measurement methods remained unchanged. Array data were not normalized in this case,
and all plots and correlations involve direct comparisons of raw 1gG signal intensity data.
Peptide selection for T cell assays

Antigens selected for additional profiling via IFNy T cell assays were selected based
on a profile of the preliminary peptide array data. We selected thirty-one antigen targetsiL-2
that spanned a range of properties determined in Chapter 2: sites with a strong preexisting
IgG background signal, sites with a post-vaccine 1gG signal increase across multiple
experiments, sites with high and low predicted MHCI affinity, and mutation-sites without
any of these distinctions but previously reported as immunogenic [125]. These were
additionally divided among mutation-sites from proteins either confirmed or below the
threshold of detection by mass spectrometry in both 4T1 cells and the autophagosome-
enriched vaccine.

8-11mer in vitro T Cell IFNy release peptide recognition assays

Stimulation of
15mer serum splenocytes with
IgG arrays 8-11mer peptides Add IL2

\»

Harvest
splenocytes Irradiated naive Irradiated naive
and serum splenocytes splenocytes
alone with peptide

restimulation

IFNy
ELISA
assays

All experiments were performed using pooled splenocytes from 2-3 individual female
BALB/c mice. These were either naive animals or vaccinated animals two weeks after their

second vaccination, a schedule identical to previously presented 1gG array and tumor
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challenge experiments (Chapter 2). After ACK lysis of red blood cells, 1x10° splenocytes
were plated into each well of 96 well round-bottom tissue culture plates and given primary
stimulation in complete media with 10% FBS and 5 pM of either WT or SNV versions of
mutation-site peptides manufactured by A&A Labs (San Diego, California). 8-11mer
minimal peptides designs were based on predicted ability to bind MHCI. Both WT and SNV
8-11mer peptides were based on the length and frame of the top predicted MHCI binding
minimal 8-11mer SNV peptide identified using NetMHCpan v2.8 Server. NetMHCpan,
which was used to calculate predicted H2-Kd, H2-Dd, and H2-Ld MHCI binding scores for
all possible WT and SNV 8mers, 9mers, 10mers, and 11mers that include the mutation-site
[129]. After 48 hours of primary peptide stimulation with WT or SNV peptide, IL-2 was
added at 10 Cetus units/mL. After an additional 96 hours, contents of each well were washed
and split onto either WT or SNV 2° peptide restimulation with 5x10° irradiated splenocytes
or irradiated splenocytes alone. Supernatants were harvested after an additional 20 hours,

frozen at -80 °C, and later analyzed for IFNy by ELISA.

15mer in vitro T Cell IFNy release peptide recognition assays

Stimulation of
15mer serum splenocytes with

1gG arrays 15mer peptides Add IL2 24 hours
ELISA
assays
et ceeess
splenocytes 48 hours 96 hours Irradiated naive Irradiated naive
and serum splenocytes splenocytes
alone with peptide

restimulation

All experiments were performed using pooled splenocytes from 2-3 individual female

BALB/c mice. These were either naive animals or vaccinated animals two weeks after their
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second vaccination, a schedule identical to previously presented IgG array and tumor
challenge experiments (Chapter 2). After ACK lysis of red blood cells, 1x10° splenocytes
were plated into each well of 96 well round-bottom tissue culture plates and given primary
stimulation in complete media with 10% FBS and 5 uM of either WT or SNV versions of
mutation-site peptides manufactured by A&A Labs (San Diego, California). 15mer peptides
were identical in design to the 15mer peptides printed on the IgG peptide arrays. After 48
hours of primary peptide stimulation with WT or SNV peptide, IL2 was added at 10 Cetus
units/mL. After an additional 96 hours, contents of each well were washed and split onto
either WT or SNV 2° peptide restimulation with 5x10” irradiated splenocytes or irradiated
splenocytes alone. Supernatants were harvested after an additional 20 hours, frozen at -80 °C,

and later analyzed for IFNy by ELISA.

8-11mer in vitro CD8+ T Cell IFNy release peptide recognition assays

Irradiated naive
Stimulation of splenocytes
15mer serum splenocytes with with peptide
lgG arrays 8-11mer peptides restimulation

4t e
»\ »%%88%%88 » _gesesec] Rt

vaccinated animals  splenocytes
anti-CD4 antibody and serum 48 hours

All experiments were performed using pooled splenocytes from 2-3 individual female
BALB/c mice. These were either from naive animals or vaccinated animals two weeks after
their second vaccination, a schedule identical to previously presented 1gG array and tumor
challenge experiments (Chapter 2). In this case of CD8+ enriched experiments, CD4+ cells

were depleted in vivo three days prior to spleen harvest using 200 pg of GK1.5 anti-CD4
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antibody administered IP. CD4 depletion was confirmed by flow cytometry. After ACK lysis
of red blood cells, 1x10° splenocytes were plated into each well of 96 well round-bottom
tissue culture plates and given primary stimulation in complete media with 10% FBS and 5
uM of either WT or SNV versions of mutation-site peptides manufactured by A&A Labs
(San Diego, California). 8-11mer minimal peptides used were the same 31 peptides used in
the previous 8-11mer peptide assays without CD4-depletion. After 48 hours of primary
peptide stimulation with WT or SNV peptide, IL-2 was added at 10 Cetus units/mL. After an
additional 96 hours, contents of each well were washed and split onto either WT or SNV 2°
peptide restimulation with 5x10° irradiated splenocytes. Supernatants were harvested after an

additional 20 hours, frozen at -80 °C, and later analyzed for IFNy by ELISA.

8-11mer in vitro CD8+ T Cell IFNy release 4T1 tumor recognition assays

Stimulation of

15mer serum splenocytes with
IgG arrays 8-11mer peptides Add IL2 24 hours
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anti-CD4 antibody  and serum 48 hours 96 hours Teellsonly 04 4 imor cell

without

. N restimulation
restimulation

All experiments were performed using pooled splenocytes from 2-3 individual female
BALB/c mice. These from vaccinated animals two weeks after their second vaccination, a
schedule identical to previously presented 1gG array and tumor challenge experiments
(Chapter 2). In this case of CD8+ enriched experiments, CD4+ cells were depleted in vivo

three days prior to spleen harvest using 200 pg of GK1.5 anti-CD4 antibody administered IP.
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CD4 depletion was confirmed by flow cytometry. After ACK lysis of red blood cells, 1x10°
splenocytes were plated into each well of 96 well round-bottom tissue culture plates and
given primary stimulation in complete media with 10% FBS and 5 uM of either SNV or WT
versions of mutation-site peptides manufactured by A&A Labs (San Diego, California). 8-
11mer minimal peptides used were the same 31 peptides used in the previous 8-11mer
peptide assays with and without CD4-depletion. After 48 hours of primary peptide
stimulation, 1L-2 was added at 10 Cetus units/mL. After an additional 96 hours, contents of
each well were washed and split onto either 2° restimulation with 1x10° live 4T1 cells, or

empty wells with media only.
TMT LC-MS/MS of 4T1 cells and autophagosome-enriched vaccine

Methods for quantitative tandem mass tag (TMT) liquid chromatography tandem
mass spectrometry (LC-MS/MS) on the vaccine lots used in these experiments was
previously reported (Chapter 2). In summary, a total of 4416 proteins were identified as
being present in both 4T1 tumor and vaccine, and quantification was done on 4196 proteins
(excluding contaminants). This discovery confirmation, and not quantitative abundance, was
used to separate experimental groups by LC-MS/MS identification status in Figs. 3.7, 3.8,

3.9, and 3.10.
Adoptive Transfer

In both experiments, splenocytes were harvested from 3 individual female BALB/c
mice two weeks after their 2" 4T1 autophagosome vaccine as described in the initial IFNy
release T cell assays above without CD4-depletion. After ACK lysis, these were seeded into

24 well plates with 6x10° cells seeded per well and given primary stimulation in complete

62



media with 10% FBS and 5 uM of either SNV or WT versions of 8-11mer mutation-site
peptides manufactured by A&A Labs (San Diego, California). After 48 hours of primary
peptide stimulation, IL-2 was added at 10 Cetus units/mL. After an additional 96 hours,
contents of each well were washed, counted, resuspended in HBSS, and administered to
female BALB/c mice that had just been irradiated with 500 rads. These mice had been
intravenously seeded with 2x10° live 4T1 tumor cells three days previously. In the first
experiment, all harvested cells were adoptively transferred regardless of counts, and in the
second experiment 40x10° cells were administered to each animal. Mice were additionally
given doses of IL-2 at the time of administration, and at twice daily intervals afterwards. In
the first experiment this was five total doses of 15,000 Cetus units IL-2, and in the second
nine total doses of 50,000 Cetus units IL-2. On day 13, animals were killed, lungs stained

with India ink, fixed, and counted for lung metastases.
Statistical Analyses

Analyses were performed on either summary data or individualized experiments, and
this information is placed alongside the specific type of test performed and p-value (P) within
the figure legends. All statistical tests were considered significant at the P<0.05 level and
were performed with Prism 7 (GraphPad). In general, parametric comparisons were either
two sample t-tests or paired t-tests, and non-parametric tests were Wilcoxon matched-pairs
signed rank tests. Significance of all correlations was determined by linear regression and

Pearson correlation coefficient.

63



Results:

The results presented in Chapter 2 demonstrate that 4T1 autophagosome vaccine is

able to improve outcomes in the context of increased intratumoral CD3+CD8+ infiltrates,

suggesting a CD8+ T cell dependent effect. This, combined with our peptide array results

demonstrating that there can be a strong link between 1gG antibody and MHCI binding in

those same experiments, led us to a new series of experiments with the goal of directly

measuring antigen-specific overlap between IgG antibody and T cell responses to 4T1

autophagosome vaccines. We used data from those earlier experiments to select a smaller set

of antigens for investigation in parallel T cell assays. These selected antigens spanned a

range of previously determined features: peptides with a strong preexisting 1gG background

signal in naive animals, peptides with a post-vaccine 1gG signal increase across multiple

experiments, peptides with high and low predicted MHCI affinity, and peptides from

mutation-sites without any of these distinctions but previously reported as immunogenic

[125]. These were additionally divided among mutation-sites from proteins either confirmed

WT SNV WT SNV
Variant sl Mutation-Site  Mutation-Site | Predicted MHCI  Predicted MHCI
Gene N MS+ Cellular T Cell o o
Coordinate Assays 15mer 15mer Binding 8-11mer  Binding 8-11mer
AR Op70 423-431 WA TRUE NIA NIA SPSYVYHQF NIA
Dpp9 G633E TRUE TRUE KPHTLQPGRKHPTVL KPHTLQPERKHPTVL QPGRKHPTVLF QPERKHPTVLF
Gen1 K707N TRUE TRUE RVAVKTTKNLVMKNS ~ RVAVKTTNNLVMKNS RVAVKTTKNL RVAVKTTNNL
llkap 11275 TRUE TRUE EMQDAHVILNDITQE EMQDAHVSLNDITQE AHVILNDI AHVSLNDI
Lrppre L1347M TRUE TRUE EYLTAKNLKLDDLFL  EYLTAKNMKLDDLFL EYLTAKNLKL EYLTAKNMKL
Man2b2 V210l TRUE TRUE QQEIFTHVMDHYSYC QQEIFTHIMDHYSYC SGQQEIFTHY SGQQEIFTHI
Polr2a M11021 TRUE TRUE LGEPATQMTLNTFHY  LGEPATQITLNTFHY TQMTLNTF TQITLNTF
Wdr11 T3401 TRUE TRUE LDPVQELTYDLRSQC LDPVQELIYDLRSQC TYDLRSQCDAI IYDLRSQCDAI
Wdr33 H13Y TRUE TRUE GSPPRFFHMPRFQHQ GSPPRFFYMPRFQHQ SPPRFFHM SPPRFFYM
Zfr K411T TRUE TRUE AKHQKVVKLHTKLGK AKHQKVVTLHTKLGK KHQKVVKL KHQKVVTL
Abccd 140K TRUE DPRTDELIQQKIREK  DPRTDELKQQKIREK IQQKIREKF KQQKIREKF
Cyp26a1 L3161 TRUE ATSLITYLGLYPHVL ATSLITYIGLYPHVL TYLGLYPHVL TYIGLYPHVL
Gzme P33S TRUE EISPHSRPYMAYYEF  EISPHSRSYMAYYEF PYMAYYEFL SYMAYYEFL
Olfr618 A290T TRUE LYVVVPPALNPIIYG LYVVVPPTLNPIIYG LYVVVPPAL LYVVVPPTL
Qars E530D TRUE RRRGFPPEAINNFCA  RRRGFPPDAINNFCA RGFPPEAI RGFPPDAI
St8sial L235F TRUE RNNFFLS_LKKLDGAI RNNFFLS_FKKLDGAI §LKKLDGAI SFKKLDGAI

Table 3.1- Individual peptides printed for T cell assays. Listed are the individual sequences for AH1 and the
15 WT and 15 SNV mutation-site peptides chosen for paired IgG and T cell assays. Each peptide was printed
as both a 15mer identical to the sequence used in the 1gG arrays, and as the best-predicted MHCI binding 8-
11mer peptide including the mutation-site.
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or below the threshold of detection by mass spectrometry in both 4T1 cells and the
autophagosome-enriched vaccine. These peptides were printed as both MHCI binding
minimal 8-11mer peptides and full-length 15mers matching the 1gG array. A full list of the

peptides chosen for investigation in T cell assays is presented (Table 3.1).

A total of five independent experiments were performed which resulted in paired T
cell and antibody data. The serum from these experiments was saved as before, and run on
an additional set of IgG antibody arrays from the same batch of arrays as the experiments
presented in Chapter 2. In this case, the data were not normalized, but always directly
compared as raw signal intensity values. These array data demonstrate 1gG binding signals
against 4T1 peptides from both naive and vaccinated animal sera, with increased average 1gG
signals in vaccine groups against many individual WT autoantigen 15mer peptides (Fig.
3.1A), and SNV neoantigen 15mer peptides (Fig. 3.1B). The IgG signals to both WT and
SNV 4T1 peptides were significantly higher in sera from vaccinated animals (Fig. 3.1C), but
these increased IgG signals after vaccination did not significantly favor SNV neoantigen over
WT autoantigen peptides (Fig. 3.1D). However, there were stronger overall 1gG signals
against SNV peptides in serum from both naive (Fig. 3.1E) and vaccinated (Fig. 3.1F)
animals, suggesting a background landscape of preexisting serum antibodies that favors
neoantigens over autoantigens. Interestingly, we did not again observe an experiment with a
positive correlation between increased IgG signal intensity and predicted MHCI affinity (Fig.

3.2), but instead observed a few inverse trends which did not reach statistical significance.
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Figure 3.1 — Sera of vaccinated animals had increased 1gG antibodies to WT and SNV 15mer peptides
centered at mutation-sites in 4T1. (A-F) Data are from five independent pairs of 1gG arrays reacted with
pooled naive or vaccinated mouse serum. Each array consists of 151 15mer peptides printed in triplicate and
centered at WT autoantigen and SNV neoantigen mutation-sites in 4T1. (A) Average serum IgG fluorescence
signal intensity versus 15mer peptides centered at WT versions of listed 4T1 mutation-sites in naive and
vaccinated animals sorted by the combined WT and SNV IgG signals observed in naive animals. (B) Average
serum lgG fluorescence signal intensity versus 15mer peptides centered at SNV versions of listed 4T1
mutation-sites in naive and vaccinated animals sorted by the combined WT and SNV 1gG signal observed in
naive animals. (C-D) Data are plotted as average values, but statistics are computed from all individualized
pairs of experimental values. (C) Vaccinated animals demonstrated increased serum IgG signal intensity to a
WT and SNV 15mer peptides (P<0.0001) by Wilcoxon matched-pairs signed rank test, (D) but these observed
increases in 1gG signal intensity from vaccine groups were not significantly higher for SNV peptides than WT
peptides (P=0.26) by Wilcoxon matched-pairs signed rank test. However, there are stronger 1gG signal
intensities for SNV neoantigens than paired WT autoantigens in serum from both (E) naive animals (P<0.0001),
and (F) vaccinated animals (P<0.0001) by Wilcoxon matched-pairs signed rank test.
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Figure 3.2 — Raw IgG antibody signals in post-vaccine sera do not correlate with increased MHCI
binding affinity. (A-J) All data are the raw serum IgG signals for five independent 4T1 autophagosome
vaccine + poly-I:C experimental arrays versus four paired naive control experimental arrays. Each array
contained 3 replicate spots per peptide. There was no significant correlation between the MHCI affinity of 4T1
mutation-sites and the raw 1gG signal intensity against those mutation-sites after vaccination by Pearson
correlation coefficient in any of the experiments. Observed trends were negative.

In the initial set of experiments with paired IgG and cellular assays, T cells from

vaccinated animals had increased recognition of both WT and SNV 8-11mer 4T1 peptides

(Fig. 3.3A-B), and serum from these vaccinated animals also demonstrates increased 1gG

binding to 15mer peptides containing this same group of mutation-sites (Fig. 3.3C-D). For

several of these 4T1 antigens, we observed simultaneous increases in IgG 15mer signal

intensity and T cell recognition of 8-11mer peptides for specific antigens in vaccinated

animals (Fig. 3.3E). A similar result was observed for splenocyte assays involving WT
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Difference in IgG Signal Intensity to 15mers

Figure 3.3 — Vaccinated animals displayed simultaneous increases in serum IgG signals to 15mers and splenocyte
IFNy recognition of individual 8-11mer 4T1 antigens. Serum and splenocytes were harvested from naive and 4T1
autophagosome-enriched vaccine + poly-I:C vaccinated animals. Serum was run on the 15mer arrays presented previously
(Fig. 3.1). Splenocytes were stimulated with WT and SNV versions of top predicted MHCI binding 8-11mer mutation-site
peptides for 48 hours, then expanded on IL2 for an additional 96 hours before wells were split and restimulated with either
naive splenocytes or naive splenocytes pulsed with a second stimulation of peptide. Graphs are of the average increase in
IFNy secretion by ELISA in wells with peptide restimulation over splenocytes alone for n=3 experiments with vaccine
groups and n=2 experiments with naive groups. (A,B) Increase in average IFNy secretion in vaccine groups upon secondary
exposure to n=15 different WT (P=0.002) (A) and n=15 different SNV (P=0.005) peptides (B) by Wilcoxon matched-pairs
signed rank test. (C,D) Simultaneous serum IgG array recognition data for 15mer peptides centered at these same mutation-
sites from the same n=3 vaccine groups and n=2 naive groups used in splenocyte assays. Increase in average 1gG signal
intensity to n=15 different WT (P=0.01) (C) and n=15 different SNV (P=0.02) (D) peptides by Wilcoxon matched-pairs
signed rank test. (E) Combined data previously presented in (A-D) plots average differences in IgG and IFNy recognition
for each of the n=15 WT and n=15 SNV mutation-sites along with AH1. Positive values represent increased signals in
vaccine groups and negative values represent increased signals in naive groups. Values in upper-right quadrant
demonstrated simultaneous increases in IgG and splenocyte IFNy recognition of individual 4T1 mutation-site antigens in
vaccine groups. However, there was no significant overall correlation of these increases in recognition (P=0.6) by Pearson

correlation coefficient.
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Figure 3.4 — Vaccinated animals displayed increased serum IgG signals to 15mers and splenocyte IFNy recognition
of individual 15mer 4T1 antigens. Serum and splenocytes were harvested from naive and 4T1 autophagosome vaccine +
poly-I:C vaccinated animals. Serum was run on the 15mer arrays presented previously (Fig. 2). Splenocytes were
stimulated with WT and SNV versions of 15mer mutation-site peptides matching serum arrays for 48 hours, then
expanded on IL2 for an additional 96 hours before wells were split and restimulated with either naive splenocytes or naive
splenocytes pulsed with a second stimulation of peptide. Graphs are of the average increase in IFNy secretion by ELISA
in wells with peptide restimulation over splenocytes alone for n=3 experiments with vaccine groups and n=2 experiments
with naive groups. (A,B) Increase in average IFNy secretion in vaccine groups upon secondary exposure to n=15 different
WT (P=0.005) (A) but not n=15 different SNV peptides (P=0.25) (B) by Wilcoxon matched-pairs signed rank test. (C,D)
Simultaneous serum IgG array recognition data for the same 15mer peptides from the same n=3 vaccine groups and n=2
naive groups used in splenocyte assays. Increase in average 1gG signal intensity to n=15 different WT (P=0.01) (C) and
n=15 different SNV (P=0.02) (D) peptides by Wilcoxon matched-pairs signed rank test. (E) Combined data previously
presented in (A-D) plots average differences in 1gG and IFNy recognition for each of the n=15 WT and n=15 SNV
mutation-sites. Positive values represent increased signals in vaccine groups and negative values represent increased
signals in naive groups. Values in upper-right quadrant demonstrated simultaneous increases in 1gG and splenocyte IFNy
recognition of individual 4T1 mutation-site antigens in vaccine groups. However, there was no significant overall
correlation of these increases in recognition (P=0.5) by Pearson correlation coefficient.
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15mer peptides (Fig. 3.4A-E), except that naive splenocyte from some animals were
additionally able to recognize SNV 15mer peptides after our culture process (Fig. 3.4B).
This observation was perhaps from an in vitro induction of preexisting neoantigen-specific
precursor cells in the naive mice by these longer peptides; a similar priming of neoantigen-
specific T cells has been observed using peripheral blood cells from healthy human donors
cultured with tumor neoantigen mini-genes [148]. Because of this poorer separation between

vaccine and naive groups we did no further experiments with 15mer peptides.

Since we observed increased recognition of 8-11mer 4T1 peptides by T cells from
vaccinated animals, and initial immunohistochemistry experiments suggested a greater role
for CD3+CD8+ cells than CD3+CDA4+ cells for tumor control in this model (Fig. 2.4A-D),
we next sought to confirm the role of CD8+ T cells with an enriched population of CD8+ T
cells. Experiments were performed as before except with the addition of a CD4-depleting
antibody in vivo prior to spleen harvest. Compared to naive animals, vaccinated animals
demonstrated stronger CD8+ T cell IFNy recognition of both WT autoantigen and SNV
neoantigen 8-11mer peptides from 4T1 (Fig. 3.5A,B). Interestingly, serum from these
vaccinated animals also demonstrated a significantly (p<0.0001) increased 1gG binding to
15mer WT peptides as well as 15mer SNV peptides containing these mutation-sites (Fig.
3.5C,D), and there was a significant (p=0.0039) correlation between increased IgG binding to
15mer peptides after vaccination and increased IFNy recognition of both the WT and SNV 8-
11mer peptides by CD8+ T cells (Fig. 3.5E). This suggests that at least in some cases,
vaccination with an autophagosome vaccine leads to the development of CD8+ T cell antigen

recognition in tandem with increased 1gG antibody recognition of those same tumor peptides.
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Figure 3.5 — Vaccinated animals displayed simultaneous increases in serum IgG signals to 15mers and CD8+ T cell
IFNy recognition of individual 8-11mer 4T1 antigens. Serum and CD4-depleted splenocytes were harvested from naive
and 4T1 autophagosome-enriched vaccine + poly-I:C vaccinated animals. Serum was run on the 15mer arrays presented
previously (Fig. 3.1). CD4-depleted splenocytes were stimulated with WT and SNV versions of top predicted MHCI
binding 8-11mer mutation-site peptides for 48 hours, then expanded on IL2 for an additional 96 hours before wells were
split and restimulated with naive splenocytes pulsed with a second stimulation of peptide. Graphs are of the IFNy
secretion for each individual paired experiment from n=3 paired replicates with vaccine and naive groups, each involving
n=15 different WT and n=15 SNV peptide experiments. (A,B) Increase in IFNy secretion in vaccine groups upon
secondary exposure to n=45 paired experiments with WT peptides (P<0.0001) (A) and n=45 paired experiments with
SNV (P=0.005) peptides (B) by Wilcoxon matched-pairs signed rank test. (C,D) Simultaneous serum 1gG array
recognition data for 15mer peptides centered at these same mutation-sites from the same n=3 vaccinated animal groups
and n=3 naive groups used in splenocyte assays. Increase in average IgG signal intensity to n=45 paired WT peptide
experiments (P<0.0001) (C) and n=45 SNV peptide experiments (P<0.0001) (D) by Wilcoxon matched-pairs signed rank
test. (E) Combined data previously presented in (A-D) plots average differences in IgG and IFNy recognition for each of
the n=45 WT experiments and n=45 SNV experiments. Positive values represent increased signals in vaccine groups and
negative values represent increased signals in naive groups. Values in upper-right quadrant demonstrated simultaneous
increases in IgG and splenocyte IFNy recognition of individual 4T1 mutation-site antigens in vaccine groups. There was a
significant overall correlation of these increases in IgG and CD8+ IFNy recognition (P=0.0039) by Pearson correlation
coefficient.

71



15mer serum

Stimulation of
splenocytes with

IgG arrays 8-11mer peptides Add IL2 24 hours
IFNy
ELISA
assays
Treat naive and Harvest
vaccinated animals  splenocytes T cell I
anti-CD4 antibody  and serum 96 hours c?ths o;1 Y 4T1 tumor cell
w.' ou . restimulation
restimulation
aCD4 4T1 Tumor Restimulation Serum IgG Flouresence Intensity

A. WT8-11mers B. SNV 8-11mers C. WT15mers D. SNV 15mers

= = 3000 ..10000 - %

£ E 1500] = 70003 &

S S 1000 2 4000 pEm— a

e & s g

£ 2000 =

3 5 190 E 1500 E:

m @ 500 £ =S

z z @ 1000 (7]

3 z 250 g 500 %

o i = =

L] = 0 0

& &€ ,‘g"»"‘o bc'-‘&
¥ \Q& &
S

E 3000 z
- Wdr33 Increased IgG
2000 and IFNy [*SNV]
*St8sia3
1500
c
- Zfr
° :‘E~ Qlfr518
= *\Wdr11
= 5 1000
Le LY
rpprc
£«g PP Wdras
o @
o = 500
g * Man2b2
o o * . eGenl
£ . e .
o 0 iy I .
L\ , .
Decreased F
lgG and IFN
500 H92 AT
S O o [\ 0 o S
) ) ) ) o Q
» & ® S

Difference in IgG Signal Intensity to 15mers

Figure 3.6 — Simultaneous increases in 1gG signals to 15mers and improvements in CD8+ IFNy recognition of
tumor. Serum and CD4-depleted splenocytes were harvested from 4T1 autophagosome-enriched vaccine + poly-1:C
vaccinated animals. Serum was run on the 15mer arrays presented previously (Fig. 3.1). CD4-depleted splenocytes were
stimulated as presented previously (Fig. 3.5), then placed in empty wells or restimulated with 4T1 tumor cells. Graphs are
of the IFNy secretion for each individual paired experiment from n=2 paired replicates with CD8+ T cells only or CD8+ T
cells plus live 4T1 cells, each pair initially stimulated with one of n=15 WT or n=15 SNV peptides. (A,B) IFNy secretion
in 4T1 tumor restimulated groups demonstrated outliers, but no overall increased 4T1 recognition after primary exposure
to n=30 paired experiments with WT peptides (P=0.65) (A), but did show overall increased 4T1 recognition after primary
exposure to n=30 paired experiments with SNV peptides (P=0.0002) (B) by Wilcoxon matched-pairs signed rank test.
(C,D) Simultaneous serum 1gG array recognition data for 15mer peptides centered at these same mutation-sites from the
same n=2 vaccinated animal groups used in splenocyte assays and n=2 naive group controls. Increase in average 1gG
signal intensity to n=30 paired WT peptide experiments (P<0.0022) (C) and n=30 SNV peptide experiments (P<0.0001)
(D) by Wilcoxon matched-pairs signed rank test. (E) Combined data previously presented in (A-D) plots average
differences in 1gG and IFNy recognition for each of the n=30 WT experiments and n=30 SNV experiments. Positive
values represent increased 1gG signals versus naive controls and increased IFNy recognition of 4T1 tumor over T cells
only. Values in upper-right quadrant demonstrated increases in serum IgG recognition of that antigen, and a simultaneous
ability for that antigen to improve CD8+ T cell IFNy recognition of live 4T1 cells. However, there was no significant
direct correlation of these increases in 1gG and CD8+ IFNy recognition (P=0.95) by Pearson correlation coefficient.
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In order to determine the relevance of these results to tumor recognition, we
performed two of the CD4-depleted experiments with additional restimulation groups of live
4T1 tumor cells. In vitro priming of CD8+ T cells from vaccinated animals with 8-11mer WT
autoantigen peptides produced tumor recognition in three cases, but not as an overall group
(Fig. 3.6A). In contrast, a larger fraction of CD8+ T cells from vaccinated animals stimulated
with 8-11mer SNV neoantigen peptides demonstrated improved 4T1 tumor recognition (Fig.
3.6B). It is interesting to note that when evaluating the development of strong IFNy
responses, arbitrarily set at 1000pg, WT peptides induced 3 strong responses and the SNV
peptides induced 4 strong responses. Similar to previous results, this coincided with
increased 1gG antibody to both WT and SNV 15mer versions of these mutation-sites (Fig.
3.6C,D), which often resulted in simultaneous improvements in IgG and tumor recognition
related to specific 4T1 SNV neoantigens (Fig. 3.6E). Although not directly correlative for the
whole group of candidate 4T1 antigens, there were several post-vaccine 1gG signal increases

which matched the antigens that improved CD8+ T cell responses against 4T1 tumor.

To confirm that we had observed stronger immune responses to proteins from our
4T1 vaccine, we next integrated these results with quantitative tandem mass tag (TMT)
liquid chromatography tandem mass spectrometry (LC-MS/MS) data previously captured
using the same 4T1 autophagosome-enriched vaccine lots used in these studies. A number of
the antigens studied in the T cell and IgG assays were confirmed as being found by TMT LC-

MS/MS at a depth of 4416 confirmed tumor proteins. Interestingly, there appeared to be a
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Figure 3.7 — Increased post-vaccination CD8+ T cell IFNy secretion in response to 4T1 mutation-site
peptides. Individualized data from all three sets of paired experiments with breakdown by mass spectrometry
identification status presented (Fig. 3.5). CD4 depleted splenocytes from naive and 4T1 autophagosome-
enriched vaccine + poly-1:C vaccinated animals were stimulated with WT and SNV versions of top predicted
MHCI binding 8-11mer mutation-site peptides, then expanded on IL-2, before being washed, split, and
restimulated with naive irradiated splenocytes and peptides. (A) Increased IFNy secretion in vaccine groups
upon secondary exposure to n=15 SNV peptides regardless of LC-MS/MS confirmation (P=0.0015). (B)
Increased IFNy secretion in vaccine groups upon secondary exposure to n=9 different SNV peptides from LC-
MS/MS confirmed proteins (P=0.0031). (C) No difference in IFNy secretion was observed in vaccine groups
upon secondary exposure to n=6 different SNV peptides from LC-MS/MS unconfirmed proteins (P=0.22). (D)
Increase in IFNy secretion in vaccine groups observed upon secondary exposure to n=15 WT peptides
regardless of LC-MS/MS confirmation (P<0.0001). (E) Increase in IFNy secretion in vaccine groups observed
upon secondary exposure to n=9 different WT peptides from LC-MS/MS confirmed proteins (P<0.0001). (F)
Increased IFNy secretion in vaccine groups observed upon secondary exposure to n=6 different WT peptides
from LC-MS/MS unconfirmed proteins (P=0.0010). All statistics by Wilcoxon matched-pairs signed rank test.
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Figure 3.8 — Increased post-vaccination CD8+ T cell IFNy secretion upon restimulation with 4T1 tumor
cells. Individualized data from both sets of paired experiments presented with breakdown by mass spectrometry
identification status (Fig. 3.6). CD4 depleted splenocytes from naive and 4T1 autophagosome-enriched vaccine
+ poly-1:C vaccinated animals were stimulated with WT and SNV versions of top predicted MHCI binding 8-
11mer mutation-site peptides, then expanded on IL-2, before being washed, split, and restimulated with live
4T1 cells or placed into empty wells with media alone. (A) Increase in IFNy secretion in vaccine groups
observed upon secondary exposure to 4T1 after primary exposure with n=15 SNV peptides regardless of LC-
MS/MS confirmation (P=0.0002). (B) Increase in IFNy secretion in vaccine groups observed upon secondary
exposure to 4T1 after primary exposure with n=9 different SNV peptides from LC-MS/MS confirmed proteins
(P=0.0004). (C) No difference was observed in IFNy secretion in vaccine groups upon secondary exposure to
4T1 after primary exposure with n=6 different SNV peptides from LC-MS/MS unconfirmed proteins (P=0.148).
(D) No difference in IFNy secretion in vaccine groups was observed upon secondary exposure to 4T1 after
primary exposure with n=15 WT peptides regardless of LC-MS/MS confirmation (P=0.65). (E) No difference
in IFNy secretion in vaccine groups upon secondary exposure to 4T1 was observed after primary exposure with
n=9 different WT peptides from LC-MS/MS confirmed proteins (P=0.597). (F) Increase in IFNy secretion was
seen in vaccine groups upon secondary exposure to 4T1 after primary exposure with n=6 different WT peptides
from LC-MS/MS unconfirmed proteins (P=0.99). All statistics by Wilcoxon matched-pairs signed rank test.
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separation of the peptide restimulation data after filtering groups for mass spectrometry
confirmed proteins. For CD8+ peptide recognition data already presented (Fig. 3.5A,B),
significant SNV peptide recognition was found to depend on the group of mass-spectrometry
confirmed proteins, and not the peptides from proteins unconfirmed by mass spectrometry
(Fig. 3.7A-C). This suggests a neoantigen-specific priming event induced by the vaccine. In
contrast, mass spectrometry recognition status did not alter CD8+ T cell recognition of WT
peptides (Fig. 3.7D-F), suggesting a more general boosting effect of preexisting autoreactive
cells. A similar result was observed in the tumor recognition data (Fig. 3.8A-F). Although
increased recognition of 4T1 occurred with peptides from all groups, the only group to
demonstrate a statistically significant increase in IFNy release was induced by the group of
mass spectrometry confirmed neoantigen peptides (Fig. 3.8B). These results give us
confidence that our vaccine does not merely boost the overall population of IFNy secreting

CD8+ T cells, but can prime new neoantigen reactive T cells with vaccine-specific antigens.
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Figure 3.9 Increased 1gG signal intensity to 4T1 15mers correlated with 1gG signals in naive animals and not
mass spectrometry identification status. Data are from five independent pairs of 1gG arrays presented previously
(Fig. 3.1). These arrays were constructed with 15mer peptides matching 75 WT autoantigens paired with 75 SNV
neoantigen mutation-sites in 4T1 plus AH1, and were reacted with pooled serum from naive and autophagosome-
enriched vaccine + poly-1:C treated mice. (A) Data compare the positive increase in IgG signal intensity after
vaccination to the 1gG signal intensity in naive animals for each of n=755 paired points, and are plotted in log1,
scale. There was a significant overall correlation (P<0.0001) by Pearson correlation coefficient. (B) Data compare
the difference in 1gG signal intensity for 15mer proteins either confirmed, or not confirmed, in the vaccine by mass
spectrometry. There was no significant increase in signal intensity to 15mer peptides from proteins confirmed in
4T1 vaccine by mass spectrometry (P=0.61) by Mann Whitney test.
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In contrast to this observed dependence of T cell responses to SNV peptides on mass
spectrometry identification, we observed that larger IgG signals after vaccination depended
more on a preexisting 1gG signal to that peptide in naive animals (Fig. 3.9A) than mass
spectrometry identification status (Fig. 3.9B). This suggested that many of our observed 1gG
response are systemic boosts of preexisting responses, such as we might expect with an
lgG2a-centric IFNy boosted antibody response, and not necessarily specific to antigens from
the vaccine. These same principles also held through to the specific pool of antigens
investigated in both assays; 1gG recognition after vaccination did not depend on mass
spectrometry identification for the 30 antigens investigated in T cell assays (Fig. 3.10A).
However, there was an overall increase in CD8+ T cell recognition of WT and SNV 8-11mer

peptides from proteins confirmed in the vaccine by TMT LC-MS/MS (Fig. 3.10B).

These results translated to the correlation between 1gG and CD8+ T cell data
presented previously (Fig. 3.5E), where the positive correlation between increased 1gG
signals and IFNy release after vaccination occurred only in the mass spectrometry positive
fraction of the assays (Fig. 3.10C,D). Finally, we filtered the 4T1 tumor recognition data
presented (Fig. 3.6A-E) for mass spectrometry identification, and observed a relationship
between serum IgG signals against an antigen, and that antigen’s ability to improve
recognition of 4T1 tumor (Fig. 3.10E). Interestingly, this same pattern of increased 4T1
recognition was also associated with the predicted MHCI affinity of the stimulating peptide
(Fig. 3.10F); an observation possibly caused in part by 4T1 cells presenting more high-
affinity peptides than low-affinity peptides on MHCI. Taken together, these results
demonstrate a set of overlapping relationships between antigen-specific 1gG recognition,

antigen-specific CD8+ T cell recognition, and MHCI affinity across multiple independent
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antigens and multiple independent experimental groups — building upon data presented in

Chapter 2 (Fig. 2.7C) — and demonstrating coordinated 1gG antibody and CD8+ T cell

recognition of tumor antigens.
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Figure 3.10 — Simultaneous vaccine-induced 1gG and CD8+ IFNy recognition of 4T1 tumor and peptides
confirmed by LC-MS/MS. LC-MS/MS was performed to determine whether proteins containing the 4T1 peptides
were present in live 4T1 cells and 4T1 autophagosome-enriched vaccine. Of the 15 4T1 WT and SNV pairs
additionally analyzed in T cell assays, there were n=9 WT and SNV antigen pairs from proteins confirmed in 4T1
by mass spectrometry and n=6 WT and SNV antigen pairs not confirmed by mass spectrometry. (A-D) Data shown
are from experiments previously presented (Fig. 3.5). Vaccinated animals demonstrated increased serum IgG to the
peptides analyzed in T cell assays; however, there was no improved 1gG response (A) to the WT and SNV peptides
confirmed by mass spectrometry over unconfirmed proteins (P=0.1) by unpaired t-test. However, confirmed
presence of the antigenic protein in the vaccine by mass spectrometry (B) resulted in improved IFNy secretion in
vaccine groups upon secondary exposure to WT and SNV 4T1 8-11mer peptides (P=0.04) by unpaired t-test. There
was no significant overall correlation of these increases in 1gG and CD8+ IFNy peptide recognition (C) for peptides
unconfirmed by mass spectrometry (P=0.75), but there was a significant correlation between improvements in 1gG
and CD8+ IFNy peptide recognition (D) for mass spectrometry confirmed proteins (P=0.01) by Pearson correlation
coefficient. For 4T1 tumor recognition data previously presented (Fig. 3.6), WT and SNV antigens from proteins
confirmed in 4T1 cells and vaccine by mass spectrometry (E) produced greater CD8+ IFNy recognition of 4T1
cells if serum from those animals also had higher 1gG recognition of those antigens. A similar relationship (F) was
observed between this same 4T1 recognition data and the predicted MHCI affinity of the original stimulating
peptides (P=0.025) by Pearson correlation coefficient).
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We sought to further confirm these results in vivo with adoptive transfer experiments
using T cells cultured with specific minimal 4T1 SNV peptides and transferred into irradiated
mice seeded with 4T1 tumors. The purpose was to demonstrate that beyond simply
recognizing 4T1 cells in culture, these CD8+ T cells could prevent metastases in vivo.
Unfortunately, in our first experiment the number of cells transferred was small. As
hypothesized, the best performing animals were observed in experimental groups. However,
there was no statistically significant difference from control animals (Fig. 3.11A,B).
Encouraged by this result, we attempted a second experiment with a larger cell transfer — but
the initial 4T1 seeding in this case proved so variable that it is impossible to draw any
conclusions (Fig. 3.11C,D). Repeat experiments would be necessary to determine whether

our culture processes can create effector T cells capable of influencing outcomes in vivo.
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Figure 3.11 — Adoptive transfer of T cells primed with 4T1 peptides are unable to affect tumor growth in
vivo. A selection of WT and SNV 4T1 mutation-site 8-11mers were chosen for adoptive transfer assays. In
vitro cultures of cells from vaccinated animals were similar to previous experiments without CD4 depletion
(Fig. 3.3). Splenocytes from 4T1 autophagosome-enriched vaccine + poly-1:C vaccinated animals were
stimulated with WT and SNV versions of top predicted MHCI binding 8-11mer mutation-site peptides, then
expanded on IL-2, before being washed, split, counted, and adoptively transferred into irradiated mice
previously seeded with live 4T1 cells. Animals were administered IL-2 after transfer. On day 13 after T cell
transfer, lungs were harvested, stained, and counted for metastases. (A) No significant difference between
individual peptide primed adoptive transfer groups or IL-2 alone by one-way ANOVA (P=0.92), or between (B)
all pooled T cell transfer groups versus IL-2 alone by t-test (P=0.31). In an additional experiment, (C) no
significant difference was observed between individual peptide primed adoptive transfer groups, IL-2 alone, or
untreated animals by one-way ANOVA (P=0.7), or between (D) all pooled T cell transfer groups versus IL-2
alone and untreated animals (P=0.7) by one-way ANOVA.
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Discussion:

In this series of experiments, we again observed IgG antibodies binding 4T1 peptides
in naive female BALB/c mice, and this population of antibodies demonstrated stronger
recognition of neoantigen peptides than autoantigen counterpart peptides. This result
suggests a bias for the recognition of certain tumor antigens prior to tumor exposure, perhaps
caused by an individual’s unique history of tolerance to autoantigens or prior exposure to
cross-reactive foreign antigens. Recent work has demonstrated a dramatic dependence of
checkpoint blockade immunotherapies on specific microflora [149,150], an effect typically
ascribed to system-wide cytokine changes, but perhaps also due in part to bacterial antigen
cross-reactivity with tumor antigens. For example, germ-free animals lacking such
immunologic history do not respond well to cancer therapy [151]. The correlations between
vaccine-induced T cell responses and antigen-specific 1gG antibody signals observed in this
study suggest that IgG may be one biomarker to observe such relationships between prior
immunologic history and future or ongoing anti-tumor immunity. And beyond the potential
role of antibody as a biomarker, antibody may be directly involved in transferring prior
immunologic knowledge to help prime or boost T cell populations.

Antigen-specific antibody can increase T cell activation through improved antigen
uptake and cross-presentation by antigen presenting cells in mice [152], and a similar Fc
receptor dependent effect has also been observed in humans: some patients receiving
monoclonal antibodies to EGFR (Cetuximab) generate elevated circulating EGFRgs3 gs1—
specific CD8+ T cells [153]. Therefore, preexisting antibodies that happen to bind a tumor
peptide or protein — such as those observed in this work — could provide a mechanism for

improved CD8+ T cell responses to those same antigens via increased cross-presentation
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efficiency. Such a hypothesis would be consistent with a Th2 driven IgG1 response, although
a Thl/ IFNy driven IgG2a subtype boost perhaps provides a more-direct link to CD8+ T cell
activation [143]. In reality, both processes are likely ongoing simultaneously with some
varying degree of dominance being won by either Th2 / IgG1 or Th1/ IgG2a across
experiments. Such an IgG1 / IgG2a imbalance perhaps accounts for our diverse results

regarding IgG signals and peptide-MHCI affinity observed across Chapters 2 and 3.

In addition to the overall trends we observed between 1gG and CD8+ responses, we
were struck that minimal peptides from Wdr33:H13Y — a mutation-site with strong
preexisting IgG signals in naive animals — were recognized regularly in vaccinated animals
by 1gG and produced large increases in CD8+ T cell recognition of both 4T1 tumor and
Wdr33:H13Y peptides. This exemplary case builds on our overall hypothesis that some
antigen-specific CD8+ T cell responses to our vaccine are additionally favored by B cell and
/ or CD4+ recognition of similar peptides. While the mechanism is still uncertain, the
observations reported here warrant further investigation into the roles of 1gG and other
antibody isotypes on future anti-tumor responses. Future work should focus on isotype-
specific relationships and include data from clinical samples; this will be essential to

determine these nuances of antibody and T cell interrelationships.

In the viral literature, the dependence of future responses on past ones to similar
antigens is well documented [154-157], and there are recent reports suggesting that
preexisting immunity not only occurs, but is common; many healthy adults have memory T
cells reactive to peptides from viruses they have never encountered [158]. Perhaps such T

cell repertoires relate to the observed universe of preexisting IgG autoantibodies common in
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humans [103]. If true, these IgG antibodies may help point to the types of antigens targeted
by — or that evade — cancer immune surveillance. We may find that some patients require not
just a release of tolerance by checkpoint blockade or boosting of the natural priming
environment by costimulatory agonists or cytokines, but perhaps vaccines and therapies
directed toward those antigens inadvertently avoided by their own unique history of antigen
exposure. In the future, it may be possible to determine this antigenic history and correct
gaps in immune surveillance with either personalized cancer vaccines or generalized

complex vaccines like the autophagosome-enriched vaccine studied here.
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CHAPTER 4

CONCLUDING REMARKS
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Many of today’s most heralded advances in cancer immunotherapy function via
manipulating systemic immunologic processes with little or no knowledge of the underlying
antigen-specific immunity involved. Such non-specific systemic treatments date to the days
of William Coley, whose crude intratumoral injections of bacterial ‘Coley’s toxins’ provide
the first intentional evidence of cancer immunotherapy [159]. Similar treatments based on
microbes and their analogues are in clinics today in the form of injectable intratumoral
viruses and toll-like receptor (TLR) agonists [160—165]. While we have a deeper
understanding of why these treatments sometimes work today — we often remain as blind as
Coley to most of the symphony of adaptive immunity that these treatments create. Even
current checkpoint blockade treatments such as anti-PD-1 (e.g. Nivolumab) and anti-CTLA-4
(e.g. Ipilimumab) [14], as well as next generation checkpoint blockade and costimulatory
agonist therapies targeting ICOS, VISTA, and OX40 are administered equally blind to the
antigen-specific adaptive immune environment [25,166-169]. T cell receptor (TCR)
sequencing is a recent advance that provides the opportunity to watch specific clonal T cell
populations grow and expand during these treatments [170], but without considerable
additional effort this method also remains antigen blind. Future advances in computational
immunology and TCR sequencing may eventually allow for peptide-MHC antigen
predictions from these TCR sequences [171], but these methods should remain unreliable in
the immediate future. Until such computational specificity analysis improves, direct
measurement of antigen-specific immunity will be required; the easiest method to

accomplish this will be though humoral immunity.
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This document has advanced the field of tumor immunology by demonstrating that
antigen-specific correspondence can occur between IgG antibody and CD8+ T cell responses
to cancer vaccines — a result that has important implications for high-throughput discovery
and monitoring of antigen-specific anti-tumor immunity. But how will this observation be
directly applied? Custom patient-specific antibody arrays analogous to the 15mer peptide
arrays used in our preclinical work may prove immediately useful to groups developing anti-
tumor patient-specific neoantigen vaccines [172] because these groups have an immediate
need for determining whether their vaccines augment immunity to patient-specific targets.
Nevertheless, until cheap automated analysis methods are developed, creating custom
neoantigen arrays will not be practical for the average oncology clinic. The requirement for
individualized genomic analysis and array design presented in this document are simply too

expensive and time intensive to become broadly applied in the near future.

In contrast to customized patient-specific assays, we propose that generalized
neoantigen peptide arrays may provide a more immediate opportunity to apply our
observations. Although the bulk of mutations in any individual cancer are unique to that
tumor and to that patient — a handful of neoantigens are shared surprisingly often between
them. For melanoma patients, it has long been recognized that only a handful of specific
missense mutations are responsible for most errors in tumor protein P53 (TP53) [173]. And
in recent years, The Cancer Genome Atlas (TCGA) and similar collaborative sequencing
initiatives have revealed that there are many other ‘hotspot’ mutations that are shared across
tumor oncogenes [173-176]. These neoantigen hotspots provide novel opportunities for

generalized immune monitoring and cancer vaccine design. For example: the specific single
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letter amino acid change R132H in the gene IDH is strongly associated with glioblastoma
[175], and cancer vaccines targeting this mutation are under development [177]. Also, T
cells naturally recognizing hotspots and other neoantigens have already been found in patient
tumor infiltrating lymphocyte samples [178-181]. These observations suggest that generic
yet mutation-specific immune monitoring methods might be useful for surveying some of
this neoantigen immunity in patients with cancer. If our preclinical work demonstrating
antibody / T cell correspondence has an analogue in humans, future studies may discover that
antibodies targeting certain oncogene mutations are associated with successful
immunosurveillance and a lifetime free of cancer, or that patients who develop new hotspot-

specific antibodies after therapy are more likely to respond successfully to their treatments.

It is now possible to turn to publically available tumor sequencing databases to
determine just how broadly shared these neoantigen hotspots are. As a demonstration, we
have downloaded data from a recent sequencing study performed at the Memorial Sloan-
Kettering Cancer Center: the MSK-IMPACT cohort [182]. These data are publically

available for download at the cBioPortal for Cancer Genomics (http://www.cbioportal.org/),

and include 10,945 primary and metastatic tumors from 143 different primary tissue sites and
represent over 10,000 individual cancer patients. Though there is exceptional diversity
amongst the passenger mutations carried by these patients, many share hotspot mutations in
their oncogenes. We found that a remarkable 37.8% of all samples in this study carried at
least one of just 50 hotspot amino acid changes (Fig. 4.1A). For example, around 1 in 14 of
the patients in this diverse cohort will carry either the KRAS G12D or PIK3CA E545K

mutation. The reason for this remarkable overlap of hotspot neoantigens is because these
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B.

Unique Site Mutant 15mer Peptide Frequency
KRAS G12D KLVVVGADGVGKSAL 443
; KRAS G12V KLVVVGAVGVGKSAL 368
= PIK3CA E545K DPLSEITKQEKDFLW 304
:’_,1 PIK3CA H1047R MKQMNDARHGGWTTK 301
8_ BRAF V600E GDFGLATEKSRWSGS 295
4 KRAS G12C KLVVVGACGVGKSAL 257
_8 PIK3CA E542K STRDPLSKITEQEKD 216
W TP53 R175H HMTEVVRHCPHHERC 209
B IDH1 R132H VKPIIIGHHAYGDQY 169
€ TP53 R248Q SCMGGMNQRPILTII 152
5 TP53 R273H GRNSFEVHVCACPGR 135
- KRAS G13D LVVVGAGDVGKSALT 133
f, EGFR L858R VKITDFGRAKLLGAE 131
E TP53 R273C GRNSFEVCVCACPGR 125
n TP53 R248W SCMGGMNWRPILTII 113
0 TP53 R282W CACPGRDWRTEEENL 96
g KRAS G12A KLVVVGAAGVGKSAL 89
= NOTCH2NL S67P EDCQYSTPHPCFVSR 81
I III I !!!!!!!!!! II' NRAS Q61R DILDTAGREEYSAMR 79
HLA-B E100V AQAQTDRVSLRNLRG 77
FGFR3 5249C TLDVLERCPHRPILQ 76
TP53 G2455 CNSSCMGSMNRRPIL 75
KRAS G12R KLVVVGARGVGKSAL 72
" IDH1 R132C VKPIIIGCHAYGDQY 69
> EGFR T790M TSTVQLIMQLMPFGC 57
% NRAS Q61K DILDTAGKEEYSAMR 56
‘6 KRAS Q61H DILDTAGHEEYSAMR 54
% HLA-B N104K TDRESLRKLRGYYNQ 52
"6 TP53 Y220C RHSVVVPCEPPEVGS 49
c ERBB2 S310F YLSTDVGFCTLVCPL 48
"5 GNAS R201H DQDLLRCHVLTSGIF 48
g ESR1 D538G KNVVPLYGLLLEMLD 46
= U2AF1534F CRHGDRCFRLHNKPT 45
E KRAS G125 KLVVVGASGVGKSAL 41
‘5 PIK3CA H1047L MKQMNDALHGGWTTK 41
£ PIK3CA N345K ILCATYVKVNIRDID 41
2 HLA-C V36M MRYFDTAMSRPGRGE 40
c GNAS R201C DQADLLRCCVLTSGIF 39
g SMAD4 R361H VDPSGGDHFCLGQALS 39
3 TP53 E285K PGRDRRTKEENLRKK 39
_GCJ KRAS A146T IPFIETSTKTRQRVE 38
=] PTEN R130Q HCKAGKGQTGVMICA 33
g CDKN2A H83Y ATLTRPVYDAAREGF 32
) FBXW7 R465H YGHTSTVHCMHLHEK 32
CDKN2Ap14ARF H83Y ATLTRPVYDAAREGF 31
CDKN2Ap16INK4A H83Y ATLTRPVYDAAREGF 31
PIK3CA R88Q EFFDETRQLCDLRLF 31
TP53 V157F TPPPGTRFRAMAIYK 31
CTNNB1 S37F YLDSGIHFGATTTAP 30
PIK3CA C420R KGAKEEHRPLAWGNI 30

Fig. 4.1 — Hotspot neoantigens in the MSK-IMPACT cohort. Whole genome sequencing data was

downloaded for 10,945 samples from 143 different primary tissues. Data were filtered for hotspots of common
SNV amino acid changes shared across patients. (A) A total of 4138 samples shared at least one of the top 50
hotspot SNV amino acid changes. (B) The top 50 hotspot SNV amino acid changes are listed, with surrounding
peptide context and frequency within this sample set.
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mutations are in protein-coding oncogenes directly involved in creating the tumors they are
found in. This means that even a simple neoantigen peptide array composed of 50 targets
could monitor antigen-specific humoral immunity to at least one tumor-specific mutation in a
large percentage of the clinical population. The full list of top hotspot mutations, along with
their observed frequency in this cohort, is shown alongside 15mer peptide sequences for a

proposed antibody array (Fig. 4.1B).

In addition to immune monitoring, there is an additional opportunity to use these
hotspot neoantigens as part of a generalized cancer vaccine. Although vaccines to simple
peptide tumor antigens have failed to add benefit in otherwise successful immunotherapy
trials [183], this does not mean hotspot neoantigen vaccines could not work with an
improved formulation or in the prophylactic setting. Improved formulations could involve
different adjuvants, delivery mechanisms, or antigen delivery as whole-protein or DNA
vaccines in longer sequences beyond the short peptides shown (Fig. 4.1B). Future work
might strengthen this hypothesis by surveying immunity in older individuals who never
develop cancer or patients who have successfully gone into remission after therapy. Such
antigen-specific surveys of high-risk tumor-free individuals could demonstrate whether
immunosurveilance against these neoantigen targets occurs, and if so — whether it correlates
to differences in disease incidence or outcome. If such correlations exist, they would support
the idea of hotspot neoantigen prevention vaccines. Support for this concept already exists in
the observation that certain cancers linked to specific oncogene hotspots are less prevalent in
patients with specific MHC genotypes and more frequent in others [184-186]. Such MHC-

associated differences in cancer incidence suggest that these oncogenes likely create an
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Fig. 4.2 — Diversity of hotspot neoantigens across primary tissues in MSK-IMPACT cohort. Different
tissues of origin present with different frequencies of hotspot neoantigens. Sequencing data was filtered for
individual primary tissues, and observed frequencies of the top 50 hotspot mutations were plotted for each
tissue. Results are very diverse across differing primary tissues. IDH1 R132H dominates in brain tumors,
found in >30% of samples. No hotspot mutation is commonly found in prostate tumors. Other tissues present
with a greater diversity of hotspot SNV mutations.
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antigenic peptide which either strongly or weakly binds these individual MHC isoforms —
resulting in a heterogeneity of natural immune surveillance by effector CD8+ T cells that
prevents some of these cancers from presenting as often clinically. At the level of individual
tumors, a tissue-specific heterogeneity in hotspot antigens can be observed in the MSK-
IMPACT cohort — different tissues of origin are more likely to carry certain neoantigen
hotspot mutations than others (Fig. 4.2). Pancreatic tumors are especially susceptible to
KRAS mutations with over half of patients presenting with either a G12D or G12V mutation.
In contrast, breast tumors almost never carry KRAS mutations, but instead carry a >30%
incidence risk for one of just a few PIK3CA mutations. Other cancers, such as prostate
tumors, share very few neoantigen hotspots with the overall population of tumor samples.
These differences likely relate to tissue-specific oncogenesis requirements and demonstrate
that targeted neoantigen hotspot arrays or vaccines might not be useful for some tumor types.
Contrary to much of the neoantigen-specific focus of this document, progress toward
a generic and widely effective cancer prevention vaccine might not be possible if it depends
solely on tumor neoantigens. While a vaccine to the peptides shown above (Fig. 4.1) could in
theory prevent some portion of clinically relevant tumors — it would be surprising if such a
vaccine were 100% effective. Single letter amino acid changes will not always be
immunogenic for some people due to patient MHC diversity [184-186], while in older
patients many of these mutations will additionally be carried by normal aged tissues [187].
These otherwise healthy cells displaying tumor neoantigens may unfortunately promote
peripheral tolerance against them. In contrast, the severe epigenetic dysregulation commonly
observed in cancerous cells [188-190] also results in overexpressed and ectopically-

expressed tumor-associated proteins which can prove surprisingly unique to cancerous tissue.
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Evidence has grown demonstrating the importance of these non-mutated tumor antigens such
as the cancer / testis antigen NY-ESO-1 [21,22,179,191]. In the past when genomic data was
harder to obtain, non-mutated tumor antigens such as NY-ESO-1 received most of the
attention. More recently the field has shifted away from ectopic and overexpressed tumor
antigens due to excitement over neoantigens and the failures of some overexpressed-self
clinical trials — such as gp100 peptide combined with anti-CTLA-4 in melanoma [183], and
the poor performance of some ‘successes’ such as Sipuleucel-T (Provenge) for prostate
cancer [192]. However, all this might mean is that these vaccines or treatments either failed
to induce an adequate and durable response, a poor adjuvant or delivery method, or that the
antigen was already recognized by many patients who instead required checkpoint therapy.
Interestingly, a recent paper specifically comparing T cell recognition frequency between
ectopic tumor antigens and neoantigens demonstrates a higher frequency of T cells targeting
ectopic-self tumor antigens than neoantigens [179]. Perhaps the best of these tumor-
associated antigens have not yet been appreciated: many may be in retroviruses or other non-
canonically transcribed regions of DNA that are often filtered out of mMRNA and mass
spectrometry analysis because they do not match canonically transcribed genes.

So which tumor antigens are most essential for a successful anti-tumor effector CD8+
T cell response — neoantigens or overexpressed / ectopically-expressed self? In most cases —
probably both. In the same way that tumors treated with small-molecule targeted therapies
are often able to evade and escape single inhibitors [193,194], it is thought that the immune
system’s ability to target a tumor simultaneously from several different directions against
several different antigens may be key to achieving not just remissions — but actual cures. To

determine which targets are most important for both immune response monitoring and future
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cancer vaccine design, a large antigen-specific ‘Cancer Immune Response Atlas’ of both
healthy and diseased patients could be made. Our work and that of others suggests that if
such an Atlas were built measuring humoral antibody responses, it would also partially
represent antigen-specific T cell immunity. By combining hotspot neoantigen analysis with
available high-throughput autoantigen discovery methods such as ProtoArray protein
microarrays [70,195-197], size exclusion chromatography-microsphere-based affinity
proteomics (SEC-MAP) arrays [198], nucleic acid programmable protein arrays (NAPPA)
[199-201], or bacteriophage immunoprecipitation sequencing (PhIP-seq) [202,203], it would
be possible to determine which antigen and isotype-specific antibody responses correlate
most with successful cancer treatments — and perhaps more importantly — to discover which
antibodies are associated with a lifetime spent free from cancer.

In addition to pioneering murine studies [204], the hypothesis of cancer immune
surveillance is supported by the observation that men are more likely to have clinical cancers
than women [4], and women are more likely to suffer from most autoimmune diseases than
men [205]. Any antigen-specific antibodies associated with these incidence discrepancies
could potentially be observable by methods similar to those reported here, and may represent
the effector CD8+ T cell immunity — or lack thereof — underlying some of these immune-
based conditions. The results of such surveys could then be applied to potentially improve
antigen-specific immune monitoring and cancer vaccine design. There’s even a chance this
type of work could lead to significant advances for the treatment of non-cancer disorders:
many ageing-related degenerative diseases such as Alzheimer’s disease, frontotemporal
dementia (FTD), and amyotrophic lateral sclerosis (ALS) are known to be inflammatory in

nature, involve disappearing cell populations, and yet be of a stubbornly unknown root cause
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[206-211]. Meanwhile, many of these same inflammatory diseases have an inverse
correlation with cancer incidence [212-217]. Interestingly, large epidemiological studies
demonstrate that melanoma survivors are at an increased risk of ALS [218], while some ALS
patient neurons are reported to express the normally silent human endogenous retrovirus K
(HERV-K) [219] — a known melanoma antigen [23]. Perhaps these observations are
interrelated, with conditions such as FTD, Parkinson’s, ALS, and Alzheimer’s being the
direct result of successful and overzealous anti-tumor immune surveillance which
unfortunately also attacks normal tissue. The most thorough way to answer such questions
would be through population-wide surveys of antigen-specific adaptive immunity; the results
presented in this thesis demonstrate such surveys can be accomplished by monitoring

humoral immunity with existing technologies.
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