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ABSTRACT

Vaccination against infectious diseases has long been heralded as one of the greatest
advancements in public health, yet its application to other clinical indications has fallen short of
expectations. In this thesis, we apply engineering principles to develop more potent vaccines in
the treatment of cancer and autoimmunity. Both major components of molecular vaccines,
antigen and adjuvant, are independently explored as a part of this work.

Our antigen studies sought to improve the delivery of peptide epitopes to lymphoid organs by
fusing epitopes to inert protein carriers with defined pharmacokinetic properties. To promote
anti-tumor immunity, we found that antigen carriers should 1) protect peptide cargo from
proteolytic degradation, 2) be appropriately bulky to drain into the lymphatics, and 3) be
rapidly cleared once in the blood to prevent tolerization at distal poorly inflamed organs.
Applying these principles, we identified transthyretin as an optimal delivery protein, and
demonstrated efficacy against a number of clinically relevant antigens. Because our protein-
epitope fusion approach is fully recombinant in nature, we were able to convert our protein
vaccines into nucleic acid modalities, including plasmid DNA and self-replicating RNA, which
are significantly easier and cheaper to manufacture at scale. Finally, we applied our learnings to
purposefully induce tolerization in the treatment of autoimmunity, and found that albumin is a
particularly efficacious antigen carrier protein for this application due to its extended half-life.

On the adjuvant front, we attempted to engineer novel Toll-like receptor 3 (TLR3) agonists via
yeast surface display. Although we successfully developed high affinity TLR3 binders, all tested
clones failed to agonize TLR3 despite the utilization of several multimerization strategies.
Separately, in an effort to better understand adjuvant biology, we conducted a detailed

mechanistic study of lipo-CpG, a particularly potent amphiphilic CpG variant previously -

developed by the Irvine lab. We uncovered a cascade of inflammatory signals originating from
monocytes that facilitates the induction of high magnitude T cell responses, largely by acting in
trans rather than directly on the antigen-presenting cell.

Overall, these studies have elucidated a number of design principles that should aid in the
engineering of next generation vaccines to better treat cancer and autoimmunity.

Thesis Supervisors: Darrell J. Irvine, PhD and K. Dane Wittrup, PhD
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Vaccines have been heralded as among the greatest achievements in the field of public
health, responsible for the eradication of smallpox' and a dramatic reduction in worldwide
instances of polio? and measles’. Despite its already profound legacy, however, the field of
vaccinology still has a number of frontiers that demand continued innovation and growth. For
example, vaccines have yet to make a lasting impact in battling cancer, despite large strides made
with the use of other immunomodulators?. Furthermore, clinically-approved vaccines thus far have
primarily sought to generate neutralizing antibodies, but few have generated robust cytotoxic T
lymphocyte (CTL) mediated immunity®. The field has also struggled to make vaccines without the
use of live attenuated vaccines, and the centuries-old Pasteur paradigm of “inoculate, inactivate,
inject” remains the standard. Subunit vaccines, which replace whole bacteria and/or viruses with
their specific immunogenic antigens, have been manufactured, but typically with reduced
immunogenicity®. Additionally, the clinical implementation of vaccines has focused almost
exclusively on the induction of activating immunity rather than regulatory immunity, and the
ability of vaccines to induce antigen-specific tolerance has been underexplored. The motivation
behind the work described in this thesis is thus to engineer more potent T cell subunit vaccines for

the treatment of cancer and autoimmune diseases.
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1.2 Vaccines in th_e treatment of cancer

A brief overview of cancer immunotherapy

The field of cancer immunotherapy was born in the late 19% century, when Dr. William
Coley injected patient’s sarcomas with bacteria or bacterial derivatives to induce a localized
immune response’. Despite encouraging clinical results from over a thousand patients,
skepticism and doubt prevented cancer immunotherapy from becoming mainstream in

oncology.

Fast-forward over a century into the future, and naysayers were presented with
indisputable evidence of the curative potential of harnessing the immune system with the
approval of ipilimumab in 2011 for the treatment of melanomas®. Ipilimumab belongs to a family
of drugs called checkpoint inhibitors, which interfere with inhibitory receptors on T cells, such
as programmed cell death protein 1 (PD-1) or cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) or their associated ligands. In doing so, these drugs “inhibit the inhibitors” of the
immune response, thereby taking the foot off the brakes to allow for re-invigoration of the
immune system that may be naturally suppressed by the tumor. Since the approval of
ipilimumab, a number of other checkpoint inhibitors have been approved as well, and the
number of clinically explored immunomodulatory modalities has only expanded further, such
that over 3000 agents were in development as of the fall of 2018, collectively seeking to drug
over 400 biological targets of interest®. The data suggest that not only is immuno-oncology here

to stay, but that it has evolved from the fringe in clinical oncology to the mainstream.
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In recent years, the burgeoning field of cancer immunotherapy has spawned several
exciting “firsts” in clinical oncology. While the vast majority of experimental new drugs are
saved for patients that have failed to respond to more mainstream treatment options, in 2017 a
drug named nivolumab, which targets PD-1, was approved by the FDA as a first-line therapy
for a subset of lung cancer patients’®, an exciting first step in expanding adoption of
immunotherapy, that might foretell a future in which an increasing number of patients may be
able to replace or delay toxic strategies like chemotherapy in the post-checkpoint inhibitor era.
Similarly, clinical oncologists have long decried our archaic strategy of treating patients by the
anatomical location of their tumors rather than by their underlying genetic features. Here, too,
cancer immunotherapy has helped move the field into the future, with the approval of
pembrolizumab, also an anti-PD-1 antibody, in all patients whose solid tumors demonstrate
microsatellite instability, regardless of anatomical location!. Additionally, the emergence of
immunotherapy led to the development of the first clinically approved gene therapy, whereby a
patient’'s own T cells are genetically modified to target their cancer cells before reinfusion into

the patient'213,

Cancer immunotherapy has the potential to significantly improve patient outcomes.
Many of the approved drugs against cancer from the 20t century, including chemotherapy and
targeted inhibitors, tend to impart short-term clinical benefit until the patient ultimately
relapses due to the evolution of drug resistance by the tumor!. In this context, the engagement
of the immune system is particularly exciting, as the immune system is by its very nature a co-

evolving weapon. As viruses mutate in a patient, for example, the patient’s immune system
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responds accordingly. As an infection progresses, patients develop an adaptive immune
response that triggers the development of antibodies and T cell-mediated immunity against the
specific signature elements of the infectious pathogen, or antigens. Additionally, over time the
adaptive immune response develops memory to significantly decrease the risk of a repeat
infection. If similar biological processes are directed against a tumor, the exquisite specificity of
the immune system could impart significantly more clinical benefit over the relatively crude

approach of trying to traditionally drug general targets over-expressed by the tumor.

Consistent with these theoretical ideas, the survival trends between patients treated with
targeted therapies and patients treated with immunotherapy tend to differ considerably. While
nearly all patients respond to targeted therapy, and respond quickly, they often ultimately
succumb to disease burden as tumors develop resistance against the drug'. Patients treated
with immunotherapy, on the other hand, may be slow to respond due to the timeframe required
to generate an immune response, and a relatively small fraction may respond due to the
difficulties in mounting an immune response against a tumor, but those that do respond will

often have long-term, durable tumor control (Fig. 1.1)5.
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Figure 1.1. Schematic summary of the survival advantage imparted by immunotherapy'®

An important consideration in the evolution of immunotherapy in the future is how to
increase the fraction of patients that respond to treatment. Data to date suggests that patients
with an ongoing immune response are the most likely to respond to checkpoint inhibitors!®-18,
Therefore, vaccines, due to their ability to generate endogenous responses against the tumor,

may have a critical role to play, especially in combination with checkpoint inhibitors.

The role of vaccines in cancer immunotherapy

Unlike the vaccines we are given as children, or the vaccines we are seasonally

administered, cancer vaccines are not prophylactic in nature, meaning they do not seek to
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prevent cancer. Rather, they are administered after a patient already presents with cancer, and
thereby the vaccine seeks to invigorate an appropriately strong immune response to control a

pre-existing lesion.

The only FDA-approved therapeutic cancer vaccine to date is Provenge, an autologous
cell-based therapeutic vaccine against castration-resistant metastatic prostate cancer developed
by Dendreon?. In this vaccination scheme, patient peripheral blood is collected, shipped to a
preparation facility, pulsed with prostate-specific antigen ex vivo, shipped back to the clinical
site, and subsequently reinfused into the patient. Although this treatment extends survival for
an median of 4.1 months for castration-resistant prostate cancer patients, its implementation is
complex and costly. To avoid these issues, defined subunit vaccines that target tumor-specific

antigens are preferable.

Subunit vaccines boil down a pathogen to its core immunological components. For
example, a vaccine against influenza may seek to generate antibody responses against purified
hemagluttinin—a glycoprotein antigen on the surface of the influenza viral capsid —rather than
against the whole live virus. However, an antigen on its own is not sufficient to mount an
immune response. To activate the adaptive immune system (generating the antigen-specific
response), the irmaté immune system (a more non-specific response) must first be triggered.
Antigen-presenting cells (APCs) express pathogen recognition receptors (PRRs) that recognize
pathogen-associated molecular patterns (PAMPs). PAMPs are typically conserved and
repetitive microbial components that are rarely found in mammalian organisms, including

lipopolysaccharide (LPS), a glycolipid common in the outer membrane of Gram-negative
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bacteria, unmethylated CpG DNA characteristic of bacterial genomes, and double-stranded
RNA. PRRs come in several varieties, including Toll-like receptors (TLRs), membrane-bound
receptorvs either embedded in the cell surface or in the endosome; RIG-I-like receptors (RLRs)
that detect viral RNA species in the cytoplasm; NOD-like receptors (NLRs) that respond to
diverse ligands via a large inflammasome structure; and STING, a cytosolic DNA sensor20?,
Agents that activate the immune system to potentiate subunit vaccination are called

“adjuvants.” The two core elements of a subunit vaccine are thus antigen and adjuvant.

While cancer vaccines have historically had poor success in the clinic, there are at least
three reasons why cancer vaccines should see renewed interest as part of the cancer
immunotherapy armamentarium, based on recent rapid advances in the field: First, the vast
majority of the history of cancer vaccine development occurred before the clinical approval of
checkpoint blockade therapies or other immunomodulatory agents that are now coming
online?>2¢, Without combination with these agents, however, T cells activated by vaccines may
simply become exhausted, dysfunctional, or immunosuppressed, failing to impart benefits on
patient outcomes. Secondly, the availability of an ever-growing array of targeted drugs that can
dramatically (but transiently) lower tumor burden provides a window of opportunity for
vaccines to act in a setting of minimal disease, and some of these drugs may act synergistically
with the immune response®. Lastly, powerful genomic sequencing capabilities are enabling the
possibility of patient-specific vaccines targeting defined neoantigens, which have the potential

for alleviating the safety and efficacy challenges of targeting unmutated self antigens?6-2.
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Altogether, these recent developments in cancer therapy strongly motivate renewed efforts to

develop effective therapeutic cancer vaccine approaches.

The state of the art in cancer vaccine engineering

Before our molecular understanding of innate receptors, adjuvants were loosely defined
as vaccine supplements that improved immunogenicity?. Between the 1920s and the turn of the
century, the only adjuvant approved in the United States was aluminum?. In practice,
aluminum salts are mixed with vaccine components to boost their potency. Adsorption of
antigen to aluminum results in particulate presentation of antigen, which can improve
phagocytosis by DCs’ and may serve as a signal to the immune system to increase the scale of
its response®. Other particulate formulations that have been tested in small animals also clearly
suggest that particulate vaccination dramatically improves potency. Potency has been enhanced
by packaging vaccines in liposomes®, pdlymeric particles*, and virus-like particles®, among
others. In many cases, antigen and adjuvant may be packaged in the same particle, ensuring
that APCs receive both signals simultaneously®. Despite their clear efficacy, however,
particulate vaccines suffer from difficulties in characterization and reproducibility. In an
industry where the bottleneck to innovation is often process development¥”, a more defined

strategy to improve subunit vaccine potency is preferable.

One such strategy to improve potency involves targeting certain APCs in lymphoid
organs. Because dendritic cells (DCs) are considered “professional” APCs%®, work spearheaded

by the late Ralph Steinman has led to the advent of vaccines fused to DC-targeting antibodies,
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ensuring that a larger fraction of injected material reaches the optimal effector cell. DC-targeting
antibodies include aDEC-205 and aDC-SIGN, among others, targeting DC-specific endocytic
receptors to promote internalization and vaccine processing®#. This strategy has been

particularly effective in the generation of CD8+ T cell responses.

Another recent trend in vaccinology has been the discovery and engineering of novel
adjuvants with increased potency. For example, the discovery of the cytosolic DNA sensor
STING is fairly recent one?, and use of its ligand (cyclic dinucleotides) has rapidly gained
attraction in the clinic*'. Additionally, a group in Novartis has recently co-opted drug screening
principles to discover new small molecule immune potentiators that signal via TLRs to add

novel drugs to the adjuvant repertoire®.

The Irvine lab has contributed to this field with a novel method to improve the potency
of subunit vaccinations®#. In this work, peptide antigen and CpG DNA adjuvant were
conjugated to the diacyl lipid tail 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE),
generating amphiphiles with a hydrophilic head and a hydrophobic tail. In the case of peptides,
which have varying degrees of solubility depending on the antigen, a 2 kDa polyethylene glycol
(PEG) polymer was inserted between lipid and peptide (Fig. 1.2). These amphiphilic vaccine
components were named amph-peptide and lipo-CpG. In solution, both amph-peptide and
lipo-CpG formed micelles that could be disrupted by the presence of serum albumin due to the
several lipid-binding pockets present in the globular protein®#. Binding of lipo-CpG to bovine
serum albumin (BSA) had an apparent Kd of 125 nM. In serum or in the interstitial space,

albumin concentration is maintained at roughly 500 uM via a recycling system mediated by the
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neonatal Fc receptor (FcRn) and by relatively high molecular weight¥”. Upon subcutaneous
injection, therefore, nearly all lipid-conjugated vaccine bound serum albumin. Lipid-mediated
albumin binding was found to have a direct correlation with lymph node (LN) uptake upon
subcutaneous injection, as measured by whole organ in vivo imaging systems (IVIS). Lipo-CpG
adjuvanted OVA vaccination resulted in tremendous increases in potency of protein antigens,
generating 32-fold higher numbers of OV A-specific CD8+ T cells in the blood compared to CpG.
Over 30% of the CD8+ T cells in the blood were OV A-specific, a high frequency rivaling that
seen during natural infection*. Similarly potent responses were seen when lipo-CpG and amph-

peptide were co-injected in vaccination.
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Figure 1.2. The amphiphile vaccine system

Both peptide antigen and CpG adjuvant were conjugated to DSPE, either with a PEG spacer in the case
of antigen or no spacer for CpG. Lipid conjugation facilitated serum albumin complexation in situ upon
injection, leading to improved lymph node uptake and vaccine responses.

Future directions in cancer vaccine engineering

Cancer vaccines have now progressed beyond the academic lab into mainstream biotech
industry. As industry proceeds with the development of this exciting therapeutic modality,

however, a number of challenges remain to be addressed. First, and likely of greatest
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importance, is appropriate selection of tumor neoantigens. Vaccines that target too few antigens
or antigens that are not truly drivers of tumorigenicity may simply lead to the generation of
escape mutants. To address this challenge, the two most advanced public cancer vaccine
companies, Neon Therapeutics and Gritstone Oncology, have largely competed against each
other in developing the most sophisticated neoantigen prediction strategy. This is no easy feat,
as mutations must first be identified following exome sequencing and then assessed for
appropriate processing and HLA loading®. While the loading criteria for the most common
HLA alleles is well-characterized, many alleles remain poorly understood, and both companies
have put considerable effort into expanding the existing training set to develop better predictive
models. Second, feasible and scalable antigen delivery strategies must be optimized to enhance
antigen bioavailability in the secondary lymphoid organs, where immune responses are
ultimately orchestrated. Third, whichever delivery strategy is utilized, vaccines must be easily
and reliably manufactured. When patient-specific neoantigen vaccines are manufactured,
production techniques cannot be exquisitely optimized on a case-by-case basis. Instead,
manufacturing strategies must be generalizable to a large variety of antigens, and synthesis
must be appropriately rapid such that patients do not succumb to disease prior to vaccine

availability.
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1.3 Vaccines in the treatment of autoimmunity

A brief overview of antigen-specific immunotherapy

Autoimmune disorders occur when a patient’s immune system recognizes a self-antigen
as foreign, thereby initiating a toxic response against healthy tissue. Because these diseases are
chronic in nature, they have a staggering cost on the healthcare system. It is estimated that 50
million Americans suffer from autoimmune related diseases, leading to annual costs of $100
billion annually®. Some of the most common autoimmune disorders include rheumatoid
arthritis (RA), characterized by the inflammatory degradation of cartilage, with 1.3 million
patients; type 1 diabetes, whose disease etiology consists of autoimmune destruction of
pancreatic beta cells, with 1.25 million patients; and multiple sclerosis (MS), in which the
immune system attacks the myelin sheath, with 400 thousand patients. Systemic autoimmune
disorders are typically characterized by autoantibodies, while organ-specific diseases are often

T-cell mediated.

What mechanisms lead to the initiation of autoimmunity? Genome-wide association
studies (GWAS) have so far failed to find strong predictors of autoimmunity. Thus far,
particular HLA alleles have been the most implicated in the risk of autoimmune initiation,
although precisely why remains controversial®'. One proposed mechanism of action in RA is the
conversion of arginine to citrulline by peptidyl arginine deiminases (PADs) during increased
inflammation and stress®*%. In two RA-associated HLA alleles (DRB01*04:01 and DRB01*04:04),

particular segments of the peptide-binding cleft are positively charged, thereby excluding
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cationic arginine but accommodating citrulline. RA-resistant HLA alleles, on the other hand,
tend to accommodate both arginine and citrulline®. In this manner, citrullination may lead to a

neoantigen-like response in some patients but not others based on their HLA makeup.

When considering why autoimmune disorders occur at all, it is important to recognize
that during T cell development in the thymus, self-reactive cells are only deleted if they are of
sufficiently high avidity®, leading to a reliance on peripheral tolerance to prevent aberrant
autoimmunity. One mechanism of peripheral tolerance is the physical exclusion of T cells from
tissues where their self-associated cognate antigen may be expressed. T cells follow CCR7 and
SiP gradients from blood to secondary lymphoid organs and back, thus failing to infiltrate
tissue prior to antigen exposure®. Additionally, the development of Tres cells and the induction
of checkpoint expression actively terminates the proliferation of self-reactive effector cells,
promoting anergy¥. Finally, the maturation status of antigen presenting cells during T cell
priming is an additional mechanism of maintaining peripheral tolerance. If DCs present antigen
from apoptotic cells, they fail to be activated by NFkB due to interactions with a family of
receptors called TAM receptors (Tyro, Axl, Myr)®; and a dearth of TLR ligands can similarly
maintain DCs in an inactive state during antigen presentation, leading to T cell anergy®. While
these mechanisms of preserving peripheral tolerance have typically gone awry during the
initiation of autoimmunity, they are important to consider as potential strategies to induce

antigen-specific tolerance.

Currently, autoimmune diseases are treated with a variety of anti-inflammatory agents

that broadly suppress the immune system in a non-antigen-specific manner. As a result,
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patients remain at risk of infection in a chronic manner, necessitating the development of
antigen-specific tolerization strategies instead. Beyond the typical prescription of anti-
inflammatory steroids, other FDA-approved drugs include Orencia, a CTLA4-IgG fusion®;
Humira, an anti-TNFa antibody¢!;, Xeljanz, a JAK/STAT inhibitor®?, Actemra, an anti-IL6R
antibody®; and methotrexate, a chemotherapeutic that can be used to dampen the immune
response®. Next generation therapeutics should a) be antigen-specific, obviating the need for
broad immunosuppression, and b) lead to long-lasting memory, reducing the need for frequent,

lifelong drug administration®.

The state of the art in tolerizing vaccines

While no tolerizing vaccines have yet been FDA approved, a number of preclinical
studies show promise and best capture the current state of the art. Jeff Hubbell’s group has
focused on fusing or conjugating antigen to scFv’s that target red blood cells (RBCs), thereby
extending the half-life of antigen and shunting antigen into regions of erythroptosis, or the
apoptosis or RBCs, ensuring that antigen is presented in the immunosuppressive apoptotic
context®®®”. A similar goal but alternative approach was developed by Harvey Lodish and
Hidde Ploegh, where genetically engineered RBCs were covalently conjugated with peptide
antigen using sortase to induce antigen-specific tolerance®. In addition to cellular delivery
strategies, a number of groups have been engineering biomaterial-based approaches to induce
tolerization in an antigen-specific manner. Stephen Miller has designed poly(lactide-co-
glycolide) (PLG) nanoparticles conjugated to peptide antigen, which if injected intravenously

can prevent and/or treat the onset of experimental autoimmune encephalomyelitis (EAE)®.
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Chris Jewell has instead opted to develop large microparticles that co-deliver antigen and
rapamycin; microparticles are injected directly into lymph nodes, where they persist for several
days, and can induce systemic induction of Trg cells that are effective at treating even distal
inflammatory sites”™. Perhaps one of the most intriguing approaches has been developed by
Pere Santamaria, who has engineered pMHC-decorated iron oxide nanoparticles. The high
density of pMHC induces the differentiation of Tnl cells (that typically secrete IFNy) into Trl
cells (that instead secrete IL-10). By directing the differentiation of disease-mediating effector
cells into ameliorative regulator-type cells, this approach is specifically effective in the

therapeutic context during active, ongoing disease”.

The current state of preclinical research in tolerizing vaccines remains heterogeneous,
however, without clear consensus on which preclinical models are most predictive of clinical
outcomes. In future development, studies should be prioritized that a) are based on
spontaneous models of autoimmunity that reliably capture the polyclonality of human disease,
rather than single-antigen directed models; b) are therapeutically treated rather than simply
prophylactically treated; ¢) demonstrate evidence of long-term efficacy without rapid dosing;
and d) show tissue-specific effects rather than broad immunosuppression. Criticism based on
these criteria will help ensure that only the most promising tolerizing vaccine candidates

progress to clinical validation.
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1.4 Thesis Overview

As T joined the lab(s) in January 2014, the Irvine lab had recently published on the lymph
node targeting amphiphile vaccine approach®, and already both labs were pursuing a fruitful
four-part therapy leveraging these highly potent vaccines combined with cytokine- and
antibody-based immunotherapy”2. It was clear that these vaccines were going to have staying
power in both the Irvine and the Wittrup labs, but that there was much about their mechanism
of action that remained poorly understood. I thus defined as my major goal during the PhD to
better understand how the amphiphile vaccines worked to the point that we could manipulate

and improve upon them.

To further investigate the mechanism of action of peptide amphiphiles, we fused
peptide antigens to mouse serum albumin, as peptide amphiphiles were thought to traffic to the
lymph node by hitchhiking off serum albumin in situ (Chapter 2). In doing so, we freed
ourselves from the dependence on in situ albumin, and could instead swap out various well-
defined proteins to better understand what protein carriers work versus which fail. This
strategy turned out to be highly informative, as we found that all protein carriers of sufficient
mass could appropriately traffic to the draining lymph node, but that the optimal protein
carriers ought to have rapid clearance rates from blood to minimize bioavailability in distal
lymphoid organs that have not been inflamed by adjuvant. In other words, the broad organ-
level pharmacokinetics of the antigen delivery vehicle seemed to dominate the response, as
opposed to specific molecular interactions between albumin and the immune system, as we

originally conjectured. At this point, a hypothesis-driven scientific inquiry morphed into an
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engineering exercise, as we honed in on transthyretin as an ideal protein carrier, and we pushed
the protein-antigen fusion system into still further applications, including DNA/RNA vaccines

(Chapter 3) and in pursuit of tolerization applications for autoimmunity (Chapter 4).

Our conclusions regarding mechanism of action of CpG amphiphiles (lipo-CpG) proved
to be quite different, unexpected by Occam’s razor (Chapter 5). Rather than lipo-CpG gaining
its advantage over CpG by virtue of lymphoid organ bioavailability, we instead found that lipo-
CpG preferentially segments into different cell types than CpG (particularly, monocytes), even
if CpG is dosed such that it accumulates in lymph nodes to the same extent as lipo-CpG. The
strong propensity of lipo-CpG to be uptaken by monocytes triggers an IL-12 driven cascade that
is significantly stronger than that induced by CpG, ultimately driving highly proliferative T cell
responses. We hoped to apply these lessons in adjuvant delivery to a new synthetically
produced adjuvant that we attempted to engineer using yeast surface display (Chapter 6).
While this part of the project never fully panned out, we overall uncovered useful design

principles in adjuvant delivery that can be applied to next-generation vaccines.
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CHAPTER 2. PHARMACOKINETIC TUNING OF PROTEIN-
ANTIGEN FUSIONS TO ENHANCE THE POTENCY OF
THERAPEUTIC T CELL VACCINES

Abstract

Recent advances in immuno-oncology have generated renewed optimism for therapeutic anti-
tumor vaccination, and peptide vaccines in particular are being extensively emploiyed in clinical
studies. However, peptide vaccines generally suffer from poor immunogenicity. Here, we
pharmacokinetically tune vaccine responses via fusion of peptide epitopes to carrier proteins to
optimize vaccine potency. Antigen-carrier fusions enable 3 factors to be optimized: a) efficient
uptake in draining lymphatics from the site of injection, b) protection of epitope payloads from
proteolytic degradation, and c) reduction of antigen presentation in uninflamed distal lymphoid |
organs. We find that peptides expressed as fusions with protein carriers like transthyretin can
solve all three pharmacokinetic challenges, enhancing peptide vaccine immunogenicity up to
90-fold in mice. We demonstrate the utility of this approach with several clinically relevant
antigens, including viral antigens, tumor-associated antigens, oncofetal antigens, and shared
neoantigens. Protein-epitope fusions represent a facile and generalizable approach to enhance T

cell responses elicited by subunit vaccines.
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2.1 Introduction

In recent years, immunotherapies have transformed clinical oncology, including
checkpoint blockade antibodies”7, chimeric antigen receptor T cells'?®3, bispecific T cell
engagers’®, and oncolytic viruses”. However, therapeutic cancer vaccines, the oldest and most-
studied form of immunological intervention, have had only modest clinical success, with a
single FDA approval to date?, despite their theoretical potential to enhance the response rates
of checkpoint inhibitors'®-’, Peptide vaccines in particular have been a focus in many recent
cancer therapy trials, due in part to their safety, modest cost, and capacity to be rapidly
manufactured, enabling patient-specific neoantigen vaccines®”. However, the potency of

peptide vaccines remains poor, especially in humans.

A number of pharmacokinetic (PK) shortcomings of peptide vaccines have been well
characterized, including inefficient antigen transport to local draining lymph nodes (dLNs)*#
and proteolytic instability*#!. Delivery strategies have been developed to address these
limitations, including the formulation of peptide antigens in synthetic particles?##, antibody-
mediated targeting of antigen to dendritic cells®®, or direct intra-nodal injections”# to obviate
the need for antigenic trafficking altogether. These approaches, while effective, are complex in
terms of manufacturing and/or administration, motivating the development of additional

solutions.

Here, we studied the role of vaccine antigen pharmacokinetics (PK) in controlling the

potency of subunit vaccines, and define strategies to optimize vaccine potency via PK tuning of
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antigen delivery. To control antigen degradation rates and PK, we fused tumor-associated
epitopes to inert protein carriers. By varying the identity of the carrier protein, we
systematically altered the PK and biodistribution characteristics of the fusions to define key
factors controlling vaccine potency. We find that immunogenicity is maximized by employing
carrier proteins that exhibit prolonged residence time in local adjuvant-inflamed draining
lymph nodes but short half-lives in systemic circulation, to minimize uptake in distal non-
inflamed lymphoid organs. Collectively, these conclusions help identify a set of simple

pharmacokinetic design criteria to aid in the engineering of molecular vaccines.

2.2 Results and Discussion

Tuning kas and proteolytic stability of peptide antigens by fusion to albumin

enhances delivery to draining lymph nodes

Upon parenteral injection, antigens can be: absorbed into systemic circulation; degraded
in tissue; traffic into lymph; or, preferably, captured by antigen presenting cells (APCs) locally.
We hypothesized that fusion of peptide antigens to a bulky protein carrier could limit these first
two potential fates to promote immune priming. Antigen levels in the blood following
subcutaneous injection are a function of the systemic absorption rate (kws) and the rate of
clearance from circulation (k). These rate constants influence the antigen bioavailability in
both the dLNs and distal lymphoid organs (Fig. 2.1a). Previous work has shown that
parenterally-administered molecules < 40 kDa are rapidly absorbed through -capillary

endothelial cell junctions into systemic circulation, while larger molecules are size-excluded
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from entering the blood vasculature and instead drain to lymphatic vessels®. To determine the
hydrodynamic threshold for efficient lymphatic uptake in mice, we first assessed lymph node
accumulation of dextrans of varying molecular weight. While 4 kDa dextran (hydrodynamic
radius 1.2 nm) did not access the dLN above background, 20 kDa dextran (radius 2.4 nm) did so

effectively (Fig. 2.2a,b).

Based on these data, we hypothesized that peptide epitopes (~2 kDa) would have low
lymphatic uptake and high ks rates that could be greatly reduced upon fusion to mouse serum
albumin (MSA, 69 kDa), with a hydrodynamic radius of 3.3 nm (Fig. 2.2a). To test this idea, we
fused a long peptide from human papillomavirus (HPV) E73;s, containing the
immunodominant H-2Db-restricted CD8* T cell epitope E71957, to the C terminus of MSA,
including a His tag for purification®” (Fig. 2.1b). Following expression and purification of MSA-
E73857 in human embryonic (HEK) cells, size exclusion chromatography (SEC) confirmed that
the protein preparation was pure and monomeric (Fig. 2.3a). To determine kas for this antigen
fusion, we injected FITC-labeled MSA-E73s.57 or E738s7 peptide subcutaneously in mice and
measured concentrations in serum over time (Fig. 2.1c). These measurements revealed that ks
was greatly reduced for MSA-E7:ss compared to the free peptide (0.14 hr! vs. 1.37 hr?,
respectively) (Fig. 2.1d). Thus, fusion to albumin enables the systemic absorption rate constant

of peptides to be reduced by ~10-fold.

In addition to rapid systemic absorption, peptides suffer from poor dLN bioavailability
due to proteolytic instability*#. To assess the impact of MSA fusion on the stability of peptide

antigens, we re-stimulated E7sss7-vaccinated splenocytes ex vivo with varying concentrations of
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either fresh or serum-treated E7ss antigens and measured their IFN-y production by
intracellular cytokine staining (ICS). Ex vivo splenocyte recall in response to free E7s.57 peptide
was substantially reduced following serum treatment (ECsoserum/ECsotresh = 47.9), while
stimulation by MSA-E73ss7 was minimally affected by pre-treatment of the antigen fusion with
serum (ECsoserum/ECsofresh = 0.95) (Fig. 2.1e). As a more direct measure of proteolysis, E73s57
peptides and MSA fusions were prepared with Hiss and FLAG tags flanking the N- and C-
terminal ends of the epitope, respectively. These tagged antigens were incubated in 20% mouse
plasma, followed by a sandwich ELISA with FLAG capture and Hiss detection, to detect
cleavage of the E73s:s epitope (Fig. 2.4a). This assay detected cleavage of 34% of E7sss in 4 hr,

while MSA-E73s57 remained fully intact over this time course (Fig. 2.4b).

Although protection from extracellular proteases is desirable, intracellular epitope
cleavage is an important step in antigen processing by antigen presenting cells. We found that
not only are MSA-fused epitopes bioactive, but they are more readily processed than epitopes
buried in the primary structure of protein antigens. OTI splenocytes with T cells specific for H-
2K*/Ovazsr264 were pulsed for 24 hours ex vivo with Ovasizno peptide (20mer that requires
processing), MSA-Ovazsian, or whole Ova protein, using CD69 MFI expression on CD8* T cells
as a read-out of priming. While Ovazs12n peptide was most effectively processed and presented
to OTI cells, MSA-Ovazsian was more immunogenic than whole protein Ova (Fig. 2.5). These
results demonstrate that displaying epitopes on the terminal end of MSA simultaneously

protects epitopes from serum degradation while preserving bioactivity in APCs.
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Due to its appropriate size and improved proteolytic stability, FITC-labeled MSA-E73s-57
effectively trafficked to the dLN following subcutaneous administration, while labeled E73ss
peptide failed to accumulate above background as measured by IVIS imaging (Fig. 2.1f).
Surprisingly, even ten-fold higher molar doses of labeled E73ss7 peptide were not detectable in
the dLN. Notably, administering the peptide instead in the commonly used Montanide water-
in-oil emulsion adjuvant also failed to improve peptide bioavailability in the dLN (Fig. 2.6a)
and instead led to retention at the injection site (Fig. 2.6b), a phenomenon previously
demonstrated to lead to aberrant trafficking of antigen-specific T cells to the injection site and
subsequent anergy/deletion®. Collectively, we conclude that expression as a fusion to MSA
substantially improves delivery to draining lymph nodes by improving a peptide epitope’s

bioavailability.
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Figure 2.1. Albumin fusion enhances the bioavailability of antigen in the dLN

(a) Schematic of pharmacokinetic model describing absorbance rate (k,,s) and clearance rate (kg eswhich
determine bioavailability in lymphoid organs. (b) Schematic of MSA-E735.5; protein design. (¢) FITC
labeled E735.57 or MSA-E735.57 was injected either subcutaneously or intravenously in mice (n = 3 mice per
group). <10 pl blood draws were used to quantify antigen concentration in serum over the course of 24
hours following injection. (d) Calculated ks rates for E73s.5; peptide and MSA-E7:5.5; (data £ SE). (e)
Splenocytes from E735.57,-vaccinated mice were restimulated in the presence of brefeldin A with indicated
antigen either fresh or treated with 10% mouse serum for 24 hours. Shown is the fold ECs, increase
following serum treatment (data + SE). (f) FITC-labeled E7i.57 or MSA-E735.57 was injected
subcutaneously in mice at the indicated doses. 8 hours after injection, inguinal lymph nodes were excised
and imaged on IVIS (n = 6 lymph nodes per group). Data are representative of two independent
experiments. * P < 0.05; ** P < 0.01; **** P < 0.0001 by one-tailed t test (d,e) or one-way ANOVA with
Tukey’'s multiple comparisons test (f).
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Figure 2.2. Lymph node uptake is directly related to molecular weight

1]

(a) Shown are hydrodynamic radii of dextran and the indicated protein fusions were quantified on DLS.
(b) Equimolar doses of FITC-dextran with the indicated molecular weight were injected subcutaneously in
mice. 8 hours later, inguinal lymph nodes were excised and imaged on IVIS (n = 4 lymph nodes per
group). ** P < 0.01; *** P < 0.0001 by one-way ANOVA with Tukey’s multiple comparisons test against

PBS (a).
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Figure 2.3. Protein-antigen fusion constructs run as single peaks in size exclusion chromatography

(a-c) SEC plots of the indicated protein-antigen fusion. 50 ug of protein were run in PBS on an analytical
Superdex 200 Increase column.
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Figure 2.4. Direct test of proteolytic stability

(a) Schematic of the sandwich ELISA used to assess proteolytic stability. Following plasma incubation,
mixed reaction was incubated with ELISA plates coated with anti-FLAG capture antibody. Detection was
performed with an HRP-conjugated anti-His antibody. (b) His-E735.57-FLAG or MSA-His-E735.57-FLAG was
incubated in fresh 20% mouse plasma for 4 hours. Intact antigen concentration was quantified via
sandwich ELISA with FLAG capture and His detection (n = 3 technical replicates). Data are
representative of two independent experiments. * P < 0.05 by two-tailed t tests within each group on the x
axis (b).
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Figure 2.5. MSA- and TTR-epitope fusions are better processed than whole protein antigen

Splenocytes from OTI mice were cultured with the indicated antigenic constructs for 24 hours. After
incubation, CD8+ T cells were assessed for CD89 expression by flow cytometry.

40



Ephuor sconce

a MSA-E7 ET Peptide ET7 Peptide &
3 pg equiv 3pg 15 ug 2.5%10°+

50 Saline Montanide
§. £ 2.0x10°
Montanide § 6.
o é a 1.5%10'
108 w e 1.0“106J
ES .
Saline - % E 5.0%10°4
1]
o % 0.0~
-5,0%105-
20
&
Radart Eltcency
|"’"”°wf,€f":,"1
&n"-'ﬁafs %";\
o
&
Eprfuorescence
40
Montanide
30
x10?
Saline =4
1.0
Radant E;_i.n'ty
Color
Mn = 21008
Max = 4 2009

Figure 2.6. Montanide formulation fails to enhance dLN bioavailability

(a,b) FITC-labeled E73s5; or MSA-E73.5;, formulated either in saline or Montanide, was injected
subcutaneously in mice at the indicated doses. 8 hours after injection, inguinal lymph nodes (n = 4 lymph
nodes per group) (a) and injection sites (n = 2 mice per group) (b) were imaged on IVIS. **** P < 0.0001
by one-way ANOVA with Tukey's multiple comparisons test versus PBS control (a).
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Albumin-antigen fusions effectively prime functional CD8* T cell responses

To test the immunogenicity of MSA-E73s7 relative to free E7:.s7 peptides, mice were
subcutaneously primed and boosted with E73s.57 or equimolar doses of MSA-E73s57 mixed with
cyclic-di-GMP, a cyclic dinucleotide (CDN) STING agonist?!, as an adjuvant. H2-DY/E719.57
tetramer staining revealed that MSA fusions elicited 49-fold greater frequencies of E7a9s7-
specific CD8* T cells in blood compared to E73ss7 peptide vaccination (Fig. 2.7a). Even tenfold
higher doses of E73s57 peptide failed to replicate the immunogenicity of the albumin-antigen
fusion protein (Fig. 2.7b), likely due to the poor dLN accumulation of even high peptide doses.
Importantly, antibodies were not raised against MSA (Fig. 2.8a,b), and induction of protective
memory responses was confirmed in MSA-E73s.s7-vaccinated animals, which rejected challenge

with E7* TC-1 tumor cells two months after boost (Fig. 2.9).

We next assessed whether vaccination with MSA-E7ss fusions could elicit
therapeutically effective T cell responses against established subcutaneous E7* TC-1 tumors.
Mice bearing TC-1 tumors were treated weekly with equimolar doses of E73ss7 or MSA-E73s57
and CDNs. Mice treated with MSA-E73ss7 had a statistically significant improvement in tumor
control relative to PBS-treated mice, leading to substantially prolonged survival and a 40% cure
rate, while the median survival of E7s-s7-treated mice was unchanged relative to untreated

animals and only 10% of mice were cured (Fig. 2.7c).
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The generalizability of the MSA delivery strategy was assessed by testing alternative
adjuvants, attaching other tumor-associated epitopes, and utilizing alternative albumin-binding
agents. To confirm that vaccine potentiation was not restricted to the use of CDN as an
adjuvant, MSA-E73s.57 was compared against E73s.57 with a panel of adjuvants; including CpG, a
TLR9 agonist; poly(I:C), a TLR3 agonist; and lipo-CpG, a potent lymph-node targeting variant
of CpG¥. In all cases, MSA-E73s7 vaccinated animals primed at least ten-fold stronger anti-E74-

s7 responses than E73s.5 vaccinated animals (Fig. 2.7d).

In anti-tumor vaccine design, altered peptide ligands (APLs) are engineered to promote
stronger affinity for MHC molecules without modifying specificity against the wild-type
epitope, thus generating more potent responses against the tumor®. We tested MSA fusion
vaccines targeting melanoma-associated Trpliss.es APL®, gp1002039 APL®, and oncofetal antigen
CEAse7-81. Following prime and boost vaccination, peripheral blood mononuclear cells (PBMCs)
were re-stimulated with the appropriate CD8* T cell optimal peptide, and IFN-y and TNF-a
expression were assessed via ICS. As measured by IFNy*CD8* T cells, MSA-epitope fusion
vaccines outperformed their peptide counterparts by 18-fold for Trplisses APL, 39-fold for
gp100203 APL, and 61-fold for CEAswzs: (Fig. 2.7e). MSA-fusion vaccines also generated
polyfunctional CD8* T cell responses that secreted both IFN-y and TNF-a while peptide-based

vaccines failed to do so.

We next asked whether immunogenicity potentiation was dependent on direct covalent
linkage of epitope to MSA. First, we fused E73ss7 to a small 7 kDa protein (sso7d) recently

characterized as a non-antibody protein engineering scaffold®?®. While an irrelevant sso7d
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fusion (Irr sso7d-E7sss7) failed to prime CD8+ T cell responses relative to naive animals (Fig.
2.7f), an engineered variant of sso7d that bound MSA with a Ka of 8 nM fused to E73ss7
(M18.2.5-E73857) successfully primed anti-E74957 responses equivalently to MSA-E73s7 (Fig. 2.7g).
Additionally, when MSA-E74.57 was directly compared against amph-E757 with lipo-CpG as
the adjuvant, both the recombinant fusion and the amphiphile performed equivalently (Fig.
2.10). Collectively, these data suggest that 1) fusion to a small protein carrier is insufficient to
potentiate immunogenicity, and 2) that both reversible and irreversible linkages to MSA can

enhance vaccination potency.

Immunogenicity of MSA-E73s57 was dependent on cross-presenting Batf3* cells in vivo
(Fig. 2.11a). Because albumin as an antigen carrier does not direct antigen uptake to particular
APCs, we evaluated the impact of including a targeting moiety for cross-presenting DC subsets
in the MSA-antigen fusion design. Using yeast surface display, we engineered a fibronectin
clone (DEC1) that bound DEC-205 with a Ka of 0.66 nM (Fig. 2.11b), and fused it to the N-
terminal end of MSA-E7sss (DECI-MSA-E73-57). Immunization with DECI1-MSA-E73s57
increased lymph node-resident CD8* DC uptake of antigen by 39-fold compared to MSA-E73s57
(Fig. 2.11c); interestingly, though, it did not improve total dLN accumulation as measured by
IVIS (Fig. 2.11d). As an immunogen, DEC1-MSA-E73s7 elicited T cell responses that were not
statistically different from MSA-E73s7 for antigen doses ranging from 0.3-3 ug peptide
equivalence (Fig. 2.11e). Thus, enhanced lymphatic delivery and protection of peptides from

premature degradation are sufficient for protein carriers to substantially enhance peptide
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vaccine immunogenicity, and specific APC targeting does not further improve T cell responses,

at least for albumin fusions.

The use of protein carriers as a concept is not new: peptides are routinely conjugated to
immunogenic protein carriers like keyhole limpet hemocyanin (KLH) to increase B cell receptor
crosslinking and co-deliver antigen with CD4+ T cell epitopes, boosting humoral immunity®.
However, T cell responses are exclusively detected against KLH, not against the antigen of
interest®; and the impacts of KLH on biodistribution have been understudied. Here, we utilize
immunologically inert protein carriers to direct cellular responses against fused epitope

payloads, and we tune immunogenicity by the modulation of pharmacokinetics.
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Figure 2.7. Albumin delivery of epitopes is a generalizable immunogenicity enhancement strategy

(a) Mice were primed and boosted with E735.57 or MSA-E735.57 plus CDN subcutaneously. Shown are
representative tetramer stain flow plots among CD8+ T cells 6 days after boost, and quantification (n =5
mice per group). Data are representative of over five independent experiments. (b) Mice were primed and
boosted with E733.5; or MSA-E735.57 as in (a) at the indicated doses. Shown are tetramer stain data among
CD8+ T cells 6 days after boost (n = 4 mice per group). (c) Timeline and treatment schematic of TC-1
tumor study, along with tumor growth plots and survival curves (n = 5 - 10 mice per group). Data are
compiled from two independent experiments. (d) Mice were primed and boosted with E735.57 or MSA-E735.
s7 plus the indicated adjuvants subcutaneously. Shown are tetramer stain data among CD8+ T cells 6
days after boost (n = 6 mice per group for CpG and poly(l:C) and n = 5§ mice per group for lipo-CpG). (e)
Mice were primed and boosted with the indicated antigens as in (a). 6 days after boost, peripheral blood
cells were stimulated for 6 hours with WT optimal antigenic peptides in the presence of brefeldin A.
Shown are representative flow cytometry plots plots for intracellular cytokine staining among CD8+ T cells
and quantification (n = 4 mice per group). (f-g) Mice were primed and boosted with the indicated vaccine
as in (a). Shown are tetramer stain data among CD8+ T cells 6 days after boost (n = 5 mice in (f) and n=
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4 mice in (g)). Throughout, * P < 0.05; ** P < 0.01; *** P < 0.001; *** P < 0.0001 by one-way ANOVA with
Tukey’s multiple comparisons test (a,b,f,g); by log-rank (Mantel-Cox) test versus PBS (c); and by two-
tailed t tests within each group on the x axis (d,e).

a 0.15- b
Ova 0.4+
MSA Coated Coated

0.104 0.3+

2 o
< 29 0.2

0.05+ - <
0.1
0.00- O.OJ

2 @ a a R No MSA Coated MSA Coated
& ¢,Q" é%‘% 6\..;5 (¢)
A o &
P <
Vaccination
c 0.20~ Ova d
TR Coated Coated 1.5-
0.154

% 1.0+

S 0.104 2

< :
0.05- iy
0.00- 0.04

] Q\be & & 0@ No TTR Coated TTR Coated

® & &F ¥

Vaccination

Figure 2.8. No antibody responses are detected against MSA nor TTR following vaccination

(a,c) Serum from mice primed and boosted with the indicated vaccine was collected and IgG purified with
Protein A resin. The presence of anti-MSA (a) or anti-TTR (c¢) antibodies was measured with an ELISA
plate coated with the corresponding protein of interest. Following serum incubation and washes, a
chicken anti-mouse antibody was used as a detection reagent. Ova vaccinated animals and ova-coated
wells were used as positive controls (n = 2 mice for Ova controls and n = 5 mice for other groups). (b,d)
To confirm that MSA- (b) and TTR- (d) coated wells were of high quality, anti-MSA and anti-TTR
antibodies were used as detection reagents (n = 2 mice per group).
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Figure 2.9. MSA-E735.57-vaccinated mice generate anti-E7 memory

MSA-E73s.57-vaccinated mice generate anti-E7 memory. 66 days following boost, mice were inoculated
with 300k TC-1 cells and euthanized after tumors exceeded 100 mm? in area (n = 5 mice per group). ** P
< 0.01 by long-rank (Mantel-Cox) test versus PBS.
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Figure 2.10. MSA-E7 ;.57 performs similarly to amph-E74g.57

Mice were primed and boosted with 5 pug amph-E745.s; or equimolar MSA-E7,445; plus lipo-CpG
subcutaneously. Shown are tetramer stain data among CD8+ T cells 6 days after boost (n = 4 mice per
group). Data are representative of two independent experiments. Two-tailed t test performed to assess
statistical significance.
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Figure 2.11. Targeting CD8+ DCs fails to enhance MSA-E735.5; immunogenicity.

(a) Mice (WT or Batf3™) were primed and boosted with E734.57 or MSA-E735.57 plus CDN subcutaneously.
Shown are tetramer stain data among CD8+ T cells 6 days after boost (n = 4-5 mice per group). (b)
Soluble biotinylated DEC-205 was used to label yeast displaying DEC1 fibronectin, and MFI following
secondary incubation was used to calculate the Ky of DEC1. (¢) AF488-labeled MSA-E735.5; or DEC1-
MSA-E735.57 was injected subcutaneously in mice. 24 hours later, the inguinal lymph node was excised
and AF488 signal in CD8+ DCs was assessed by flow cytometry (n = 5 mice per group). (d) FITC-labeled
MSA-E735.57 or DEC1-MSA-E735.57 was injected subcutaneously in mice. 8 hours later, the inguinal node
was imaged by IVIS. (e) Mice were primed and boosted with the indicated doses of MSA-E735.5; or DEC1-
MSA-E735.57 plus CDN subcutaneously. Shown are tetramer stain data among CD8+ T cells 6 days after
boost (n = 5 mice). Data are representative of three independent experiments. Throughout, *** P < 0.001
and **** P < 0.0001 by two-tailed t tests within each group on the x axis (a,d) or at each indicated dose
(e); and by one-way ANOVA with Tukey's multiple comparisons test (c).
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Systemic antigen exposure during vaccination promotes tolerance

We hypothesized that systemic absorption distal from the injection site might blunt
immune responses to vaccination, because the absence of inflammatory cues provided by
adjuvant would promote tolerance rather than immune priming. Notably, we found that even
when administered together with the CDN adjuvant, i.v.-administered MSA-E7zs failed to
prime a cellular immune response (Fig. 2.12a). Rather, i.v. administration induced tolerance
against subsequent recall challenge with the same antigen: when mice were administered a
single i.v. injection of MSA-E73s57 and then challenged with a s.c. prime and boost vaccination
with the antigen fusion two weeks later, there was a > 85% drop in the magnitude of the T cell
response to the s.c. immunization compared to animals that had received a control i.v. injection
of PBS prior to challenge in lieu of the albumin fusion (Fig. 2.12b). Tolerance was induced by
MSA-antigen fusions administered i.v. alone or co-administered with either of two different
adjuvants (CDN or CpG) (Fig. 2.12b). Strikingly, i.v. tolerization via MSA-E7x;s was
significantly more effective than i.v. administration of E73ss7 peptide, the typical gold standard

method of tolerization (Fig. 2.12c).

Persistent antigen presentation in the absence of inflammatory cues can induce T cell
tolerization and dysfunction®-%. Our pharmacokinetic measurements showed the serum half-
life of MSA-E73s57 to be 36 hours; we hypothesized that this long half-life may prolong antigen
presentation and induce persistent T cell priming in distal lymphoid organs that fail to be
inflamed from subcutaneous injection of the adjuvant. To test this idea, we subcutaneously

vaccinated C57Bl/6 mice with 100 ug MSA-gp10023 APL and CDN adjuvant. After 1, 4, or 7
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days, 500k pmel Thy1.1* cells expressing TCRs specific for the gp100 epitope were adoptively
transferred into vaccinated animals to serve as reporters of antigen presentation. 24 hours later,
the local LN (inguinal node) and distal lymphoid organs (mesenteric node and spleen) were
excised and resident Thyl.1 cells were assessed for CD69 expression indicative of TCR
triggering. At equivalent time points, CD8* DCs were analyzed for CD86 expression indicative
of DC activation and exposure to inflammatory signals induced by the adjuvant. As anticipated,
only the local dLN was inflamed by CDNs to induce activation in CD8* DCs. However, antigen
presentation persisted for extended periods of time even in distal non-inflamed organs, with
pmel T cells still showing CD69 upregulation in the mesenteric LNs when transferred 4 days
after immunization or 7 days after immunization in the spleen (Fig. 2.12d). Collectively, these
data suggest that only the local dLN likely contributes to activating immunity due to the
simultaneous presence of both antigen and inflammatory cues, and persistent dysfunctional

priming in distal organs serves to blunt functional immunity overall.

To more specifically query the mechanism of tolerance following systemic exposure to
albumin fusions, we transferred 1 million CFSE-labeled Thy1.1* pmel cells into recipient mice
and subsequently administered PBS, gp10020-39 peptide, or MSA-gp10020-3 i.v.; 72h later, Thyl.1*
cells in the spleen were analyzed for CFSE dilution and PD1, Lag3, and Tim3 expression. MSA-
gp1002039 administration led to significant proliferation of Thyl.1* cells (Fig. 2.12e-g) and the
adoption of a PD1*Lag3* phenotype (Fig. 2.12g). In the absence of adjuvant, persistent systemic

distribution of MSA fusions proliferates and exhausts antigen-specific T cells.
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Figure 2.12. The systemic distribution of albumin fusions induces tolerance

(a) Mice were primed and boosted with E73557; or MSA-E74557 plus CDN either subcutaneously or
intravenously. Shown are tetramer stain data among CD8+ T cells 6 days after boost (n = 5 mice per
group). Data are representative of two independent experiments. (b-c) Mice were intravenously
administered the indicated vaccine and prime/boost challenged two weeks later subcutaneously with
CDN. Shown are tetramer stain data among CD8+ T cells 6 days after challenge boost (n = 4-10 mice per
group in (b) and n = 5 mice per group in (c)). (d) Mice were subcutaneously administered MSA-gp10020.39
APL with CDN. Following 1, 4, and 7d post-vaccination, 0.5M pmel CD8+Thy1.1+ cells were transferred
into mice. 24 hours after transfer, the indicated organs were excised and CD69 MFI measured on
Thy1.1+ cells by flow (blue curves). At the same time points post-vaccination, the indicated organs were
excised and CD86 MFI measured on CD8+ DCs by flow cytometry (red curves) (n = 3 mice per group).
(e-g) 1M CFSE-labeled pmel CD8+Thy1.1+ cells were transferred into WT mice and the indicated
vaccines administered intravenously without adjuvant 24 hours later. After 72 hours, Thy1.1+ cells in the
spleen were assessed by flow cytometry. (e) Shown are representative flow plots of CFSE dilution and
PD1 expression. (f) Quantification of proliferation index via CFSE dilution. (g) Quantification of the
frequency of expression of exhaustion-associated markers. Throughout, * P < 0.05; ** P < 0.01; *** P <
0.001; **** P < 0.0001 by two-tailed t tests within each group on the x axis (a); by one-way ANOVA with
Tukey’s multiple comparisons test compared against PBS (b,c,g); compared against the day zero time
point for each measurement (d); or compared between all groups (f).

53



Increasing keear can improve the immunogenicity of protein-epitope fusions

The counterbalancing tolerizing impact of persistent systemically-distributed protein
compelled us to search for an alternative protein carrier that preserved the slow kas of albumin
while exhibiting a more rapid systemic kaer rate constant, to increase local lymph node
accumulation of antigen while decreasing systemic antigen exposure. We identified
transthyretin (TTR), a ~60 KDa tetrameric endogenous hormone-trafficking serum protein as a
promising candidate protein carrier, as it has a similar molecular weight as albumin but a
significantly shorter systemic half life (ti2 of ~2 days for TTR® versus tiz of ~3 weeks for
albumin!®). To confirm TTR’s similarity to MSA in all characteristics except ke, we
recombinantly produced and characterized TTR-E73s7 in similar fashion to the production of
MSA-E7ss57 (Fig. 2.3b). E73.s7 peptide was processed and presented by either fusion protein
with similar potency during ex vivo splenocyte restimulation with MSA-E73ss7 or TTR-E738.57
(Fig. 2.13a), and like MSA-E73s57, TTR-E738s7 was proteolytically stable relative to free E73s7
peptide (Fig. 2.14a). Following s.c. administration, FITC-TTR-E73s-s7 accumulated equivalently to
FITC-MSA-E73ss7 in the inguinal dLN (Fig. 2.13b). To rule out differences in APC uptake, MSA-
E7s857 and TTR-E73ss7 were labeled with Alexa Fluor 647, injected subcutaneously, and the
inguinal node was excised, digested, and assessed by flow cytometry 24 hours later. Equivalent

uptake was detected in all analyzed DC and macrophage populations (Fig. 2.13c).

By contrast, analysis of blood concentrations of MSA-E73s.57 and TTR-E73ss7 following s.c.
administration (Fig. 2.13d, Fig. 2.14b) revealed distinct systemic pharmacokinetics. While kabs

was similar between MSA-E73s7 and TTR-E73s7 (0.14 = 0.03 hr! and 0.16 = 0.03 hrt!
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respectively), ka.r was over three-fold faster for TTR-E73ss7 relative to MSA-E73s57 (MSA-E73s-57
has a keear of 0.019 £ 0.004 hr! versus TTR-E73s.57 with a kcear of 0.059 £ 0.006 hr?) (Fig. 2.13d). Due
to this faster clearance rate, antigen presentation in distal, uninflamed lymphoid organs was
much more transient for TTR than for MSA fusions. gp1002039 administered as a TTR fusion s.c.
with adjuvant was presented and triggered reporter pmel T cell activation in the local inflamed
dLN over the course of a week, while pmel activation was only detected in the mesenteric LN
and the spleen at 1 day post immunization (Fig. 2.13e), in contrast to the persistent antigen
presentation in these distal sites following MSA-fusion immunization (Fig. 2.12d). While the
CD69 MFI area under the curve (AUC) over the course of a week was similar between MSA and
TTR fusions in the draining inguinal LN, the AUCs in the mesenteric LN and spleen were
significantly reduced for TTR fusions (Fig. 2.14f). Correlating with these findings, s.c.
immunization with TTR-E73ss7 elicited a 3.7-fold greater CD8* T cell response than MSA-E7ass7
when dosed with equimolar E7 antigen, suggesting that a reduced duration of antigen
presentation in distal lymphoid organs increases the potency of vaccination (Fig. 2.14g). No

antibody responses against TTR were detectable (Fig. 2.8¢,d).

TTR also differs from MSA due to its propensity to break down from tetrameric form
into component monomers in acidic conditions, the rate limiting step in documented cases of
TTR amyloidosis®®12, To rule out the possibility that this effect might affect TIR's
immunogenicity, we produced TTR-E7sss7 L55P, a mutation that further drives instability and
promotes denaturation in more mild acidic conditions'®. As expected, we found that incubation

of TTR-E73s-57 L55P at pH 5.5 for 48 hours resulted in the formation of light-scattering fibrils that
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were poorly detected with WT TTR-E73ss7 (Fig. 2.15a). However, TTR-E73s.s7 L55P performed

equivalently to WT TTR-E73ss7 in a head-to-head vaccination comparison study (Fig. 2.15b).

Thus, we conclude that the higher ki rate of TTR-E738s7 explains its ability to
outperform MSA-E73s57. To pressure-test this finding, we fused and characterized the Fc portion
of an IgG2c antibody to E7sss7 (Fc-E73857) (Fig. 2.3c), generating a fusion construct with a Keear
value 10x slower than TTR-E73ss7 and 3x lower than MSA-E73ss7 (kcer = 0.006 + 0.002 hr?) (Fig.
2.14d). Following prime and boost, Fc-E73857 and CDN vaccination primed a 1.7% E7ss-s7-specific
CD8+ T cell response, a 24-fold boost in immunogenicity compared to peptide vaccination that
was nonetheless weaker than responses to MSA-E73s57 and TTR-E73s.57 (Fig. 2.165. FcyRs played
no role in Fc-E73857's immunogenicity (Fig. 2.16). Overall, the efficacy of TTR-E73s5 > MSA-E73s-
57 > Fc-E73857 > E738-57 peptide (Fig. 2.13h) suggests that while lowering ks is essential to generate
vaccine responses over background, increasing ke can further boost potency by restricting
antigen presentation in distal poorly inflamed lymphoid tissues (Fig. 2.13i). Collectively, we
conclude that size exclusion from systemic absorption, proteolytic stability, and avoidance of
distal priming all contribute to the immunogenicity of protein vaccines, which can be tuned and

optimized by the judicious selection of protein fusion partner (Table 2.1).

Notably, the PK determinants of immunogenicity described here can be elucidated with
a low number of simple, rapid, and cost-effective experiments. Data on kas and keder can be
assessed with a single pharmacokinetic study, and proteolytic stability can be reliably measured
by performing restimulation assays ex vivo on vaccinated or transgenic splenoctyes with fresh or

serum-treated antigen. We propose that these two assays can be used to rapidly screen and
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optimize future protein carrier strategies and improve future efforts to prime functional anti-

tumor immunity.
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Figure 2.13. TTR fusions outperform MSA fusions due to a faster clearance rate

(a) ECs, values calculated from splenocyte restimulation studies with the indicated antigen (n = 3
technical replicates). (b) FITC-labeled antigen uptake in the dLN was measured as in Fig. 1f (n = 6 lymph
nodes per group). (c) AF488-labeled MSA-E735.5; or TTR-E735.57 was injected subcutaneously in mice. 24
hours later, the inguinal lymph node was excised and AF488 signal in APCs assessed by flow cytometry
(n = 5 mice per group). (d) Shown are ka,s and kges values as calculated via nonlinear regression from
pharmacokinetic studies (data + SE). (e) Pmel CD69 and CD8+ DC CD86 MFIs are shown. (f) Area under
the curve calculations from CD69 MFI in Fig. 3d and Fig. 4e. (g) Mice were primed and boosted with the
indicated vaccine plus CDN subcutaneously. Shown are tetramer stain data among CD8+ T cells 6 days
after boost (n = 5 mice per group). Data are representative of over five independent experiments. (h) Mice
were primed and boosted with the indicated vaccine plus CDN subcutaneously. Tetramer stain data are
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indicated by color overlaid on a k,»,s and kgear Scatterplot. (i) Schematic of pharmacokinetic parameters
that maximize bioavailability in the inflamed dLN. Throughout, ** P < 0.01; *** P < 0.001; **** P < 0.0001:
by two-tailed t test (a); by one-way ANOVA with Tukey's multiple comparisons test compared between all
groups (b,g) or compared against the day zero time point for each measure (e); or by two-tailed t tests
within each group on the x axis (c,d,f)
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Figure 2.14. TTR- and Fc-E735.57 protein E735.57 from degradation in serum and slow systemic absorption

(a,c) Splenocytes from E7;5.57-vaccinated mice were restimulated in the presence of brefeldin A with
either fresh antigen or antigen incubated in 10% mouse serum for 24 hours (n = 3 technical replicates).
IFNy production was assessed with intracellular cytokine staining. TTR-E745.57 shown in (a) and Fc-E735.57
shown in (c). (b,d) FITC labeled TTR-E73s.57 (b) or Fc-E735.57 (d) was injected either subcutaneously or
intravenously in mice (n = 3 mice per group). 10 pl blood draws were used to quantify antigen
concentration in serum over the course of 24 hours following injection.
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Figure 2.15. TTR-E735.57 is not enhanced by destabilization

(@) WT TTR-E745.57 or TTR-E744.57 L55P was incubated in acetate buffer at the indicated pH at 0.2 mg/ml
for 48 hours followed by assessment of light scattering as measured by A330 on a plate reader. (b) Mice
were vaccinated WT-TTR-E725.57 or TTR-E735.5; L55P and CDN subcutaneously. Shown are tetramer
stain data 6 days after boost (n = 5 mice per group). Data are representative of two independent
experiments. Statistics in (b) calculated via one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 2.16. Fc-E735.5; efficacy is receptor-independent

Mice were primed and boosted with 3 ug E735.57 or equimolar doses of the indicated protein-E71g.57 fusion
plus CDN subcutaneously. Shown are tetramer stain data among CD8+ T cells 6 days after boost (n =5 -
22 mice per group). Data are pooled from four independent experiments. * P < 0.05; ** P < 0.01: *** P <
0.001; **** P < 0.0001 by one-way ANOVA with Tukey’s multiple comparisons test.
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Table 2.1. Summary of measured quantities

15'532:;(:::;’:;,2:? 2. Proteolytic Stability 36;:;';‘:;:?";1, Immunogenicity
. Vaccine

Quantity | 7% RIS e, (br) | 10g(ECsorma)  109(ECasenm) 2™/ Kawae () | Response (% of

I R L Lo | CD8+TCells)
E735.57 Peptide | 2.2 - 1.37+£040| -8.23+0.95 -6.55+0.13 479 0.55+0.11 0.12 £ 0.07
Fc-E73s.57 57.8 3.4 0.13+0.02| -6.80+£0.18 -6.85 £ 0.31 1.12 0.006 + 0.002 1.94 + 0.69
MSA-E735.57 69.4 3.3 0.14+0.03| -6.01£0.75 -6.05+ 0.67 0.91 0.019 £ 0.004 5.94 + 1.38
TTR-E733.57 68.5 3.5 016 +£0.03| -6.19+0.09 -5.89 £ 0.04 0.5 0.059 + 0.006 1245+4.70

TTR as a delivery vehicle in tumor immunotherapy

We next explored the generalizability of TTR delivery in the context of other tumor-
associated antigens. As measured by IFNy* CD8" T cells in peripheral blood, TTR-antigen fusion
vaccines outperformed MSA-antigen vaccines by 4-fold for Trplissss and 2-fold for gp10020-39

as MSA-CEAss7-s4,

APL; while TTR-CEAsss: generated equivalent IFNy* responses
polyfunctional IFNy*TNFa* responses were statistically primed over background only in the

TTR-CEAse7.84 case (Fig. 2.17a).

As a tetramer, TTR also provides the opportunity to develop higher valency constructs,
which offer manufacturing advantages. For example, TTR fusions carrying 2 copies of the E73s57
epitope per subunit (8 copies per tetramer) could be produced at 4.7-fold more vaccine doses
per liter of production cell culture compared to MSA-E7ss constructs (Fig. 2.18a).
Immunization with this higher-valency construct elicited T cell responses equivalent to TTR
fused with a single copy of E73ss7 per subunit when equivalent molar doses of the peptide were
adminstered (Fig. 2.18b). We reasoned that if fusion of multiple copies of epitopes to TTR

preserved immunogenicity, then the protein carrier could be designed to deliver multiple
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antigens simultaneously. To this end, we compared TTR-gp1002039 and TTR-Trpliss4es vaccines
administered separately or together, and compared immune responses against TTR fused to
gp1002039 and Trpluss4es simultaneously in either orientation (Fig. 2.17b). TTR carriers
delivering both antigens together elicited T cell responses that were not statistically different
from the individual or mixed antigens, and we observed no dependence on antigen order in the

fusion constructs (Fig. 2.17b).

To test the therapeutic efficacy of TTR carriers delivering multiple target antigens, we
assessed therapeutic responses to Trpl and gpl00 vaccination in the aggressive B16F10
melanoma model. B16F10 subcutaneous tumors were treated with vaccinated with free Trpl
and gpl00 peptides or TTR-Trpl-gpl00 fusions every six days with or without anti-PD1
combination therapy (Fig. 2.17c). Six days after the first boost, ICS confirmed that Trpl and
gp100 responses were only generated above PBS-treated negative control mice in groups
vaccinated with TTR-Trpl-gp100: strong mean responses >25% were generated in both groups
utilizing TTR to co-deliver Trpl and gp100 (Fig. 2.17d). As a result, TTR-Trpl-gp100-treated
mice had significantly slower tumor outgrowth than mice treated with Trp1 and gp100 peptide
without delivery vehicle (Fig. 2.17e). Anti-PD-1 therapy in this model had no efficacy as
monotherapy, but together with the TTR fusion vaccine elicited substantially enhanced anti-
tumor efficacy (Fig. 2.17f). Statistically significant improvements in overall survival relative to

PBS controls was observed only in mice receiving TTR fusion vaccines (Fig. 2.17g).

An exciting potential clinical application of protein-epitope fusions is the targeting of

shared neoantigens, or epitopes consisting of oncogenic mutations that arise in a relatively large
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frequency of the patient population with a parti‘cular HLA allele. We chose to target two shared
neoantigens: Kras G12D, which is mutated in a number of tumors, most notably pancreatic
cancer'®1%, and H3.3 K27M, a common mutation that epigenetically drives transcriptional
modifications in pediatric gliomas'®-1%, HLA-A11- and HLA-A2-restricted TCRs and their
corresponding epitopes have been identified against Kras G12D and H3.3 K27M mutations,
respectivelyl®110, Krass21,c12p and H3.3z2140k27m epitopes were fused to TTR and prime/boosted in
HLA-A11 and HLA-A2 transgenic mice, followed by an ELISPOT read-out to detect the
magnitude of response. In both cases, antigen-specific cellular immunity above background was
observed only when epitopes were delivered via TTR (Fig. 2.17h,i). Taken together, these data
demonstrate the utility of TTR-mediated delivery for viral antigens (E7), tumor-associated

antigens (Trpl, gp100), oncofetal antigens (CEA), and shared neoantigens (Kras, H3.3).

The protein-epitope fusions described here avoid a number of manufacturing and scale-
up issues commonly associated with nanoparticulate formulations. Mass production of protein
biologics is a well-developed art, and recombinant proteins can be manufactured in ¢<GMP
processes at scale to high purity. Albumin has a decades-long history of helping solubilize
challenging cargo; while TTR is a more novel carrier, it can also be homogeneously produced,

and as a tetramer its manufacturing efficiency is improved several-fold.

The protein-epitope fusion approach also has a potential application in nucleic acid
vaccination, a cheaper, rapidly deployable modality. Intramuscular transfection with plasmid
DNA and/or mRNA are both commonly studied vaccination strategies!!'-'3, Encoding protein-

epitope fusions in these systems could allow for the expression of antigen payload fused to
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protein delivery vehicle to shepherd antigen from the site of secretion to the dLN. Non-
encodable, particulate- or conjugate-based delivery systems are not amenable to such an

approach.
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Figure 2.17. TTR-antigen fusions in cancer immunotherapy
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(a) Mice were primed and boosted with the indicated antigens in peptide, MSA-fusion, or TTR-fusion form
along with CDN subcutaneously, then assed with ICS (n = 4 mice per group) (b) Schematic of the TTR
constructs used to test Trp1 and gp100 orientation during co-delivery. Mice were vaccinated with

constructs along with CDN. Shown are ICS data 6 days after boost (n =

4-5 mice per group). (c)

Schematic of the anti-B16F10 tumor immunotherapy study timeline used to generate panels (d-g) (n = 7
mice per group). (d) ICS data collected from PBMCs on day 16 of B16F10 study. Shown are pooled Trp1
and GP100 responses among CD8+ T cells in blood. (e,f) Shown are tumor growth curves of the
indicated groups (mean + SEM). Curves are plotted until the first mouse is euthanized in each group. (g)
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Survival curves. (h,i) The indicated shared neoantigen-targeting vaccines were administered with
prime/boost in HLA-A11 (h) and HLA-A2 (i) transgenic mice, followed by an ELISPOT read-out with
splenocytes stimulated with neoantigen-containing overlapping peptides. Throughout, * P < 0.05; ** P <
0.01; ** P < 0.001; ™ P < 0.0001; by one-way ANOVA with Tukey's multiple comparisons test
(a,b,d,h,i); by one-tailed t-test at each measurement time point comparing samples against TTR-Trp1-
gp100 (e) or TTR-Trp1-gp100 + PD1 (f); or by log-rank (Mantel-Cox) test versus PBS (g).
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Figure 2.18. TTR-mediated delivery of highly valent antigen.

(a) Yields from the supernatant of HEK cell culture one week after transfection with the indicated
constructs, calculated in terms of numbers of typical 3 pg peptide-equivalent doses of vaccine per liter of
culture. (b) Mice were vaccinated with MSA-E734.57 or TTR-E734.5; With the indicated E735.5; copy number.



Shown are tetramer stain data 6 days after boost (n = 5-10 mice per group). ** P < 0.01 by one-way
ANOVA with Tukey's multiple comparisons test (b).

2.3 Materials and Methods

Mice

B6 mice (C57BL/6NTac) and HLA-A11 mice (B6-Tg(HLA-A*1101/H2-Kb)A11.01) were

purchased from Taconic. Batf3- mice (B6.1295(C)-Batf3tm1Kmm/J) pmel Thy1.1* mice (B6.Cg-
Thyla/Cy Tg(TcraTcrb)8Rest/]), and HLA-A2 mice (C57BL/6-McphlTg(HLA-A2.1)1Enge/])
were purchased from the Jackson Laboratory. OTI mice (C57BL/6-Tg(TcraTcrb)1100Mjb/]) and
Thyl.1 mice (B6.PL-Thyla/Cy]) were purchased from Jackson Laboratory and crossed to
generate an OTI Thy1.1* colony. All animal work was conducted under the approval of the
Massachusetts Institute of Technology (MIT) Division of Comparative Medicine in accordance

with federal, state, and local guidelines.

Cells

HEK cells (FreeStyle 293-F) were purchased from Thermo Fisher Scientific. TC-1 cells were
kindly provided by T.C. Wu (Johns Hopkins University). B16F10 cells were purchased from
ATCC. HEK cells were cultured in FreeStyle 293 Expression Medium (Thermo Fisher Scientific)
and passaged every two days to a density of 300k/ml. TC-1 cells were cultured in RPMI-1640
(GE Healthcare Life Sciences) supplemented with 10% FBS, 100 units/ml penicillin, 100 pg/ml
streptomycin, and 4 mM L-alanyl-L-glutamine. B16F10 cells were cultured in DMEM (GE

Healthcare Life Sciences) supplemented with 10% FBS, 100 units/ml penicillin, 100 ug/ml
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streptomycin, and 4 mM L-alanyl-L-glutamine. Both tumor cells were passaged 1:10 every two
days. All cells were cultured at 37°C and 5% CO.. All cells were tested regularly for
mycoplasma contamination and for rodent pathogens, and none used tested positive at any

point.

Protein production and characterization

Codon-optimized genes encoding desired proteins were cloned into gWiz expression vectors
(Genlantis) using the In-Fusion HD Cloning Kit (Clontech), prepared endotoxin free (Macherey-
Nagel) and incubated with Opti-Pro (Thermo Fisher Scientific) and polyethylenimine (PEI) 25K
(Polysciences) prior to drop-wise addition to HEK cell culture at 1 million cells/ml. 1 mg of
DNA was mixed with 40 ml of Opti-Pro and 2 mg of PEI per 1 L of cell culture. One week after
transfection, cell culture was spun down in endotoxin-free centrifuge tubes at 15000xg for 30
min, supernatant filtered, pH neutralized by addition of 10X PBS, and run through TALON
metal affinity resin (Clontech) by gravity flow per manufacturer instructions. Fc-E73s and
variants were prepared as heterodimers with one copy of E73s.s7 per Fc dimer by co-transfecting
gWiz-Fc-Hise-E73857 and gWiz-Fc-FLAG (0.5 mg of each plasmid per 1 L of cell culture).
Purification proceeded as above, but eluate from TALON resin was subsequently run through
an anti-DYKDDDDK Gl affinity resin kit (Genscript) per manufacturer instructions to ensure
purification of the heterodimer. In addition to wild-type Fc fusions, a pair of mutations
(G236R/L328R) were introduced to knock out binding to FcyRs. Following purification, proteins
were buffer exchanged into PBS with 30 kDa molecular weight cutoff Amicon Ultra-15

centrifugal filters (Millipore), filtered using Spin-X centrifuge tube filters (Corning) or 0.2 um
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syringe filters (VWR), and flash-frozen in aliquots with liquid nitrogen, then stored at -80°C.
After thaw, proteins were used within one month and stored at 4°C in sterile conditions.
Protein and dextran hydrodynamic radii were assessed by DLS (DynaPro NanoStar), purity
analyzed by SEC (Superdex 200 Increase), and endotoxin levels measured using a chromogenic
LAL assay (Lonza). A maximum of 5 EU/kg, or 0.1 EU/mouse was accepted for all injected

proteins.

PK studies

5-FAM-E73s57 was purchased from Genscript, and recombinantly expressed proteins (MSA-E7ss-
57, TTR-E738-57, and Fc-E738.57) were labeled with NHS-5/6-FAM (Thermo Fisher Scientific) per
manufacturer instructions. Following protein conjugation, the concentration of labeled protein
was calculated using A493. Mice were s.c. or i.v. vaccinated with 1 nmol labeled peptide or
protein. At the indicated time points, <10 ul of blood was collected from tail snip into heparin-
coated microhematocrit capillary tubes (VWR). Capillaries were parafilmed and stored upright
in the dark at 4°C overnight to separate serum from cellular components. On a Typhoon Trio
variable mode imager, serum in capillaries was measured (526 SP filter, 532 nm laser) against a
standard curve of analytes prepared in PBS and added directly into capillaries. FIJI image
analysis software was used to calculate serum concentrations of analyte. L.v. curves were fit to C
= Coekdear't and s.c. curves were fit to C = F*Co*kabs/(Kabs-Kdiear)*(ekeleart-g-kabs't)  ywhere Co and Keear
were fixed by the i.v. fit. F is systemic absorbance, and kcear and kabs are the clearance and
absorbance rates, respectively (hr?). Curves were fit using nonlinear regression on GraphPad

Prism software.
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Vaccinations

All activating vaccinations were performed by s.c. prime at the tail base on day 0, boost on day
14, and read-out on day 20, except for the i.v. vaccination in Fig. 2.12a. All studies utilized 25 ug
cyclic di-GMP (InvivoGen) as the adjuvant unless otherwise specified: in Fig. 2.7c utilizing
alternative adjuvants, 1 nmol ODN1826 (CpG) (InvivoGen), 50 ug poly(I:C) HMW (Invivogen),
and 1 nmol lipo-CpG* were instead used; in TC-1 tumor bearing animals, 50 pg cyclic di-GMP
was used instead; in the amphiphile test, 1 nmol lipo-CpG#* was used instead; in the B16F10
tumor study, 1 nmol lipo-CpG was used as the adjuvant. Antigen dosing (expressed as peptide
equivalence): 3 ug for all E73ss7 studies in non-tumor bearing mice; 10 pug E73s.57 in TC-1 tumor-
bearing mice; in Fig. 2.7e and 2.17a, 2.5 pg Trplussss APL, and 5 pug gp10020-3 APL and CEAser-ss;
3 ug for gp1002039 APL in pmel adoptive transfer studies; for bivalent forms of TTR-Trp1-gp100,
2.5 nmol in non-tumor bearing mice and 4 nmol in tumor-bearing mice; 10 pug Kras221,6120 and
H3.32140k27m. For tolerizing vaccinations (Fig. 2.12b-c), PBS or 3 ug peptide equivalence E73s57 or
MSA-E735 with or without adjuvant (25 ug cyclic di-GMP or 1 nmol lipo-CpG) was i.v.
administered 14 days before s.c. prime/boost with TTR-E73ss7 plus cyclic di-GMP as described
above. In all cases, vaccine responses were measured by tetramer stain, ICS (see flow cytometry
section), or by mouse IFN-y ELISPOT (BD Biosciences) per manufacturer instructions, where
1M splenocytes were plated per well and stimulated with overlapping peptides (Krasz21,6120 or

H3.32140x27m) for 24 hours.

Flow cytometry
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Antibodies against CD16/32 (Fc block, clone 93), CD8a (53-6.7), TNF-a (MP6-XT22), IFN-y
(XMG1.2), CD3 (17a2), B220 (RA3-6B2), CD11b (M1/70), CD11c (N418), F4/80 (BM8), CD69
(H1.2F3), CD86 (GL-1), PD1 (29F.1A12), Lag3 (C9B7W), and Tim3 (RMT3-23) were purchased
from BioLegend. Cell viability was assessed with DAPI (Sigma) for tetramer stains and
LIVE/DEAD fixable aqua dead cell stain (Thermo Fisher Scientific) for all other studies. Tetramer
staining: E7 tetramer (iTAg Tetramer/PE - H-2 Db HPV 16 E7) was purchased from MBL; during
tetramer staining, PBMCs were Fc blocked and stained with tetramer for 15 minutes prior to
addition of anti-CD8a antibody, and cells were incubated with all antibodies for another 30
minutes. All labeling was performed in PBS + 0.1% BSA. Ex vivo stimulation studies: Intracellular
cytokine staining (ICS) to assess the magnitude of T cell response was performed as previously
reported!'4. Briefly, PBMCs were re-stimulated in RPMI-1640 + 10% FBS at 37°C with optimal
WT peptide at 10 ug/ml (Trplisses, gpl00233, CEAsnsn) for 2 hrs followed by addition of
brefeldin A (Thermo Fisher Scientific) for another 4 hrs prior to staining. In the B16F10 study,
re-stimulation was performed with 10 pg/ml of both Trplusses and gp1002s33. When ICS was
instead used to assess stability/immunogenicity instead of a vaccine read-out, whole protein or
long peptide antigen was used for stimulation (see antigenic stability analysis section), and cells
were re-stimulated for 18 hours followed by addition of brefeldin A for another 6 hours prior to
staining. In all cases, surface staining was performed first (Fc block, anti-CD8a) in PBS + 0.1%
BSA followed by fixation and permeabilization wusing BD Cytofix/Cytoperm
tixation/permeabilization kit per manufacturer instructions and intracellular staining (anti-IFN-
Y and/or anti-TNF-a) in perm/wash buffer. To assess the immunogenicity of protein or peptide

antigens at stimulating OTI cells, pooled ACK-lysed splenocytes from OTI mice were cultured
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in RPMI-1640 + 10% FBS and varying concentrations of SIINFEKL-containing antigen for 24
hours; after culture, cells were surface labeled with anti-CD8a and anti-CD69. Organ processing:
In studies where T cells from lymph nodes were assessed by flow cytometry (Figs. 2.12d-g, and
2.13e), LNs were excised, mashed through 74 um Netwell inserts (Corning), and washed into
PBS + 0.1% BSA prior to antibody labeling. In studies where dendritic cells and/or other APCs
were assessed by flow cytometry (Figs. 2.12d, 2.13¢, 2.13e, and Supplementary Fig. 2.11c), LNs
were excised, digested in RPMI-1640 + 0.8 mg/ml collagenase/dispase (Sigma) + 0.1 mg/ml
DNase I (Sigma), mashed through 74 um Netwell inserts, and washed into PBS + 0.1% BSA
prior to antibody staining. In all cases, spleens were excised and mashed through 70 um filters
(Corning), lysed in ACK butffer, and washed into PBS + 0.1% BSA prior to antibody staining. To
assess CD86 expression on DCs post-immunization, mice were s.c. injected with 25 pg cyclic-d-
GMP (InvivoGen) and the spleen, inguinal LN, and mesenteric LN excised and processed 1, 4,
or 7d later. Cells were analyzed using BD FACSCanto and BD FACS LSR Fortessa, and data

were analyzed using FlowJo.

Antigenic stability analysis

Ex vivo stimulation method: 20 days in advance, mice were primed with E7sss7 fusion protein
mixed with CDNs, boosted 6 days in advance, and strong peripheral antigen-specific CD8+ T
cell responses confirmed on day 0. On day of experiment, spleens from vaccinated animals were
excised, mashed through 70 um filters (Corning), lysed in ACK buffer, pooled, and plated in 96
well V-bottom plates (1 spleen per 30 wells). 24 hours before ex vivo stimulation, mouse serum

from naive animals was freshly collected in collection tubes with Z-Gel to remove clotting
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factors (Sarstedt) and used to prepare RPMI-1640 + 10% mouse serum media. 4 uM antigen
solutions were prepared in RPMI-1640 + 10% mouse serum and incubated at 37°C. After a 24
hour incubation, fresh antigen was similarly prepared at 4 uM in RPMI-1640 + 10% mouse
serum and both solutions were immediately diluted 1:4 in RPMI-1640 + 10% FBS to make a 1
uM solution. 6-point 2.5-fold serial dilutions of both fresh and serum-treated antigen solutions
were prepared and used to re-stimulate the aforementioned splenocytes from vaccinated
animals. IFN-y*CD8* T cell responses were measured with ICS (see flow cytometry section),
normalized to the highest response well per analyte, and the ECs calculated using nonlinear
regression on GraphPad Prism, fitting to a log(agonist) vs. response (three parameters) model.
ELISA method: fresh mouse plasma was prepared by bleeding directly into microcentrifuge
tubes and spin removal of cellular matter, maintaining functional complement and clotting
factor components. 3 uM FLAG-E7ss57-Hise peptide and MSA-FLAG-E73s57-Hiss were incubated
in PBS + 20% mouse plasma for 4 hours at 37°C and immediately quenched by addition of 100X
EDTA and 100X protease inhibitor cocktail (Thermo Fisher Scientific). ELISA protocol:
MaxiSorp plates (Thermo Fisher Scientific) were coated with anti-FLAG M2 antibody (Sigma) at
10 pg/ml overnight, then blocked with PBS + 2% BSA + 5% non-fat milk + .01% Tween-20.
Antigen in quenched reaction solution and freshly prepared antigen at equivalent concentration
were diluted 200x in blocking buffer + EDTA + protease inhibitor and incubated on coated
ELISA plate for 1.5 hours at room temperature. Detection was performed using an HRP-
conjugated polyclonal rabbit anti-Hise antibody (Abcam) diluted 1:1000 in blocking buffer for

1.5 hours at 4°C and developed using TMB (Thermo Fisher Scientific) and sulfuric acid.
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Separate standards for peptide and protein analytes were prepared. Wash buffer consisted of

PBS + 0.01% Tween-20, and at least 3x washes were performed between each incubation step.
Biodistribution studies

IVIS imaging: 5-FAM-conjugated peptides (GenScript), FITC-conjugated dextrans of various
molecular weights (Sigma), or 5/6-FAM-conjugated proteins, in saline or Montanide ISA 51 VG
ST formulation (Seppic) were s.c. injected at the tail base of B6 mice; the inguinal LN was
excised 8 hours later and imaged on an IVIS Spectrum Imaging System (Caliper Life Sciences),
excitation: 500 nm, emission: 540 nm. In our analysis of Montanide formulation trafficking (Fig
2.6), the injection site of the animal was imaged as well. Images were analyzed on Living Image
software. Following protein conjugation, the concentration of labeled protein was calculated
using A493. Dosing: In Fig. 2.1f, 2.7 nmol of labeled MSA-E73s.57 and up to 27 nmol of E73-s7; in
Fig. 2.13b, 2.5 nmol of MSA-E73s57 and TTR-E73ss7; in Fig. 2.6, 1.2 nmol of labeled MSA-E73s57
and up to 6 nmol of E73ss7; in Fig. 2.11d, 0.5 nmol of labeled MSA-E738s7 and DEC1-MSA-E73s.57.
Cellular biodistribution: Alexa Fluor 488-NHS Ester (Thermo Fisher Scientific) was conjugated to
recombinantly expressed proteins and injected s.c. at the tail base of B6 mice. Following protein
conjugation, the concentration of labeled protein was calculated using A495. The inguinal LN
was excised 24 hours later and processed for single cell analysis (see flow cytometry section).
Dosing: In Fig. 2.13¢c, 2.5 nmol of MSA-E73s57 and TTR-E738s7; in Fig. 2.11c, 0.5 nmol of labeled

MSA-E73s57 and DEC1-MSA-E73z.57.

Detection of anti-MSA and anti-TTR antibodies
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Titrating serum on an analyte-coated ELISA plate is an ineffective way to detect antibodies
against serum proteins because of the potential for competition between serum in solution and
the analyte on the coated plate surface. Instead, we first purified IgG from serum using Pierce
protein A spin plates (Thermo Fisher Scientific), per manufacturer instructions, prior to
detection in ELISA format. 10 pg/ml MSA (Alpha-Diagnostic International) or TTR (Aviva
Systems Biology) were coated on MaxiSorp plates (Thermo Fisher Scientific) overnight, then
blocked with PBS + 0.1% bovine IgG (Sigma) + 0.1% Tween-20 for anti-MSA antibody detection
or PBS + 5% non-fat milk + 0.1% Tween-20 for anti-TTR antibody detection. IgG eluate from the
spin plate was diluted 3x in blocking buffer, then added to the plate for a 1.5 hr incubation at
room temperature. Goat anti-mouse HRP detection antibody (Bio-Rad) was used at a 1:5000
dilution in blocking buffer and incubated for 1 hr at 4°C. Controls included IgG isolates from
Ova-vaccinated animals on 10 ug/ml Ova-coated wells, and MSA/TTR-coated wells assessed
with chicken polyclonal anti-MSA/TTR antibodies (Abcam) and with goat anti-chicken HRP
(Abcam) detection, followed by TMB and sulfuric acid development. Wash buffer consisted of

PBS + 0.01% Tween-20, and at least 3x washes were performed between each incubation step.

Yeast surface display

Engineered sso7d binders have been previously described®. Fibronectin domains were
engineered to bind the DEC-205 ectodomain as previously described"®. Briefly, the two
outermost extracellular domains of DEC-205 (the N-terminal cysteine-rich and type II
fibronectin domains) were produced from HEK cells and used to select for binders from the G4

library. Four rounds of magnetic enrichment were followed by seven rounds of flow cytometry-
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based sorting, with additional diversity introduced via error-prone PCR in between sorting
rounds. After sorting and sequencing, 4 individual clones were displayed on yeast as sinle
controls and binding to soluble DEC-205 was measured with flow cytometry to calculate the Ka.

DEC-1 was measured to have a Ka of 0.66 nM.,

Adoptive transfer

CD8* T cells from pmel Thyl.1* spleens were isolated using the EasySep mouse CD8+ T Cell
Isolation Kit (STEMCELL Technologies). To assess the kinetics of TCR engagement, we retro-
orbitally i.v. transferred 500k pmel Thyl.1* cells into animals that had previously been s.c.
vaccinated with 3 ug peptide equivalence MSA-gp1002039 APL or TTR-gp1002039 APL mixed
with 25 ug cyclic di-GMP (InvivoGen) 1, 4, or 7 days earlier. 24 hours after transfer, the spleen,
inguinal LNs, and mesenteric LNs were excised and Thy1.1* cells assessed for CD69 expression
by flow cytometry (see flow cytometry section). Area under the curve calculations were
performed using the trapezoidal method. To assess T cell phenotype in response to tolerization,
CD8* T cells from pmel Thyl.1* mice isolated as above and labeled with carboxyfluorescein
succinimidyl ester (CFSE) (Thermo Fisher Scientific) at a cell density of 10M/ml and a CFSE
concentration of 5 uM for 20 min at 37°C in PBS + 0.1% BSA and subsequently quenched by
addition of FBS. 1M CFSE-labeled pmel Thy1.1* cells were retro-orbitally transferred into naive
animals in PBS. 24 hrs later, recipient mice were i.v. vaccinated with 3 ug gp10023 APL
peptide, MSA-gp1002039, or PBS control. 72 hrs post-immunization, the spleen, inguinal LNs,
and mesenteric LNs were excised and Thyl.l1* cells assessed by flow cytometry (see flow

cytometry section). Proliferation index = logz(FIrda/MFIan) where MFIai = MFI of live Thy1.1* pmel
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T cells and Flna = peak fluorescence intensity of viable non-divided Thy1.1* pmel T cells.

Tumor studies

300k TC-1 or B16F10 cells were subcutaneously administered in 50 pl sterile PBS on the right
flank of shaved WT B6 mice. Mice bearing TC-1 tumors were treated on days 5, 12, and 19; mice
bearing B16F10 tumors were vaccinated on days 4, 10, and 16, and/or treated with 200 ug anti-
PD1 antibody (clone 29F.1A12, BioXCell) on days 4, 7, 10, 13, 16, and 19. Mice were randomized
into groups prior to treatment initiation. Tumor size was measured by area (longest dimension
x perpendicular dimension), and mice were euthanized when tumor area exceeded 100 mm?.
Memory from E7ss7 vaccinated animals was assessed by inoculating 300k TC-1 cells in mice 66

days post-boost and assessing survival as above.

TTR amyloidosis

‘To determine whether TTR variant fusions formed fibrils, protein was diluted to a
concentration of 0.2 mg/ml in either pH 5.5 acetic acid buffer or pH 7.4 PBS in 96 well plate
format. Protein solution was incubated for 48 hours at 37°C. The emergence of fibrils was

assessed via A330 measurements on a Tecan plate reader.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software. The specifics of the
statistical test performed, p-values, and number of replicates are stated in the figure legends.

For all tests, the threshold for significance was P < 0.05.
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2.4 Conclusions

A major factor limiting the potency of peptide vaccines is their poor transport to lymph
nodes following injection®. This transport limitation has spurred the development of a broad
set of delivery platforms to improve antigen delivery to lymph nodes; these strategies have
mostly entailed nanoparticulate formulation and/or chemical modification of synthetically
produced peptide vaccines®8283116-118 Here, we altered peptide biodistributions by fusing these
antigens to protein-based delivery vehicles to develop a fully recombinant protein solution. We
show that protein-epitope fusions are strong candidate vehicles for off-the-shelf vaccination
against targets like viral antigens, tumor-associated antigens, oncofetal antigens, and shared

neoantigens.

Analysis of the biodistribution behavior of several protein carrier-epitope fusion
vaccines revealed principles for optimizing vaccine immunogenicity via pharmacokinetic
tuning. We found that maximizing bioavailability in the dLN but reducing uptake in distal
lymphoid organs ensures that antigen is presented at the right site at the right time. Two rate
constants controlling local lymphatic vs. systemic distribution, ks and keer, predictably
influenced antigen biodistribution, and thus had a dominant effect on vaccine immunogenicity.
In particular, appropriately bulky protein carriers reduced ke sufficiently to reduce systemic
absorption following subcutaneous injection, improving lymphatic uptake and subsequent

accumulation in the dLN.
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While dLN bioavailability is a prerequisite to potent vaccination, increasing ke can
improve immunogenicity even further by limiting antigen accumulation in distal lymphoid
organs that have not received adjuvant stimulation. Adjuvants are typically designed to avoid
systemic dissemination, preventing unacceptable toxicities*>43!%%, and inflaming only the local
draining lymph nodes as observed here with cyclic dinucleotides. Antigens with low ke,
however, will systemically distribute into non-inflamed distal lymphoid organs, leading to
dysfunctional priming of T cells at these sites. This principle is supported by the hierarchy of
immunogenicity we observed with TTR, MSA, and Fc fusions. Recognition of this phenomenon
has practical implications in vaccine engineering. For example, the observation of priming in
distal nodes was noted in early antibody-mediated DEC-205 targeted immunization studies,
necessitating the co-administration of systemic adjuvant, which would likely be too toxic for
clinical translation®. Simply matching the pharmacokinetics of antigen and adjuvant such that
they similarly distribute in vivo may be a facile alternative to manufacturing antigen/adjuvant
conjugates or co-encapsulations. The use of appropriately persistent protein-antigen fusions to

treat autoimmunity should also be further explored.
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CHAPTER 3. PROTEIN CARRIERS IN GENETICALLY ENCODED
VACCINES

Abstract

While patient-specific cancer vaccine strategies have recently become a clinical reality, the
processes required from biopsy to vaccine administration remain cumbersome, slow, and
expensive. Genetically encoded vaccine modalities, including DNA and RNA vaccines,
represent potentially quicker, cheaper, and more reliable alternatives to traditional peptide or
protein vaccines. Here, we adapt our protein-fusion strategy as a transgene in either plasmid
DNA or self-replicating RNA vaccines. We find that vaccines that encode albumin-epitope
fusions outperform vaccines encoding epitopes alone by over 15-fold for both DNA and RNA.
We identify antigen expression as a critical process in the vaccine response, and observe that
albumin fusion significantly enhances this key early step. Unexpectedly, however, we find that

albumin fusion fails to enhance efficacy in the case of multi-antigen vaccination.

3.1 Introduction

While recent efforts to vaccinate against patient-specific neoantigens have yielded
promising results'?, there remain a number of challenges to overcome. Of important
consideration is manufacturing time and cost of goods. Current approaches to develop
personalized peptide vaccines have not only been costly but also quite slow, with a median time
of 18 weeks from surgery to vaccine administration. One shortcoming of peptide vaccines is

their batch-to-batch variability, leading some promising antigens to drop out of clinical
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development because of their inability to be produced and/or purified at scale. If peptide
antigens could instead be expressed using nucleic acid vectors, such as plasmid DNA or self-
replicating RNA, then the final drug product could have biophysical properties virtually

identical from patient to patient, allowing for scalability and a reduction in manufacturing time.

As described here, self-replicating RNA vaccines, or replicons, consist of viral RNA
genomes with structural proteins removed replaced with transcripts of interest. The natural
self-replicating machinery of the RNA genome allows for intracellular transcriptional
amplification, enhancing the vaccine response. RNA replicons are typically packaged in
nanoparticles to preserve their stability and promote transfection in vivo'’3, Plasmid DNA, on
the other hand, does not require particulate delivery but must be transfected into muscle cells
via gene gun or electroporation'?122, Local tissue damage in the case of DNA and inherent TLR3

agonism in the case of RNA'? obviates the need for additional adjuvants.

While vaccinologists have long been interested in DNA and RNA vaccines, mechanistic
detail remains relatively sparse. Although both intramuscularly administered plasmid DNA
and replicon RNA vaccines robustly transfect myocytes, APCs ultimately prime T cells,
suggesting mechanisms of antigen transfer that have thus far been poorly defined!2+-1%, Given
our finding that subcutaneously administered protein-antigen fusions readily convect into the
local lymphatics (see chapter two), we believed that antigens secreted from transfected
myocytes would similarly access the draining lymph nodes and potentiate vaccine responses
given the appropriate protein carrier. Unlike other particulate- or conjugate-based delivery

strategies, the protein-fusion approach is amenable to DNA and RNA applications due to its
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genetically-encodable nature. Most clinically and preclinically promising DNA vaccines to date
have primarily expressed whole protein antigens, rather than expressing the peptide epitopes
most relevant to immuno-oncology'?”1?¢. We hypothesized that the use of encoded inert protein
carriers would allow us to coopt the advantages of whole protein transgenes to instead direct

immunity against defined epitopes.

In this study, we fuse peptide antigens onto the C-terminal end of mouse serum albumin
(MSA), and express the whole construct with either plasmid DNA or RNA replicons. In both
cases, intramuscular transfection of constructs encoding MSA-epitope fusions, but not
constructs encoding epitope alone, led to robust antigen-specific CD8+ T cell responses. We find
that antigen expression is significantly enhanced when MSA is used as a protein carrier, and
that secretion of antigen is critical to the immune response, supporting our hypothesis that
secretion and subsequent drainage may be an effective means of antigen handoff from
myocytes to APCs. Additionally, because the same MSA-antigen fusion strategy is amenable to
DNA, replicon, and protein vaccines, we explore the use of heterologous prime/boost strategies
and find DNA vaccine prime followed by protein vaccine boost to be most efficacious. Overall,
we have identified the MSA-fusion strategy as an enabling technology that allows for the

expansion of vaccination modalities available for cancer immunotherapy.
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3.2 Results and Discussion

Plasmid vaccines encoding albumin-antigen fusions prime functional therapeutic

CD8+ T cell responses

As described in Chapter 2, we found that recombinant albumin-antigen fusions could
potentiate the immunogenicity of the antigenic payload via protection from proteolytic
degradation and by enhancement of lymphatic uptake. Here, we demonstrate the versatility of
this approach by introducing nucleic acid vaccines that encode for the recombinant protein
vaccine, enabling the simultaneous production of carrier (albumin) and payload (antigen) in

situ, a strategy that is not possible with particulate/conjugate delivery strategies.

We first developed plasmid DNA vaccines that encoded for human papillomavirus
(HPV) E73857 as a model antigen. E73s.s57 contains the H-2Db-restricted CD8+ T cell epitope®” E74957
that can be detected by commercially available H-2D"/E719.57 tetramers. To assess the role of
albumin as a fusion partner, a second plasmid was prepared that encoded for mouse serum
albumin (MSA) fused to E73ss7 via a GGGS linker. For both plasmids, mouse codon-optimized
genetic sequences encoding for the desired transgene were cloned downstream of an IgE leader
peptide to promote secretion, under control of a CMV promoter and Kozak sequence to

enhance expression.

To test the immunogenicity of pVaxl MSA-E7sss; relative to pVaxl E7sss7, mice were

primed and boosted with 25 ug pVaxl E7:s or equimolar doses of pVaxl MSA-E7ss7 by

83



intramuscular (IM) injection followed by electroporation. Post-boost, inclusion of MSA fusion
enhanced E7s-s7-specific responses 17-fold relative to the E7sss7-only transgene as measured by
tetramer stain (Fig. 3.1a,b). We next assessed whether the enhanced immunogenicity of pVax1
‘MSA-E7357 vaccines similarly demonstrated enhanced efficacy in the treatment of established
tumors. Mice bearing TC-1 tumors, which are E7+, were treated weekly with equimolar doses of
pVaxl E7:s7 or pVaxl MSA-E7:5. Mice treated with pVaxl MSA-E7ss7 delayed tumor

outgrowth, while mice treated with pVax1 E73ss7 experienced no significant delay. (Fig. 3.1c,d).
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Figure 3.1. Plasmid DNA vaccines encoding MSA-E735.57

(a-b) Mice were primed and boosted with intramuscular transfection of 25 pug pVax1 E73457 or 40 pg
pVax1 MSA-E735.5;. Following boost, the frequency of E7-specific CD8+ T cells in the blood were
measured via tetramer stain (a) and quantification (b) (n = 4, and data are representative of three
independent experiments). (c-d) Mice were inoculated with 300k TC-1 tumor cells; on day 6, mice were
vaccinated weekly for three doses with the indicated plasmid vaccines. Shown are tumor growth curves
(c) and survival curves (d). * P < 0.05; *** P < 0.001 by two-tailed t test (b) or by log-rank (Mantel-Cox)

test versus pVax1 (c).
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Self-replicating RNA vaccines encoding albumin-antigen fusions prime functional

therapeutic CD8+ T cell responses

An alternative nucleic acid vaccine platform is self-replicating RNA, or “replicons” that
are based on an alphaviral genome that are made non-virulent by removal of all structural
proteins and with insertion of the desired vaccine cargo. Plasmids encoding the replicon

structure with E73s.57 or MSA-E73s57 were cloned, and RNA produced by in vitro transcription.

In a similar fashion, RNA replicon transcripts encoding MSA-E73ss7 and E7sss57 were
developed, packaged into liposomal nanoparticles (LNPs), and injected IM into mice. After
prime alone, inclusion of MSA fusion enhanced E7s9.s7-specific responses 31-fold relative to the
E73s57 only replicon (Fig. 3.2a,b). Similar to the DNA vaccine setting, replicon-encoded MSA-
E73857 vaccinations allowed mice to delay the outgrowth of established TC-1 tumors, but did not
lead to any cures; replicons encoding E73ss7, however, did not induce any delay in tumor
growth (Fig. 3.2¢,d). Thus, we conclude that albumin-fusion is an enabling platform that can

improve cellular responses for both DNA and RNA-based vaccines.
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Figure 3.2. Replicon RNA vaccines encoding MSA-E734.57

(a-b) Mice were primed with intramuscular transfection of 1 g replicons encoding E735.57 and MSA-E7 3.
s7. Two weeks following vaccination, the frequency of E7-specific CD8+ T cells in the blood were
measured via tetramer stain (a) and quantification (b) (n = 5). (c-d) Mice were inoculated with 300k TC-1
tumor cells; on day 6, mice were vaccinated weekly for three doses with the indicated plasmid vaccines.
Shown are tumor growth curves (c¢) and survival curves (d). * P < 0.05 by two-tailed t test (b) or by log-

rank (Mantel-Cox) test versus irrelevant replicon (c).
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Albumin fusion enhances antigen expression

We next sought to explore the mechanisms by which MSA fusion potentiates the
immunogenicity of DNA and RNA vaccines. Our previous work with MSA-antigen fusion
proteins injected subcutaneously demonstrated that MSA-antigen fusions are better protected
from proteolytic degradation and better access the lymphatics relative to naked peptide
antigens. We reasoned that some of the same mechanisms are likely at play for nucleic acid
vaccines following secretion from myocytes into the interstitium, improving bioavailability in

local lymph nodes where immune responses are orchestrated.

A pre-requisite for lymphatic uptake, however, is antigen expression, a process that we
also find to be boosted by MSA-fusion. As measured by secretion of antigen into the
supernatant following in vitro transfection, MSA-fusion enhanced expression of both plasmid
DNA (Fig. 3.3a) and replicon RNA (Fig. 3.3b) by 300-fold and 65-fold, respectively. To confirm
the importance of antigen secretion, we removed the leader sequence of pVaxl MSA-E73s57 and

found that vaccine responses were reduced by 75% (Fig. 3.3¢c).

88



da 607 300x b 101 -
£ €
s 8
g 4 g
: g
w (73]
£ 20- £
% z 2
0 o

T L)
pVax1 E7y55;  pVax1 MSA-ETaq.5; Rep E734.57

C

Rep MSA-E?;,,_S-,

g

g

g
®

% E7-Tetramer+ CD8+ T Cells
?

Non-secreted Secreted
Figure 3.3. MSA fusions have enhanced immunogenicity in part due to improved expression

(a) Six days following transfection of HEK cells with the indicated plasmid, supernatant was harvested
and assessed for expression by Hiss competition ELISA. (b) One day following transfection of BHK-21
cells with the indicated replicon, supernatant was harvested and assessed for expression by Hise
competition ELISA. (¢) Mice were intramuscular primed and boosted as earlier with pVax1 MSA-E73s.57
including leader sequence (secreted) or without (non-secreted). ** P < 0.01 by two-tailed t test (c).

In a clinical setting, however, vaccines are typically designed to target multiple antigens
simultaneously, not just single copies of single antigens, as is the case with pVax1l MSA-E73s-57.
To assess whether MSA fusions could also enhance the immunogenicity of constructs that
encode several antigens, we cloned strings of epitopes (Trp1-gp100-Mut25-Mut30-CEA) with or
without a leader sequence to enable secretion, and with or without MSA fusion in the
transgene. Unexpectedly, we found that the consistently best performing strategy after prime
and boost was without MSA and without secretion, suggesting that different design criteria

apply when strings of epitopes are expressed (Fig. 3.4). We conclude that the use of albumin-
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fusions to enhance the potency of nucleic acid vaccines may only be applicable in a narrow set

of circumstances, such as single antigen vaccines.
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Figure 3.4. MSA fusion fails to enhance immunogenicity of strings of epitopes

Mice were primed and boosted with intramuscular transfection of 1 pg replicons encoding Trp1-gp100-
Mut25-Mut30-CEA with or without the indicated elements (leader sequence to induce secretion or MSA
fusion). Following boost, ICS was performed against all relevant antigens to assess magnitude of
response. * P < 0.05; ** P < 0.01; ** P < 0.0001 by two-way ANOVA and Tukey’s multiple comparisons
test.

Albumin fusion enables heterologous prime-boost approaches

The versatility of MSA-fusion with regard to modality led us to assess heterologous
prime/boost strategies via exploration of all nine combinations of DNA/RNA/protein MSA-
fusion prime and boost schedules (Fig. 3.5). Post-prime, we observed a rank order of DNA >
RNA > protein in terms of magnitude of E7s.5-specific CD8+ T cell responses (8.3%, 2.3%, and
0.7%, respectively). However, despite being the least immunogenic modality post-prime,
protein vaccination was the most potent post-boost. Therefore, nucleic acid-based MSA-fusions
appear most optimally suited for prime, while protein-based MSA-fusions may be ideal

boosting agents.
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Figure 3.5. Heterologous prime/boost vaccination

(a-c) Mice were primed on day 0 and boosted on day 28 with the indicated form of MSA-E733.57. Six days
following prime or boost, the frequency of E7-specific CD8+ T cells were assessed by tetramer stain.
Shown are representative response trajectories under different heterologous and homologous
prime/boost strategies. * P < 0.05 by one-way ANOVA with Tukey's multiple comparisons test.

3.3 Materials and Methods

Mice
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B6 mice (C57BL/6NTac) were purchased from Taconic. All animal work was conducted under
the approval of the Massachusetts Institute of Technology (MIT) Division of Comparative

Medicine in accordance with federal, state, and local guidelines.

Cells

TC-1 cells were kindly provided by T.C. Wu (Johns Hopkins University). HEK cells (FreeStyle
293-F) were purchased from Thermo Fisher Scientific. BHK-21 cells were kindly provided by
Ron Weiss. HEK cells were cultured in FreeStyle 293 Expression Medium (Thermo Fisher
Scientific) and passaged every two days to a density of 300k/ml. TC-1 cells were cultured in
RPMI-1640 (GE Healthcare Life Sciences) supplemented with 10% FBS, 100 units/ml penicillin,
100 ug/ml streptomycin, and 4 mM L-alanyl-L-glutamine. BHK-21 cells were cultured in EMEM
(ATCC) supplemented with 10% Tetracycline Screened HyClone FBS (GE Healthcare Life
Sciences). All cells were cultured at 37°C and 5% CO. TC-1s were tested regularly for
mycoplasma contamination and for rodent pathogens, and none used tested positive at any

point.

Transfections

HEK cell transfection: Endotoxin-free plasmid was incubated with Opti-Pro (Thermo Fisher
Scientific) and polyethylenimine (PEI) 25K (Polysciences) prior to drop-wise addition to HEK
cell culture at 1 million cells/ml. 1 mg of DNA was mixed with 40 ml of Opti-Pro and 2 mg of
PEI per 1 L of cell culture. One week after transfection, cell culture was spun down, and

supernatant filtered and flash frozen. BHK-21 cell transfection: Cells at approximately 70%
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confluence were electroporated using the Neon Transfection System (Life Technologies),
according to manufacturer’s instructions. 1 ug of RNA was transfected per 100,000 BHK-21
cells. Electroporation conditions: 1,100 mV, 40 ms, 1 pulse. 24h after transfection, media was
filtered and flash frozen. Following both transfection protocols, antigen expression was
determined using a His tag ELISA detection kit (Genscript). Protein purification: Codon-
optimized genes encoding desired proteins were cloned into gWiz expression vectors
(Genlantis) using the In-Fusion HD Cloning Kit (Clontech), prepared endotoxin free (Macherey-
Nagel) and incubated with Opti-Pro (Thermo Fisher Scientific) and polyethylenimine (PEI) 25K
(Polysciences) prior to drop-wise addition to HEK cell culture at 1 million cells/ml. 1 mg of
DNA was mixed with 40 ml of Opti-Pro and 2 mg of PEI per 1 L of cell culture. One week after
transfection, cell culture was spun down in endotoxin-free centrifuge tubes at 15000xg for 30
min, supernatant filtered, pH neutralized by addition of 10X PBS, and run through TALON

metal affinity resin (Clontech) by gravity flow per manufacturer instructions.

Flow cytometry

Antibodies against CD16/32 (Fc block, clone 93), CD8«x (53-6.7), and IFN-y (XMG1.2) were
purchased from BioLegend. Cell viability was assessed with DAPI (Sigma) for tetramer stains
and LIVE/DEAD fixable aqua dead cell stain (Thermo Fisher Scientific) for all other studies.
Tetramer staining: E7 tetramer (iTAg Tetramer/PE - H-2 Db HPV 16 E7) was purchased from
MBL; during tetramer staining, PBMCs were Fc blocked and stained with tetramer for 15
minutes prior to addition of anti-CD8a antibody, and cells were incubated with all antibodies

for another 30 minutes. All labeling was performed in PBS + 0.1% BSA. Intracellular cytokine
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staining (ICS): Performed as previously reported!'. Briefly, PBMCs were re-stimulated in RPMI-
1640 + 10% FBS at 37°C with optimal WT peptides mixed at 10 pug/ml each (Trp1, gp100, CEA,
Mut25, Mut30) for 2 hrs followed by addition of brefeldin A (Thermo Fisher Scientific) for
another 4 hrs prior to staining. In all cases, surface staining was performed first (Fc block, anti-
CD8a) in PBS + 0.1% BSA followed by fixation and permeabilization using BD
Cytofix/Cytoperm fixation/permeabilization kit per manufacturer instructions and intracellular
staining (anti-IFN-y and/or anti-TNF-a) in perm/wash buffer. Cells were analyzed using BD

FACSCanto and BD FACS LSR Fortessa, and data were analyzed using FlowJo.

L]

Vaccinations

Plasmid DNA: Each vaccine was prepared with 100 pl volume: 50 ul was IM injected in both the
right and left hind quadriceps. Immediately after each injection, a 5 mm 2-needle array
electrode (BTX) connected to an ECM 830 Square Wave Electroporation System (BTX) was
inserted flanking the injection site. A connected footswitch (BTX) was used to initiate
electroporation; following resolution, the electrode leads were switched and pulsing was
resumed for another cycle at reverse polarity, for a total of four cycles per animal.
Electroporation protocol: 50 ms pulse, 200 ms gap, 3x100V. Dosing: 40 ug pVax1 encoding MSA

fusion and 25 ug pVax1 encoding peptide only to deliver equimolar dosing.

Replicon RNA:

Preparing template DNA!?: The gene of interest was PCR amplified to include Sapl sites; next, a

Modular Cloning (MoClo) reaction was initiated that contained 100 ng pTW072M (containing
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non-structural proteins), 25 ng pTW614 (containing the wild-type 265 subgenomic promoter),
25 ng pEP433 (containing the 3’ untranslated region), 50 ng PCR product, along with T4 DNA
ligase, ligase buffer, and Sapl. Reaction was incubated for 37°C for 1 hr, 50°C for 5 min, and
80°C for 5 min prior to transformation and plating on ampicillin plates. DNA was prepared

from expanded single colonies.

Preparing RNA': Replicon plasmids constructed using the MoClo assembly strategy were
linearized using I-Scel (NEB) and PCR purified (Macherey-Nagel) before in vitro transcription
(IVT). IVTs were performed using either the mMESSAGE mMachine T7 Kit (Life Technologies)
or the MEGAscript T7 Transcription Kit (Life Technologies) at 37 °C for 4 h. The resulting RNA
was DNase treated and purified using either the RNeasy Mini Kit (Qiagen) or lithium chloride
precipitation. For lithium chloride precipitation, ¥2 volume of ice-cold LiCl solution (7.5 M LiCl,
50 mM EDTA) was added to the IVT RNA and incubated at —20°C for 30 min. After incubation,
the mixture was centrifuged at max speed (~18,000 g) for 20 min at 4°C. The supernatant was
discarded and the resulting pellet was washed with 10x volume of ice-cold 70% EtOH and
centrifuged for 1-3 min at max speed. This step was repeated two more times. After the final
wash, the supernatant was discarded and the pellet was air dried for approximately 5min
before it was resuspended in Water. When the MEGAscript T7 Transcription Kit was used for
IVT, purification was followed by denaturation of the RNA at 65 °C and enzymatic (Cap1)
capping of the RNA using the ScriptCap 2'-O-methyltransferase Kit (Cellscript) and ScriptCap
m7G Capping System (Cellscript) for 30-60 min at 37 °C. A second purification using either the

RNeasy Mini Kit (Qiagen) or lithium chloride precipitation was then performed.

95



Packaging RNA: Replicon RNA was packaged into LNPs of the following composition: 40%
DOTAP : 10% DSPC : 48% Cholesterol : 2% DSPE-PEG with a DOTAP:RNA ratio of 8. Briefly,
lipid content dissolved in ethanol was mixed in one tube; RNA was diluted into citrate buffer of
equal volume in a second tube; RNA solution was added to lipid solution, and rapid mixing
induced the formation of encapsulated liposomes. Following encapsulation, particles were
buffer exchanged into PBS using Slide-A-Lyzer MINI Dialysis Device, 20K MWCO (Thermo
Fisher Scientific) for 1 hour. An aliquot was lysed with 0.5% Triton-X, and RNA content
measured using Quant-iT RiboGreen RNA Assay Kit (Thermo Fisher Scientific) to determine

dosing.

Vaccination: 1 ug of encapsulated RNA was IM injected per mouse, split between each hind

gastrocnemius muscle. Tetramer stain performed two weeks after vaccination.

Note: Neither DNA nor replicon RNA were filter sterilized, but were instead presumed to be

sterile following ethanol precipitation.

Protein: 100 ug MSA-E73s7 was mixed with 25 pg cyclic di-GMP (InvivoGen) and injected

subcutaneously in 100 pl at the tail base, 50 ul on each side.

Heterologous prime/boost: Dosing and methodology performed as above. Mice were primed on
day 0, post-prime T cell responses read out on day 6 via tetramer stain, boosted on day 28, and

post-boost T cell responses read out again on day 34.

Tumor Studies
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300k TC-1 or B16F10 cells were subcutaneously administered in 50 ul sterile PBS on the right
flank of shaved WT B6 mice. Mice bearing TC-1 tumors were treated on days 5, 12, and 19. Mice
were randomized into groups prior to treatment initiation. Tumor size was measured by area
(longest dimension x perpendicular dimension), and mice were euthanized when tumor area

exceeded 100 mm? (plasmid DNA study) or 200 mm? (replicon RNA study).

Statistical analysis

All statistical analyses were performed using GraphPad Prism software. The specifics of the
statistical test performed, p-values, and number of replicates are stated in the figure legends.

For all tests, the threshold for significance was P < 0.05.

3.4 Conclusions

A potentially exciting way to administer vaccines to patients in a cheap, fast, and
scalable manner is by the delivery of nucleic acid vaccines. While these vaccines have shown
promise in eliciting humoral immunity against infectious disease, their ability to induce T cell
responses against specific epitopes has not been optimized. Here, we utilize our albumin-
epitope fusion approach from Chapter 2, but instead of injecting the protein product as a
subunit vaccine, we encode the construct in plasmid DNA or replicon RNA and vaccinate via in
vivo transfection. We find that encoding albumin-antigen fusions in either plasmid DNA or
replicon RNA vaccine systems is a viable strategy to improve T cell responses in the case of
single epitope, but not multi-epitope, vaccination. The reason why albumin fusions fail to

enhance multi-epitope vaccines remains unclear. In the single-epitope context, however, we
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find that albumin fusion imparts its potency benefit due to the significant enhancement of
antigen expression, as measured in vitro. Although albumin-fused transgenes in DNA and RNA
vaccines can generate T cell responses after a single vaccination, they are poor boosting agents.
Protein vaccines co-administered with adjuvant can more appropriately boost responses
following prime, suggesting that a heterologous scheduling strategy with DNA prime and

protein boost is optimal.
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CHAPTER 4. ALBUMIN-ANTIGEN FUSIONS AS TOLERIZING
VACCINES

Abstract

Persistent antigen presentation in the absence of co-stimulation can induce tolerization,
characterized by exhaustion, anergy, and apoptosis of antigen-specific T cells. In this work, we
fused peptide antigens to serum albumin to prolong circulatory half-life and impart tolerization
against subsequent antigenic challenge. We find that responses to vaccination can be decreased
over 20-fold if mice are first administered albumin-fused tolerizing vaccines. Additionally, we
used the albumin-fusion vaccine system as a tool to explore the mechanism of action of
tolerizing vaccines. We describe the dominant role played by peripheral lymph nodes, despite
intravenous vaccine administration; we observe more persistent antigen presentation and the
induction of Foxp3 in the nodes relative to the spleen. Additionally, by comparing albumin-
fusion tolerizing vaccines against alternative carrier proteins with distinct half-lives, we identify
a threshold persistence requirement, whereby vaccines must have a half life >24h to induce
maximal tolerization. Finally, we show that prophylactic administration of albumin fused to
myelin oligodendrocyte glycoprotein peptide can prevent the induction of experimental

autoimmune encephalomyelitis.

4.1 Introduction

Autoimmune disorders occur when a patient’s immune system recognizes a self-antigen

as foreign, thereby initiating a toxic response against healthy tissue. Because these diseases are
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chronic in nature, they have a staggering cost on the healthcare system. It is estimated that 50
million Americans suffer from autoimmune related diseases, leading to annual costs of $100
billion annually®. Some of the most common autoimmune disorders include rheumatoid
arthritis (RA), characterized by the inflammatory degradation of cartilage, which has 1.3 million
patients; multiple sclerosis (MS), in which the immune system attacks the myelin sheath, which
has 400 thousand patients; and type 1 diabetes, whose disease etiology consists of autoimmune

destruction of pancreatic beta cells, and which has 1.25 million patients.

While vaccines have traditionally been designed to activate immune responses against
pathogens or cancer, there is an emerging field of tolerizing vaccine engineering to address
autoimmune disorders in an antigen-specific manner. Tolerizing vaccines take advantage of the
observation that antigen persistence in the absence of inflammatory cues can lead to exhaustion,
dysfunction, anergy, and apoptosis among T cells in a variety of settings including chronic
inflammation'®, adoptive transfer studies”®, and long-lived vaccination®%. Current
approaches to engineer tolerizing vaccines in preclinical development include particulate
delivery of antigen®, red blood cell associated antigen infusion®-, and the use of pMHC-

conjugated particles to trigger T cell receptor priming in the absence of co-stimulation” 13,

This work builds upon the conclusions of chapter two, where we found that persistent
and systemic albumin-antigen fusions detracted from overall immune responses due to
apparent access to poorly inflamed distal lymph nodes following subcutaneous injection. Here,
we transform this observation into an advantage in the engineering of tolerizing vaccines: we

purposefully introduce albumin-antigen fusions intravenously in the absence of adjuvant to
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promote tolerization. We find that in spite of intravenous administration, the peripheral lymph
nodes play a major role in antigen presentation and the induction of tolerance, and we use
various protein carriers with defined pharmacokinetic properties to identify a 24 hour systemic
half-life threshold beyond which the efficacy of tolerization is maximized. Finally, we apply the
albumin-antigen fusion approach to a murine model of experimental autoimmune

encephalomyelitis.

4.2 Results and Discussion

Intravenous administration of albumin-antigen fusions tolerizes against

subsequent challenge

When co-administered with adjuvant subcutaneously (s.c.), albumin-antigen fusions
prime high magnitude and functional T-cell responses. However, albumin’s long half-life, and
the known understanding that persistent antigen can induce tolerance®*, led us to suspect that
if appropriately delivered in the absence of inflammatory cues albumin-antigen fusiqns could
instead be tolerizing instead of activating for a potential application in the treatment of T-cell

mediated autoimmune disorders.

As a preliminary read-out for tolerization, we first asked whether an initial tolerizing
vaccine could reduce the magnitude of a subsequent challenge vaccination against the same
antigen. To maximally deliver albumin-antigen fusions to secondary lymphoid organs in the

absence of inflammation, we administered the vaccine intravenously (i.v.) without adjuvant.
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Two weeks later, mice were primed and boosted subcutaneously against the same antigen. In
an effort to keep the tolerizing vaccine and activating vaccine as orthogonal as possible,
different protein carriers were used for tolerization and activation. CD8+ T cells in peripheral
blood were analyzed six days after boost by either pMHC tetramer or intracellular cytokine
staining following ex vivo antigen restimulation to assess the frequency of antigen-specific cells

(Fig. 4.1a).

MSA-antigen fusions were compared against direct i.v. administration of unformulated
peptide, the current gold standard in tolerizing vaccines. We tested three different antigens:
HPV-associated E73ss7, vitiligo-associated gp1002039, and a long peptide form of OTI derived
from Ova protein as a model antigen. In all three cases, MSA-antigen fusions were able to
induce tolerance relative to control mice that only received i.v. PBS (Fig. 4.1b-d). The frequency
of antigen-specific CD8+ T cells was reduced by 97% for E73ss7 (Fig. 4.1b), 86% for gp10020-39
(Fig. 4.1c), and 75% for OTI (Fig. 4.1d). Unexpectedly, there was notable variability in the
efficacy of peptide tolerizing vaccine from antigen to antigen; while no peptide tolerization
regimen induced statistically significant reduction in T cell response relative to PBS control,
E73857 and gp1002039 did appear to induce some degree of tolerance (albeit to a lesser extent than

their MSA-fusion counterparts) (Fig. 4.1b-c), while OTI peptide was less effective (Fig. 4.1d).

An ideal tolerizing vaccine would not be chronically administered, but would instead
impart long-term tolerance, obviating the need for high frequency dosing. To test whether
MSA-E73s57 could impart tolerance beyond the two weeks assessed above, we waited up to over

200 days after administration of tolerizing vaccine before beginning challenge, and found that
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the frequency of E7-specific CD8+ T cells was similarly reduced at all time points (by >80%)
(Fig. 4.1e). These data suggest that there is an induced “memory” of tolerance that is sustained

long after the initial tolerizing vaccine has cleared.

To ensure that tolerance was induced not just in terms of frequency of CD8+ T cells but
also in terms of functionality, we next asked whether tolerizing against E7 would quicken the
growth rate of TC-1 tumor cells, which are E7+. Indeed, we found that i.v. administration of
MSA-E73857 in the absence of adjuvant two weeks prior to TC-1 tumor inoculation resulted in
mice with larger tumors relative to PBS- or E7 peptide-treated animals starting on day 16 post
tumor inoculation (Fig. 4.1f). Consistent with the presumed mechanism of action, the initial
tumor growth phase from days 0-13 were unaffected, as these are time points that are expected

to be prior to the induction of an adaptive immune response.
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Figure 4.1. Intravenous administration of albumin-antigen fusions tolerizes against subsequent challenge

(@) Schematic of typical experiment used to measure tolerance against subsequent challenge. 3 ug
peptide equivalence tolerizing vaccine was administered intravenously; two weeks later, mice were
primed and boosted with the indicated subcutaneous vaccine, and the magnitude of the CD8+ T cell
response was assessed by tetramer staining or intracellular cytokine staining. (b-d) Tolerization studies
with three different antigens: E735.57 (b), gp100203¢ (€), and OTI peptide (d) (n = 5 mice/group in all
cases). The specific challenge regimen is indicated. Data are representative of at least two independent
studies. (e) Mice were tolerized with MSA-E735.57 i.v. and prime/boost challenged s.c. with TTR-E735.57
and CDN the indicated number of days later. Percent tolerization was calculated as the percent reduction
in tetramer+ frequency relative to PBS control. (f) Mice were tolerized with MSA-E73557, and two weeks
later inoculated with TC-1 tumors. Throughout, * P < 0.05 by one-way ANOVA with Dunnett's multiple
comparisons test against PBS (b-d) or one-tailed t tests at each indicated time point against PBS (f).

T cells are tolerized in the spleen and lymph nodes

Having confirmed that MSA-antigen fusions effectively induced tolerance against
subsequent challenge, we next explored their mechanism of action. We first sought to

understand in which organs antigen-specific CD8+ T cells were being primed. A first pass
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approach to answering this question is to elucidate the biodistribution of MSA-antigen fusions
to generate a shortlist of possible sites of T cell priming. When injected i.v., we found that Alexa
Fluor 647 labeled MSA-gp100203 did distribute to canonical lymphoid organs like the inguinal
lymph node (LN) and the spleen, but that very bright signal was detectable in both the liver and

the lungs (Fig. 4.2a).

The efficient biodistribution of MSA-gp10020.3 to the liver was particularly exciting
because of a robust literature describing the liver as a tolerizing organ!®13 that serves to
prevent the generation of unregulated immune responses against food antigens, for example.
However, the liver does not have the same anatomical architecture of spleens and LNs, which
bring antigen presenting cells (APCs) and circulating T cells in sufficiently close compartments
to maximize the probability of T cells contacting their cognate pMHC%13413, Thus, we were
skeptical that the initial priming event could truly happen in the liver. To investigate where T
cells are initially primed, we transferred 500k Thyl.1+ pmel T cells (which are specific for
gp10020-39) into recipient mice, then administered either PBS or MSA-gp10020-39 i.v. 24 hours later.
24 hours after vaccination, the same organs analyzed for gross biodistribution (inguinal LN,
kidney, spleen, liver, and lungs), were processed into single cell suspensions, and Thy1.1+ cells
analyzed for CD69 expression, as a marker of TCR triggering. Within the first 24 hours of
activation, CD69 prevents T cell egression from lymphoid organs, so we can be reasonably
confident that at this time point CD69+ T cells were primed at the organ of recovery!*s!¥.

Activated Thyl.1+ pmels were only recovered in the canonical secondary lymphoid organs
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(inguinal LN and spleen) (Fig. 4.2b-c), making it unlikely that the liver is the site of initial

priming, despite significant organ uptake at the gross level (Fig. 4.2a).
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Figure 4.2. Tolerizing vaccines prime CD8+ T cells in secondary lymphoid organs despite their distribution
to the liver and lungs

(a) AFB47-labeled MSA was administered i.v. and the indicated organs excised and imaged 24 hours
later (where LN represents the inguinal LNs). (b-c) 500k Thy1.1+ pmel T cells were transferred into
recipient mice, which were subsequently administered MSA-gp10020.3¢ i.v. (b) The indicated organs were
excised and Thy1.1+ cells assessed by flow cytometry. Shown are representative Thy1.1+ identification
plots, demonstrating in which organs Thy1.1+ cells were recovered. (¢) CD69 expression measurements
from Thy1.1+ cells recovered from the inguinal LN and the spleen.
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We next assessed the phenotype of T cells as they respond to tolerizing vaccination
within secondary lymphoid organs. In addition to the peripheral inguinal LN, we added the
intestine-draining mesenteric LNs to our analysis to try and observe behavior in the presumably
tolerizing gut environment. To examine mechanisms of T cell tolerization, we transferred 1M
CFSE-labeled CD45.2+ OTI T cells into recipient CD45.1+ mice; 24 hours later we administered
PBS, gpl002039 peptide, or MSA-gp1002039 intravenously. Three days after vaccination, the
spleen, inguinal LN, and mesenteric LN were excised and CD45.2+ cells were analyzed for
proliferation as measured by CFSE dilution, markers to assess exhaustion (PD1, Tim3, Lag3)

and the induction of regulatory cells (Foxp3).

CD45.2+ cells from mice that received the MSA-OTI vaccine had proliferated
significantly more than CD45.2+ cells from mice that received PBS or OTI peptide in all
lymphoid organs assessed, with nearly 100% of CD45.2+ cells divided in the MSA-OTI (Fig.
4.3a-b). Additionally, CD45.2+ T cells from MSA-OTI-vaccinated animals showed markers
consistent with an exhaustive phenotype. While OTI peptide and MSA-OTI vaccination induced
PD1 expression in the spleen, only MSA-OTI triggered PD1 expression in the inguinal LN and
mesenteric LN (Fig. 4.3¢). To differentiate between activated T cells and exhausted cells, we also
stained for Tim3 and Lag3, where double positive cells can more confidently be described as
exhausted!®. By this measurement, only MSA-OTI induced an exhaustive phenotype (Fig. 4.3d-
e). Finally, we assessed the regulatory phenotype of CD45.2+ cells with Foxp3 staining, and
intriguingly found Foxp3 expression only in the LNs of mice that had been vaccinated with

MSA-OTI (Fig. 4.3f). Collectively, we conclude that upon i.v. administration of MSA-antigen

107



tolerizing vaccine, antigen-specific T cells in the spleen and lymph nodes proliferate but become
rapidly exhausted, preventing response to future challenge, and antigen-specific T cells in the
lymph nodes adopt a regulatory phenotype, actively dampening subsequent antigen-specific

immune responses.
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Figure 4.3. Phenotype of CD8+ T cells in response to tolerization

Throughout, 1M CFSE-labeled CD45.2+ OTI cells were transferred into CD45.1+ recipient mice. 24h
later, mice were treated with indicated tolerizing vaccine. 72h later, the indicated organs were excised,
and recovered CD45.2+ OTI cells were assessed for the indicated phenotypes (n = 5 mice/group). (a)
Shown are representative CFSE dilution histograms, quantified in (b). (c-f) Shown are quantifications of
the percent of CD45.2+ OTI cells with the indicated phenotypes. Throughout, * P < 0.05; ** P < 0.01; *** P
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< 0.001; **** P < 0.0001 by two-way ANOVA with Dunnett's multiple comparisons test against PBS within
each indicated organ (b-f).

The degree of tolerization is dependent on antigen persistence and the

pharmacokinetics of the protein carrier

We conjectured that a major reason why MSA-antigen fusions are so efficient tolerizing
agents is their extended pharmacokinetics, which may lead to persistent T cell priming. To
directly assess the kinetics of antigen presentation, we i.v. vaccinated mice with OTI peptide or
MSA-OTL After 1, 3, or 7, or 14 days, 500k OTI Thy1.1+ cells were adoptively transferred into
vaccinated animals to serve as reporters of antigen presentation. Twenty-four hours later,
inguinal LN, mesenteric LN, and spleen were excised and resident Thy1.1+ cells were assessed
for CD69 expression. Antigen presentation was prolonged in mice vaccinated with MSA-OTI:
CD69 was still upregulated on OTI T cells in the spleen (Fig. 4.4a) and mesenteric LNs (Fig.
4.4b) when transferred 7 days after immunization and in the inguinal LN when transferred
even 14 days after immunization (Fig. 4.4c). OTI peptide administration did not induce CD69
expression at any measured time points (Fig. 4.4a-c). We note that the apparent inactivity of the
OTI peptide is likely not representative of other peptide antigens, as other peptides

administered i.v. tend to perform better than OTI at inducing tolerance (Fig. 4.1b-d)
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Figure 4.4. Persistence of antigen presentation in secondary lymphoid organs

Throughout, mice were i.v. administered the indicated tolerizing vaccine, then received 500k Thy1.1+ OTI
cells after the indicated number of days. 24h after transfer, the indicated organs were excised, and
recovered Thy1.1+ OTI cells assessed for CD69 expression by flow cytometry (n = 3 mice/group). *** P <
0.001; **** P < 0.0001 by two-tailed t tests at each time point with Holm-Sidak multiple comparisons test.

If the persistence of antigen presentation has a dominating impact on tolerization, then
choosing carrier proteins with different pharmacokinetic charaacteristics should modulate
efficacy in a tolerization model. In addition to MSA-E7wss, we produced E7ss fused to
alternative proteins, including MSA H464Q, a form that fails to interact with the neonatal Fc
receptor (FcRn) to shorten the circulating half life, and Fc and transthyretin (TTR), two
endogenous serum proteins with notably different half lives. These antigen delivery strategies
could be rank ordered: Fe-E738.57 > MSA-E738.57 > MSA-E73s-57 H464Q > TTR-E73857 > E73857 peptide
(Fig 4.5a). When compared head-to-head in a tolerizing vaccine study (Fig. 4.1a), the fusions
with half-lives over 24 hours (Fc-E73s5, MSA-E7357, and MSA-E73s.57 H464Q) all generated mean
tolerization >80%, while more rapidly cleared E73-57 peptide (half life of 0.6 hours) and TTR-E7zs-
w7 (half life of 11.9 hours) only tolerized 57% and 50%, respectively (Fig. 4.5b). Thus, there

appears to be a pharmacokinetic threshold requirement to maximize the induction of tolerance.
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Figure 4.5. Relationship between pharmacokinetics and tolerization

(a) The indicated antigens were FITC labeled, injected i.v. and concentrations in blood calculated at the
indicated time points (n = 3 mice/group). (b) Each antigen was tested for tolerization against subsequent
prime/boost s.c. challenge with TTR-E7z5s; with CDN (n = 5 mice/group), and percent tolerance
calculated as the percent reduction in tetramer+ frequency relative to PBS control. Shown is an overlay of
terminal half life calculated from (a) and percent tolerance.
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Targeting periphal LNs more effectively induces tolerance

A number of the studies described thus far suggested that antigen presentation in the
peripheral inguinal LN may have a dominant effect in the induction of tolerance. Lymph nodes,
as opposed to the spleen, are prominently involved in the induction of Foxp3+ CD8+ cells (Fig.
4.3f), and antigen presentation is robust and significantly more persistent in the inguinal LN
than in the mesenteric LN or the spleen (Fig. 4.4a-c). We believe this might be a unique feature
of a relatively small, antigen carrier like a protein that exchanges between serum and tissue
regularly, as opposed to cellular or microparticle delivery strategies that would be excluded
from tissues and their draining LNs. However, we were also interested in addressing whether
intentionally targeting peripheral LNs could more potently induce tolerance than broad i.v.
biodistribution. To target MSA-E73s7 to the inguinal LN for the purposes of tolerization, MSA-
E73s57 was administered s.c. rather than i.v. in the absence of adjuvant, then challenged two
weeks later as previously described. Indeed, s.c. administered MSA-E7357 was able to impart

tolerance at lower doses than was i.v. administered MSA-E737 (Fig. 4.6).
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Figure 4.6. Comparison of intravenous versus subcutaneous administration of tolerization vaccines

Mice were tolerized with MSA-E734.5; at the indicated equivalent peptide dose, followed by prime/boost
challenge with TTR-E735.5; (n = 5 mice/group). Percent tolerance was calculated as the percent reduction
in tetramer+ frequency relative to PBS control. ** P < 0.01 by two-tailed t tests at each dose followed by
Holm-Sidak multiple comparisons test.

Albumin-antigen fusions in a preclinical model of multiple sclerosis

A commonly utilized preclinical model in autoimmunity is the experimental
autoimmune encephalomyelitis (EAE) model of multiple sclerosis. In this model, mice are
immunized against MOGssss along with Pertussis toxin to induce an anti-myelin response,
leading to debiliting muscular destruction and the onset of paralysis which can be measured by
clinical score. We prophylactically administered MOGssss or MSA-MOGss=5 i.v. in mice 7 days
prior to induction of disease, then tracked disease score starting on day 10 after disease
induction. Starting on day 17 and onwards, mice that had received MSA-MOGasss had
significantly lower disease score than either the no treatment control or MOGssss peptide
controls, and 90% of MSA-MOGssss-treated mice exhibited no disease score at all (Fig. 4.7).
While more preclinical work is needed to thoroughly characterize the mechanism of action here,

the early data are promising.
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Figure 4.7. MSA-MOG3s.s5 tolerizing vaccine effectively prevents induction of EAE

Mice were i.v. administered the indicated tolerizing vaccine on day -7, followed by induction of EAE on
day 0, and disease score was assessed daily from days 10-23 (n = 10 mice/group). * P < 0.05 and ** P <
0.01 by two-way ANOVA with Dunnett's multiple comparisons test at each time point against no treatment
control.

4.3 Materials and Methods

Mice

B6 mice were purchased from Taconic. OTI mice (C57BL/6-Tg(TcraTerb)1100Mjb/]) and Thyl.1
mice (B6.PL-Thyla/Cy]) were purchased from Jackson Laboratory and crossed to generate an
OTI Thy1.1* colony. Pmel Thyl.1* mice (B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/]) were purchased
from Jackson Laboratory. All animal work was conducted under the approval of the
Massachusetts Institute of Technology (MIT) Division of Comparative Medicine in accordance

with federal, state, and local guidelines.

Cells
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HEK cells (FreeStyle 293-F) were purchased from Thermo Fisher Scientific. TC-1 cells were
kindly provided by T.C. Wu (Johns Hopkins University). HEK cells were cultured in FreeStyle
293 Expression Medium (Thermo Fisher Scientific) and passaged every two days to a density of
300k/ml. TC-1 cells were cultured in RPMI-1640 (GE Healthcare Life Sciences) supplemented
with 10% FBS, 100 units/ml penicillin, 100 ug/ml streptomycin, and 4 mM L-alanyl-L-glutamine.
TC-1 cells were passaged 1:10 every two days. All cells were cultured at 37°C and 5% CO.. All
cells were tested regularly for mycoplasma contamination and for rodent pathogens, and none

used tested positive at any point.

Protein production and characterization

Codon-optimized genes encoding desired proteins were cloned into gWiz expression vectors
(Genlantis) using the In-Fusion HD Cloning Kit (Clontech), prepared endotoxin free (Macherey-
Nagel) and incubated with Opti-Pro (Thermo Fisher Scientific) and polyethylenimine (PEI) 25K
(Polysciences) prior to drop-wise addition to HEK cell culture at 1 million cells/ml. 1T mg of
DNA was mixed with 40 ml of Opti-Pro and 2 mg of PEI per 1 L of cell culture. One week after
transfection, cell culture was spun down in endotoxin-free centrifuge tubes at 15000xg for 30
min, supernatant filtered, pH neutralized by addition of 10X PBS, and run through TALON
metal affinity resin (Clontech) by gravity flow per manufacturer instructions. Following
purification, proteins were buffer exchanged into PBS with 30 kDa molecular weight cutoff
Amicon Ultra-15 centrifugal filters (Millipore), filtered using Spin-X centrifuge tube filters
(Corning) or 0.2 um syringe filters (VWR), and flash-frozen in aliquots with liquid nitrogen,

then stored at -80°C. After thaw, proteins were used within one month and stored at 4°C in
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sterile conditions. Endotoxin levels measured using a chromogenic LAL assay (Lonza). A

maximum of 5 EU/kg, or 0.1 EU/mouse was accepted for all injected proteins.

PK studies

5-FAM-E73857 was purchased from Genscript, and recombinantly expressed proteins (MSA-E73.
57, TTR-E73s8s7, and Fc-E73s.57) were labeled with NHS-5/6-FAM (Thermo Fisher Scientific) per
manufacturer instructions. Following protein conjugation, the concentration of labeled protein
was calculated using A493. Mice were i.v. injected with 5 nmol labeled peptide or protein. At
the indicated time points, <10 ul of blood was collected from tail snip into heparin-coated
microhematocrit capillary tubes (VWR). Capillaries were parafilmed and stored upright in the
dark at 4°C overnight to separate serum from cellular components. On a Typhoon Trio variable
mode imager, serum in capillaries was measured (526 SP filter, 532 nm laser) against a standard
curve of analytes prepared in PBS and added directly into capillaries. FIJI image analysis
software was used to calculate serum concentrations of analyte. L.v. curves were fit to biphasic
decay kinetics and the terminal half-life calculated. Curves were fit using nonlinear regression

on GraphPad Prism software.

Vaccinations

To test tolerizing vaccinations, epitope-containing peptide or protein-epitope fusions were i.v.
administered retro-orbitally 14 days before s.c. prime with adjuvanted challenge vaccine, and
boost 14 days after prime; the magnitude of the T cell response was read-out 6 days after boost

with either tetramer staining or intracellular cytokine staining (Fig. 4.1a). Dosing and details of
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challenge: In Fig. 4.1, 3 ug equivalent of indicated peptide tolerization and challenge with 3 ug
peptide equivalent TTR-E73ss7 (Fig. 4.1b), 3 ug peptide equivalent TTR-gp10020-3 (Fig. 4.1c), or 5
pg ovalbumin (Fig. 4.1d), mixed with 25 ug cyclic di-GMP (CDN) in all cases in Fig. 4.1. Fig.
4.1d was performed like Fig. 4.1b but the indicated time period elapsed before initiation of
prime/boost challenge. Fig. 4.5b was performed like Fig. 4.1b but the tolerizing vaccine dose
was reduced from 3 pg peptide equivalent to 0.6 pg; challenge dose remained the same. Fig. 4.6
was performed like Fig. 41b but the tolerizing vaccine dose was titrated as indicated, and
administered either i.v. or s.c. as indicated.; challenge dose and route of administration

remained the same.

Flow cytometry

Antibodies against CD16/32 (Fc block, clone 93), CD8a (53-6.7), TNF-a (MP6-XT22), IFN-y
(XMG1.2), CD45.2 (104), Thyl.1 (OX-7), CD69 (H1.2F3), PD1 (29F.1A12), Lag3 (C9B7W), Tim3
(RMT3-23), and Foxp3 (MF-14) were purchased from BioLegend. Cell viability was assessed
with DAPI (Sigma) for tetramer stains and LIVE/DEAD fixable aqua dead cell stain (Thermo
Fisher Scientific) for all other studies. Tetramer staining: E7 tetramer (iTAg Tetramer/PE - H-2 Db
HPV 16 E7) and OTI tetramer (iTAg Tetramer/PE - H-2 Kb OVA) were both purchased from
MBL; during tetramer staining, PBMCs were Fc blocked and stained with tetramer for 15
minutes prior to addition of anti-CD8a antibody, and cells were incubated with all antibodies
for another 30 minutes. All labeling was performed in PBS + 0.1% BSA. Ex vivo stimulation
studies: Intracellular cytokine staining (ICS) to assess the magnitude of T cell response was

performed as previously reported'*. Briefly, PBMCs were re-stimulated in RPMI-1640 + 10%
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FBS at 37°C with optimal WT peptide at 10 ug/ml (gp1002s-33) for 2 hrs followed by addition of
brefeldin A (Thermo Fisher Scientific) for another 4 hrs prior to staining. In all cases, surface
staining was performed first (Fc block, anti-CD8a) in PBS + 0.1% BSA followed by fixation and
permeabilization using BD Cytofix/Cytoperm fixation/permeabilization kit per manufacturer
instructions and intracellular staining (anti-IFN-y and/or anti-TNF-a) in perm/wash buffer.
Organ processing: LNs were excised, mashed through 74 um Netwell inserts (Corning), and
washed into PBS + 0.1% BSA prior to antibody labeling. Other organs were excised and mashed
through 70 um filters (Corning) and washed into PBS + 0.1% BSA prior to antibody staining.
Spleens were also treated with ACK lysis to remove red blood cells. Cells were analyzed using

BD FACSCanto and BD FACS LSR Fortessa, and data were analyzed using Flow]Jo.

Tumor studies

Two weeks after the administration of 3 ug E73ss or equimolar doses of MSA-E73.57 (or PBS
control), 300k TC-1 cells were subcutaneously administered in 50 ul sterile PBS on the right
flank of shaved WT B6 mice. Tumor size was measured by area (longest dimension x

perpendicular dimension), and mice were euthanized when tumor area exceeded 100 mm?.

Biodistribution

IVIS imaging: 2 nmol AF647-conjugated MSA-gp10020-3 or PBS control was i.v. administered
retro-orbitally; the indicated organs were excised 24 hours after injection and imaged on an IVIS

Spectrum Imaging System (Caliper Life Sciences), excitation: 640 nm, emission: 700 nm.

119



Adoptive transfer

CD8* T cells from pmel Thyl.1*, OTI Thyl.1*, or OTI mouse spleens were isolated using the
EasySep mouse CD8+ T Cell Isolation Kit (STEMCELL Technologies). To determine in which
.‘organs antigen is presented, CD8* T cells from pmel Thyl.1* mice were isolated as above and
retro-orbitally transferred into naive mice in PBS. 24 hrs later, recipient mice were i.v.
immunized with 3 ug peptide equivalence MSA-gp1002039; 24 hrs after injection, the indicated
organs were probed for Thyl.1* cells, and if sufficient Thy1.1* cells were recovered, then CD69
expression was measured by flow cytometry (see flow cytometry section). To assess T cell
phenotype in response to tolerization, CD8* T cells from OTI mice were isolated as above and
labeled with carboxyfluorescein succinimidyl ester (CFSE) (Thermo Fisher Scientific) at a cell
density of 10M/ml and a CFSE concentration of 5 uM for 20 min at 37°C in PBS + 0.1% BSA and
subsequently quenched by addition of FBS. 1M CFSE-labeled OTI cells were retro-orbitally
transferred into naive CD45.1* animals in PBS. 24 hrs later, recipient mice were i.v. vaccinated
with 3 ug OTI peptide, MSA-OTI, or PBS control. 72 hrs post-immunization, the spleen,
inguinal LNs, and mesenteric LNs were excised and Thy1.1* cells assessed by flow cytometry
(see flow cytometry section). Proliferation index = loga(FIna/MFla1) where MFILai = MFI of live
Thyl.1* pmel T cells and Flna = peak fluorescence intensity of viable non-divided Thy1.1* pmel T
cells. To assess the kinetics of TCR engagement (Fig. 4.4), we retro-orbitally i.v. transferred 500k
OTI Thyl.1* cells into animals that had previously been i.v. vaccinated with 3 ug peptide
equivalence MSA-OTI at the indicated time points. 24 hours after transfer, the spleen, inguinal

LNs, and mesenteric LNs were excised and Thy1.1* cells assessed for CD69 expression by flow
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cytometry (see flow cytometry section).

EAE studies

EAE was induced as previously reported’®. Mice were administered 3 pg MOGssss or
equimolar dose of MSA-MOGssss i.v. 7 days prior to initiation of EAE. EAE was induced via
MOGssss vaccination and injection of Pertussis toxin. 2 days later, Pertussis toxin was re-

injected. Starting on day 8 after EAE initiation, mice were scored daily until day 22.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software. The specifics of the
statistical test performed, p-values, and number of replicates are stated in the figure legends.

For all tests, the threshold for significance was P < 0.05.

4.4 Conclusions

Given our conclusion from chapter 2 that albumin-antigen fusion proteins are bioactive
and immunogenic, and because of albumin’s known ability to extend circulating half-life, we
hypothesized that albumin-antigen fusions would be effective at inducing tolerization if
administered in the absence of adjuvant. Surprisingly, we found that intravenously
administered albumin fusions were effective at preventing responses to subsequent antigenic
challenge both with and without co-administration of adjuvant. The reason why the approach is

agnostic to adjuvant has not been fully elucidated, but is likely due to different pharmacokinetic
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clearance rates between antigen and adjuvant, or their partitioning into distinct anatomic or

cellular compartments.

To wunderstand how albumin-epitope fusions function, we analyzed 1) the
pharmacokinetics of fusion protein clearance; 2) the pharmacodynamics of antigen presentation;
and 3) the phenotype of T cells as they respond to tolerizing vaccine. We report a threshold half-
life requirement of approximately 24h, beyond which tolerizing vaccines achieve maximal
efficacy. Surprisingly, we find that peripheral lymph nodes play a dominant role in the
induction of tolerance, even following intravenous administration of tolerizing vaccine: antigen
presentation is more persistent in the inguinal node than in the spleen, and Foxp3 expression is
induced exclusively in T cells of the lymph nodes three days after injection of antigen. As a
result, subcutaneous administration of tolerizing vaccines, such that the draining inguinal
lymph node is more specifically targeted, is effective at lower doses relative to intravenous
administration. Finally, we report that mouse serum albumin fused to MOGssss peptide
effectively prevents the induction of EAE, although the fusion approach is ineffective in a

therapeutic context after EAE has already been induced (data not shown).
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CHAPTER 5. ELUCIDATING THE MECHANISM OF ACTION OF
LIPO-CPG

Abstract

In the development of therapeutic subunit vaccines, we must pay careful consideration to our
choice of adjuvant, which triggers the appropriate inflammatory environment needed to sustain
a productive T cell response. Previously, we conjugated CpG, a TLR agonist, to a diacyl lipid
tail (lipo-CpG), to develop a moiety that bound serum albumin in situ upon subcutaneous
injection, improving lymph node targeting and enhancing T cell responses over vaccines with
unformulated CpG by over 10-fold. Here, we explore lipo-CpG’s mechanism of action in more
depth and find that its advantage over CpG goes beyond improved lymph node accumulation
to include enhanced monocyte uptake. We uncover a cascade of cellular events and soluble
signals triggered by monocyte activation following immunization with lipo-CpG, including
monocyte-produced IL-12, NK cell-secreted IFNy, and a number of chemokines that aid in
antigen-presenting cell recruitment. Collectively, we conclude that the key advantage of lipo-
CpG over CpG is its ability to enhance the cytokine milieu in the lymph node during early

events in T cell priming to generate a more productive response.

5.1 Introduction

We  previously published on the use of 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE) conjugates to improve responses to molecular vaccines®. In this

work, DSPE-peptide and -CpG conjugates were amphiphiles with a hydrophilic head and a
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hydrophobic tail. These amphiphilic vaccine components were named amph-peptide and lipo-
CpG. In solution, both amph-peptide and lipo-CpG formed micelles that could be disrupted by
the presence of serum albumin due to the several lipid-binding pockets present in the globular
protein®#, Lipid-mediated albumin binding was found to have a direct correlation with lymph
node (LN) uptake upon subcutaneous injection, as measured by whole organ in vivo imaging
systems (IVIS). Lipo-CpG adjuvanted OVA vaccination resulted in tremendous increases in
potency of protein antigens, generating 32-fold higher numbers of OVA-specific CD8+ T cells in
the blood compared to CpG. Over 30% of the CD8+ T cells in the blood were OV A-specific, a
high frequency rivaling that seen during natural infection®. Similarly potent responses were

seen when lipo-CpG and amph-peptide were co-injected in vaccination.

Intriguingly, however, neither in vitro nor in vivo studies on dendritic cells (DCs)
revealed any significant differences in potency between CpG and lipo-CpG#®. In addition to
presenting antigen (signal one) and danger-signal associated co-receptors (signal two), APCs
also provide a third signal via the secretion of soluble inflammatory cytokines!®. We began to
suspect that it is along this axis that lipo-CpG may gain its marginal efficacy over CpG. With
CpG in particular, TLR9 expression has been found to be inessential on both the DC presenting
antigen and on the T cell responding to antigen, instead implicating other immune cells in the
lymph node'®. CpG has also been shown to induce high levels of IL.-12 secretion, a cytokine that
can shape the quality and phenotype of T cell responses!¥!. Monocytes and macrophages,
despite being sub-optimal antigen-presenting cells relative to DCs, have been shown to be

responsible for directing the cytokine milieu in response to CpG, secreting both IL-12 and
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chemokines to further recruit APCs!¥21#, The role of CpG in shaping the immune response is
complex, however, as high doses can ultimately be immunosuppressive rather than

stimulatory!414,

Here, we modulate the dosing of CpG relative to lipo-CpG such that both accumulate in
the draining LN equivalently, and we find that lipo-CpG remains a superior adjuvant. We show
that lipo-CpG is preferentially taken up by monocytes, expanding their numbers and triggering
high degrees of IL-12 production, directing an inflammatory cascade that recruits additional
monocytes via chemokines and induces a highly proliferative CD8+ T cell response modulated
by the transcription factor T-bet. We conclude that lipo-CpG outperforms CpG not solely due to
better lymph node accumulation nor due to enhanced maturation c;f cells directly presenting
antigen, but rather due to superior uptake by monocytes and the production of the most

appropriate signals to direct the immune response in trans.

5.2 Results and Discussion

High dose CpG fails to replicate lipo-CpG efficacy despite enhanced lymphatic
retention

Previously, the Irvine lab had systematically explored various formulation strategies to
improve the bioavailability of CpG in the draining lymphatics, and found a tight correlation
between lymphatic retention and vaccine responses when combined with ovalbumin®4, This

work suggested that, in a generalizable matter, strategies that enhance the lymphatic uptake of
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CpG should also improve its potency, and that the primary bottleneck in CpG efficacy is its
mass transport to the lymph node, where the immune response is orchestrated. The conclusion
drawn from this work is that lipo-CpG gained efficacy over CpG because of its propensity to
form complexes with serum albumin, which helped solve the delivery problem associated with

naked CpG.

To directly test the role of lymphatic bioavailability on CpG potency, we sought to dose
through the mass transport deficiencies of CpG to identify a dosing regimen that matched the
dLN retention characteristics of lipo-CpG. 1 nmol of TAMRA-labeled CpG only weakly
accumulated in the draining inguinal lymph node (dLN) while 1 nmol of labeled lipo-CpG
demonstrated potent dLN uptake as measured by IVIS, consistent with previous findings;
however, simply administering a five-fold higher dose of labeled CpG (5 nmol) also led to
robust accumulation (Fig. 5.1a,b). In addition to early mass uptake, lipo-CpG is notable for its
persistence in the dLN, a feature that was also replicated by high dose CpG, where strong
TAMRA signal was detected even 7 days after administration of labeled CpG (Fig. 5.1a,b).
Thus, 5-fold higher dosing of CpG seemed to appropriately replicate the dLN accumulative

characteristics of lipo-CpG.

We next assessed whether improved dLN uptake by high dose CpG led to matched
potency compared to lipo-CpG in a vaccination model. CpG or lipo-CpG, at 1 nmol or 5 nmol as
indicated, were mixed with 5 pg ovalbumin as a model antigen, and administered using a
prime/boost vaccination schedule (prime on day 0, boost on day 14, read-out with tetramer

staining on day 20). Surprisingly, 5 nmol CpG failed to improve upon 1 nmol CpG at triggering
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high-frequency anti-OVA CD8+ T cell responses responses, and continued to underperform
relative to lipo-CpG by 8.4-fold (Fig. 5.1c). This result decoupled dLN bioavailability from
potency and suggested that there may be some underlying biological mechanism of action that

differs between CpG and lipo-CpG.
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Figure 5.1. High dose CpG fails to replicate lipo-CpG efficacy

(a) TAMRA-conjugated CpG variants at the reported dose were subcutaneously administered, and the
draining inguinal LNs were excised and imaged on IVIS at the indicated time points (n = 4 lymph
nodes/group). (b) Quantification of IVIS signals from (a). (¢) Mice were prime/boost vaccinated with the
indicated CpG variants mixed with ovalbumin. Six days after boost, the frequency of Ova-specific CD8+ T
cells was assessed via tetramer stain (n = 4-8 mice/group). * P < 0.05; ** P < 0.01; *** P < 0.001; *** P <
0.0001 by two-way ANOVA with Tukey's multiple comparisons test within each time point (b) or one-way
ANOVA with Tukey’s multiple comparisons test (a).

Lipo-CpG potently activates and expands monocyte populations

To understand the biological differences between low dose CpG, high dose CpG, and

lipo-CpG, we performed single cell RNA-seq (scRNA-seq) on cells isolated from the dLN 24
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hours after administration of CpG mixed with ovalbumin, compared against PBS control.
Several immune cells were successfully isolated and reliably clustered (Fig. 5.2a), allowing for
the assessment of differences between groups on a cell-by-cell level in terms of both gene

expression and numerical expansion.

We observed notable differences between the groups in the monocyte population, both
in terms of numbers and activation. During sample preparation, equivalent numbers of cells
were run in each group, so total absolute numbers of cells are not available for this dataset;
however, it was apparent that both high dose CpG and lipo-CpG expand the frequency of
monocytes relative to PBS control (Fig. 5.2b). Due to the greater number of total cells recovered
from lipo-CpG immunized animals, this suggests that lipo-CpG should significantly
outperform CpG in terms of the absolute number of monocytes per dLN following
immunization. This finding is consistent with previous reports that show dramatic monocyte
expansion in the nodes in response to CpG immunization, and suggested that it is on this
mechanistic axis that lipo-CpG may outperform CpG. The apparent reduced expansion of
monocytes by high dose CpG intriguingly suggested that an auto-regulatory feedback might be
triggered at higher doses of CpG'!%, reducing its propensity to expand monocytes.
Importantly, gene set enrichment analysis within the identified monocyte populations
demonstrated signatures of activation, including apparent responses to IFNy, NFxB, and

JAK/Stat3 (Fig. 5.2¢).
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Figure 5.2. Single-cell RNA-seq analysis of CpG-treated lymph nodes

(a-c) Mice were s.c. immunized with PBS, 1 nmol CpG, 5 nmol CpG, or 1 nmol lipo-CpG mixed with
ovalbumin. The draining inguinal LNs were excised 24h later and assessed by scRNA-seq (n = 1
mouse/group). (a) Shown is a tSNE plot of identified cell types. (b) Distribution of all identified cells per
sample. (¢) Gene set analysis of the indicated signaling pathways, where each row represents a different
sample, and each column represents a distinct cell type.

The scRNA-seq data begged the question whether monocytes are drivers of immune
activation or instead downstream responders to a distinct initiation event. To address this
question, we utilized flow cytometry to understand the cellular biodistribution of CpG relative
to lipo-CpG in the dLN, with the hypothesis that cell types that took up adjuvant were the
likely initiators of the response. Consistent with the notion that monocytes are likely drivers, we
found TAMRA-labeled lipo-CpG to preferentially accumulate in activated (Ly6C+) monocytes

and macrophages, in addition to all other CD11b+ myeloid cells analyzed (neutrophils, and
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CD11b+ cDC2s) (Fig 5.3a). Conversely, and unexpectedly, high dose TAMRA-CpG tended to
segment into NK1.1+ cells, including NK cells and NKT cells (Fig. 5.3a). Thus, although high
dose CpG equivalently drained into the dLN as measured by IVIS (Fig. 5.1a,b), cellular uptake

was strikingly different between CpG and lipo-CpG.

We found that lipo-CpG not only segmented into monocytes/macrophages, but also
expanded their numbers, validating the similar observation made with scRNA-seq (Fig. 5.2b),
while high dose CpG instead only expanded NKT cells over PBS control (Fig. 5.3b). To
understand the mechanism for monocyte expansion in the case of lipo-CpG immunization, but
not high dose CpG immunization, we returned to the scRNA-seq dataset to analyze gene
expression differences in monocytes between the two conditions. Among a cluster of genes
upregulated in lipo-CpG treated monocytes were chemokines including CXCL10 and CCL2 that
induce monocyte recruitment (Fig. 5.3c). Collectively, these data suggest that lipo-CpG
distributes in a biased fashion to monocyte cell populations and facilitates a positive feedback
loop, whereby activated monocytes trigger the chemoattraction of additional monocytes,

inducing significant increases in numbers of activated monocytes in the dLN.

Previous studies have shown that CpG can stimulate I1.-12 production by monocytes,
leading us to hypothesize that lipo-CpG may further potentiate this effect. To assess this, we
immunized mice with CpG or lipo-CpG, excised lymph nodes 24 hours later, and isolated
monocytes using negative magnetic bead selection. After culturing primary monocytes for 48
hours without any additional treatment, we measured IL-12p70 production in culture media via

ELISA; we observed 9.3-fold higher concentrations of IL-12p70 in the conditioned media of lipo-
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CpG-immunized monocytes than of CpG-immunized monocytes (Fig. 5.3d). To confirm the
functional significance of IL-12 in vaccination, we administered an anti-IL-12p40 depleting
monoclonal antibody throughout the 20-day prime/boost vaccination timecourse, and found
that IL-12 depletion eliminated the advantage of lipo-CpG over CpG as an adjuvant in
stimulating potent anti-Ova CD8+ T cell responses (Fig. 5.3e). We conclude that the potentiating
effect of lipo-CpG is dependent on IL-12, and that monocytes are an important contributor of

IL-12 to the cytokine milieu in the dLN.
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Figure 5.3. Lipo-CpG is uptaken by monocytes and induces proliferation and IL-12 secretion

(@) Mice were s.c. immunized with TAMRA-labeled 1 nmol CpG, 5 nmol CpG, or 1 nmol lipo-CpG and
ovalbumin. 24h later, the draining inguinal LNs were excised, digested into single cell suspensions, and
analyzed by flow cytometry. Shown here are the percent TAMRA+ cells within each identified cell type (n
= 5 mice/group). (b) As in (a), mice were s.c.immunized with indicated CpG variant mixed with ovalbumin,
and dLNs were digested and analyzed by flow cytometry to assess cell number (n = 4 mice/group). (c)
Clustered gene expression differences from scRNA-seq within monocytes from high dose CpG and lipo-
CpG treated mice (n = 1 mouse/group). (d) 15 mice were s.c. treated with either PBS, CpG, or lipo-CpG
mixed with ovalbumin. After 24h, the dLNs were isolated, pooled, and isolated monocytes cultured for
48h. 1L-12p70 concentrations in media were assessed by ELISA (samples run in duplicate). (e) Over the
time-course of a prime/boost vaccination with either CpG or lipo-CpG and ovalbumin, mice were either
not treated with depleting antibody, or treated with IL-12p40 depletion antibody. Six days after boost,
Ova-specific CD8+ T cell response magnitude was assessed by tetramer stain (n = 5 mice/group). * P <
0.05; ** P < 0.01; *** P < 0.001; *** P < 0.0001 by two-way ANOVA with Tukey's multiple comparisons
test within each cell type (a-b), one-way ANOVA with Tukey's multiple comparisons test (d), or two-tailed
t tests at each condition with Holm-Sidak multiple comparisons test (e).
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The role of dendritic cells in the lipo-CpG response

Although we observed insignificant accumulation of lipo-CpG in cDCls (Fig. 5.3a) and
no difference in expansion of cDC1s between lipo-CpG and CpG (Fig. 5.3b), we reasoned that it
nonetheless possible that cDC1s played a part in the lipo-CpG response, given their important
role as professional antigen presenting cells. We first assessed the activation status of ¢cDCls:
while there was a trend to higher activation among cDCls, as measured by CD86 staining,
results were not statistically significant and unlikely to explain the dramatic differences we
observed in vaccine efficacy between CpG and lipo-CpG (Fig. 5.4a). However, when Batf3
mice that lack ¢cDC1s were vaccinated with optimal E7 peptide and lipo-CpG, the immune
response was significantly blunted relative to wild-type animals (Fig. 5.4b). Note that the
typical cross-presentation role of cDCls was not involved in this study, because the optimal E7
peptide does not require uptake and processing to load onto MHC. Collectively, we conclude
that although lipo-CpG does not preferentially act on cDCl1s in terms of activation or expansion,
vaccines that utilize lipo-CpG as an adjuvant are nonetheless dependent on cDCls, likely for

direct T cell priming.
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Figure 5.4. Cross-presenting dendritic cells are indispensible to lipo-CpG adjuvanted vaccine responses

(a) Mice were s.c. immunized with CpG or lipo-CpG, and the inguinal LNs excised at the indicated time
points. Following digestion, CD8+ DCs were assessed for CD86 expression by flow cytometry (n = 3
mice/group). (b) Wild-type C57BL/6J or Batf3” mice were prime/boost vaccinated with E7 peptide
adjuvanted either with CpG or lipo-CpG. Six days after boost, CD8+ T cells in peripheral blood were
assessed for E7-specificity via tetramer stain. **** P < 0.0001 by two-tailed t tests with Holm-Sidak
multiple comparisons test at each time point (a) or two-way ANOVA with Tukey's multiple comparisons
test (b).

IL-12 triggers an IFNy-directed cytokine milieu in the dALN

The ability of IL-12 to trigger robust IFNy production by NK cells is well
characterized!#'¥, Indeed, as expected, IFNy was among the genes upregulated in NK cells
from scRNA-seq of mice immunized with lipo-CpG compared to mice immunized with high
dose CpG (Fig. 5.5a). To better characterize the cytokine milieu generated by lipo-CpG
compared to CpG, we homogenized the dLN 24 hours after immunization and analyzed
cytokine and chemokine concentrations with luminex. When analyte concentrations from lipo-
CpG immunized nodes were normalized by concentrations from CpG immunized nodes, we
found that several top upregulated cytokines and chemokines could be traced back to an IFNy-

driven network (Fig. 5.5b). IFNy stimulates IL-6 development, which triggers production of
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CXCL10 and LIF“-1%, We were surprised to not find evidence of IL-12 production, but believe

that IL-12 may be consumed too rapidly to be appropriately detected.

Although T cells are potent producers of IFNy in addition to NK cells, at the 24 time
point, innate immune cells should dominate the response, so we focused on assessing the
propensity of NK cells to produce IFNY in response to lipo-CpG vaccination. To directly assess
whether lipo-CpG immunization in vivo leads NK cells to produce more IFNy than CpG
immunization, we excised the dLN from mice that received PBS, 1 nmol CpG, 5 nmol CpG, or 1
nmol lipo-CpG and performed intracellular cytokine staining (ICS) on recovered NK cells to
stain for IFNy. We found that a greater frequency of NK cells from lipo-CpG vaccinated mice
produced IFNYy than from CpG vaccinated mice (Fig. 5.5c), and that cell-by-cell NK cells from

lipo-CpG vaccinated mice produced more IFNy as well, as measured by MFI (Fig. 5.5d).

To understand whether IL-12 is an upstream activator of IFNYy production, we
performed a similar ICS study on NK cells from mice vaccinated with CpG or lipo-CpG, with or
without IL-12 depletion. Whether mice were immunized with CpG- or lipo-CpG-containing
vaccines, IL-12 depletion inhibited IFNYy production, demonstrating that IL-12 triggers an IFNy
response in NK cells in both cases (Fig. 5.5¢). We conclude that IL-12 from monocytes initiates
an IFNY response that directs the generation of an inflammatory cytokine milieu in the dLN

folloWing lipo-CpG vaccination.

The importance of NK cells and their IFNYy product was assessed by administation of

depleting antibodies against NK1.1 or IFNy throughout the timecourse of a prime/boost
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immunization schedule with CpG or lipo-CpG mixed with ovalbumin, and found that both
depletions reduced the CD8+ T cell responses to ovalbumin; IFNy depletion erased any
advantage lipo-CpG had over CpG, while NK cell depletion still allowed lipo-CpG to generate
an anti-ova response with twice the magnitude of the CpG-mediated response (Fig. 5.5f). This
suggests that perhaps over the entire course of an immune response, IFNy from alternative

sources, like activated T cells, can partially compensate for the lack of NK cells.
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Figure 5.5. Lipo-CpG induces an NK-cell mediated IFNy-driven cytokine/chemokine milieu

(a) Clustered gene expression differences from scRNA-seq within NK cells from high dose CpG and lipo-
CpG treated mice (n = 1 mouse/group). (b) 24h after s.c. immunization with CpG or lipo-CpG and
ovalbumin, dLNs were excised, homogenized, and supernatant analyzed for cytokine/chemokine
concentration by luminex analysis. Shown are concentrations from lipo-CpG immunized mice divided by
concentrations from CpG immunized mice with analytes ranked accordingly (n = 5 mice/group). (c-d)
Mice were immunized with the indicated CpG variant and ovalbumin; 24h later, NK cells in the dLN were
assessed for IFNy production by intracellular cytokine staining (n = 4 mice/group). Shown are the
frequency of IFNy+ NK cells in each group (¢) and the degree of IFNy production by MFI (d). (e) Mice
were immunized with CpG or lipo-CpG and ovalbumin, and IFNy production assessed by NK cells as in

138



(c-d) but with or without IL-12 depletion (n = 8 mice/group). (f) Over the time-course of a prime/boost
vaccination with either CpG or lipo-CpG and ovalbumin, mice were either not treated with depleting
antibody, or treated with IL-12p40 or NK1.1 depletion antibody. Six days after boost, Ova-specific CD8+ T
cell response magnitude was assessed by tetramer stain (n = 5 mice/group). * P < 0.05; *™* P < 0.01; ***
P < 0.0001 by two-tailed t test with Holm-Sidak muitiple comparisons test between CpG and lipo-CpG for
each analyte (b) or at each condition on the x-axis (e-f), or by one-way ANOVA with Dunnett's muitiple
comparisons test against PBS (c-d).

The cytokine milieu generated by lipo-CpG shapes the phenotype of the T cell
response

While we have already demonstrated that IFNy and IL-12 can collectively produce a
positive feedback loop to recruit and activate monocytes and APCs, we also hypothesized that
they may directly contribute to the T cell response, and may explain why lipo-CpG is able to
generate responses of such high magnitude. High levels of IL-12 and IFNy can trigger the
expression of the transcription factor T-bet and induce a short-lived effector cell (SLEC)
phenotype as opposed to a memory precursor effector cell (MPEC) phenotype*'. During highly
inflammatory immune responses in secondary lymphoid organs, where IL-12 and IFNy are
produced to high concentrations, the immune responses tends to favor the generation of SLECs
to protect against potentially lethal infections, triggering higher magnitude responses that may
suffer from poor memory formation. SLECs and MPECs can be catagorized by the expression of

KLRG-1 and CD127 staining (Fig. 5.6a).

Following prime/boost vaccination with CpG or lipo-CpG, antigen-specific T cells were
assessed for T-bet expression and SLEC/MPEC phenotype. We found that the frequency of T-

bet+ CD8+ T cells was increased in animals administered lipo-CpG relative to CpG (Fig. 5.6b).
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Consistent with an increase in T-bet expression, lipo-CpG generated both a higher frequency of
SLECs than CpG (Fig. 5.6c), and also a greater total number of antigen-specific SLECs in
circulation (Fig. 5.6d). Converseley, CpG promoted a higher frequency of MPECs than lipo-CpG
(Fig. 5.6e); however, the overall much larger number of antigen-specific T cells following lipo-
CpG immunization ensured that the total number of MPECs in circulation remained greater
from lipo-CpG vaccination than from CpG vaccination in spite of the bias towards SLEC
differentiation (Fig. 5.6f). This raises the exciting possibility that lipo-CpG may be able to
simultaneously trigger a high magnitude response without sacrificing a long-term memory

response.

To confirm that these phenotypic differences were dependent on the cytokine milieu, we
measured KLRG1 and CD127 expression on antigen-specific T cells from mice that had been
depleted of NK cells, IL-12p40, and IFNy. Note that we have already shown that all three
depletions decrease the magnitude of the antigen-specific T cell résponse among lipo-CpG
vaccinated mice, but here we assessed the phenotype of antigen-specific cells. We found that IL-
12p40 depletion resulted in the loss of any statistical difference in SLEC frequency between CpG
and lipo-CpG, that IFNy depletion decreases the SLEC phenotype among lipo-CpG vaccinated
animals, and that NK cell depletion allows the SLEC phenotypic differences between CpG and
lipo-CpG to persist (Fig. 5.6g). Collectively, these data are consistent with the literature, which
suggests that IL-12 is the primary driver of T-bet expression but that IFNy can potentiate its
effects, and that, as we saw earlier, other cells may be able to compensate for NK cells in the

production of cytokines.
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Figure 5.6. The lipo-CpG driven cytokine milieu generates large numbers of short-lived effector T cells

(a) Representative gating scheme within antigen-specific T cells to identify short-lived effector cells and
memory precursor effector cells. (b-e) Following prime/boost vaccination with 1 nmol lipo-CpG, 1 nmol
CpG, or 5 nmol CpG combined with ovalbumin, tetramer+ CD8+ T cells were assessed for SLEC and
MPEC phenotyping (n = 4-8 mice/group). Shown are relative frequencies (b, d) and absolute numbers in
blood (c, e). (f) Following prime/boost vaccination with indicated adjuvant and ovalbumin, tetramer+
CD8+ T cells were assessed for T-bet expression (n = 4-8 mice/group). (g) KLRG1 and CD127
expression was analyzed among ovalbumin-specific CD8+ T cells after CpG or lipo-CpG adjuvanted
prime/boost ovalbumin vaccination with or without the indicated depletion treatments. * P < 0.05; *™* P <
0.01: *** P < 0.001; **** P < 0.0001 by one-way ANOVA with Tukey's multiple comparisons test (b-f) or
two-tailed t tests within each depletion condition with Holm-Sidak multiple comparisons test, comparing
the KLRG1+CD127- SLEC population frequencies (g).
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Figure 5.7. Model of lipo-CpG efficacy

Schematic representing the proposed mechanism of action of lipo-CpG. Initial uptake by monocytes
triggers an 1L-12 driven signaling cascade that modulates the cytokine/chemokine milieu to further recruit
antigen-presenting cells and trigger appropriate T cell differentiation.

5.3 Materials and Methods

Mice

B6 mice (C57BL/6NTac) were purchased from Taconic. Batf3” mice (B6.1295(C)-

Batf3tm1Kmm/) were purchased from the Jackson Laboratory. All animal work was conducted
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under the approval of the Massachusetts Institute of Technology (MIT) Division of Comparative

Medicine in accordance with federal, state, and local guidelines.

Vaccinations

All vaccinations were comprised of 10 ug ovalbumin and 1 nmol or 5 nmol of ODN1826 (CpG)
(InvivoGen), with or without DSPE-PEG conjugation. DSPE-PEG conjugated ODN1826, or lipo-
CpG, was prepared as previously reported®. All vaccines were administered s.c. at the tail base.
To measure T cell responses, mice were primed on day 0, boosted on day 14, and read-out on
day 20. All mechanistic studies (including scRNA-seq, Luminex, biodistribution, monocyte

isolation, and IFNYy detection from NXK cells) were performed 24 hrs after a single vaccination.

Flow cytometry

Antibodies against CD16/32 (Fc block, clone 93), CD8a (53-6.7), KLRG1 (2F1), CD127 (A7R34),
T-bet (4B10), IFN-y (XMG1.2), CD3 (17a2), B220 (RA3-6B2), NK1.1 (PK136), CD11b (M1/70),
CD11c (N418), Ly6C (HK1.4), Ly6G (1A8), and CD86 (GL-1) were purchased from BioLegend.
Cell viability was assessed with DAPI (Sigma) for tetramer stains and LIVE/DEAD fixable aqua
dead cell stain (Thermo Fisher Scientific) for all other studies. Tetramer staining: Ova tetramer
(iTAg Tetramer/PE - H-2 Kb OVA) was purchased from MBL; during tetramer staining, PBMCs
were Fc blocked and stained with tetramer for 15 minutes prior to addition of anti-CD8a
antibody, and cells were incubated with all antibodies for another 30 minutes. All labeling was
performed in PBS + 0.1% BSA. Intracellular staining: Following surface labeling, cells were fixed

and permeabilized using BD Cytofix/Cytperm fixation/permeabilization kit per manufacturer
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instructions for IFNy detection in NK cells, or using BioLegend True-Nuclear Transcription
Factor Buffer Set per manufacturer instructions for T-bet detection in T cells. Organ processing: In
studies where dendritic cells and/or other APCs were assessed by flow cytometry, LNs were
excised, digested in RPMI-1640 + 0.8 mg/m] collagenase/dispase (Sigma) + 0.1 mg/ml DNase I
(Sigma), mashed through 74 um Netwell inserts, and washed into PBS + 0.1% BSA prior to
antibody staining. Cells were analyzed using BD FACSCanto and BD FACS LSR Fortessa, and

data were analyzed using FlowJo.
Biodistribution studies

IVIS imaging: 1 nmol or 5 nmol TAMRA-labeled CpG or lipo-CpG was injected s.c. at the tail
base; the inguinal LN was excised 24 hours later and imaged on an IVIS Spectrum Imaging
System (Caliper Life Sciences), excitation: 535 nm, emission: 580 nm. Cellular biodistribution: : 1
nmol or 5 nmol TAMRA-labeled CpG or lipo-CpG was injected s.c. at the tail base; the inguinal
LN was excised 24 hours later and processed for single cell analysis (see flow cytometry

section).
Cytokine/chemokine analysis

IL-12p70 production from monocytes: 1 nmol or 5 nmol CpG or lipo-CpG and 10 pg ovalbumin
was injected s.c. at the tail base (n = 15 mice per group). 24 hours later, LNs were excised and
mashed through 74 um Netwell inserts to prepare single cell suspensions, and all cells from
nodes from a given group pooled. Monocytes were enriched using EasySep Mouse Monocyte

Isolation Kit (EasySep). A total of 100-200k monocytes were isolated for each group and plated
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in single wells of a 96 well plate in RPMI-1640 + 10% FBS for 48 hours at 37°C and 5% COa.
Following incubation, cells were spun down, and supernatant assessed for IL-12p70 content
with Mouse IL-12p70 Uncoated ELISA Kit (Thermo Fisher Scientific) per manufacturer
instructions. Luminex analysis: 24 hours after immunization, draining inguinal LNs were excised
and kept in 250 ul PBS and protease inhibitors (Protease Inhibitor Tablets from Roche) prior to
homogenization. LNs were homogenized using a Mini-Beadbeater. Debris was spun away at
max speed, and 200 ul of supernatant collected. Protein concentration was estimated using the
Warburg-Christian approximation (protein concentration in mg/ml = 1.55*A280 — 0.76*A260)
and samples were diluted in PBS and protease inhibitors to a concentration of 0.4 mg/ml.
Samples were submitted to Eve Technologies for analysis with Mouse Cytokine Array /
Chemokine Array 31-Plex. During analysis, original concentrations were calculated based on

dilution factor.

Depletion studies

Antibodies against IL-12p40 (C17.8), IFNy (XMG1.2), and NK1.1 (PK136) were purchased from
BioXCell. For mechanistic studies measured 24 hrs after immunization, mice were administered
depletion antibodies once 24 hrs before vaccination. For full prime/boost vaccination studies,
mice were administered depletion antibodies throughout the time-course of the study, starting
24 hrs before prime. Dosing and frequency of depletion: 400 ug of anti-IL-12p40 and anti-NK1.1

administered every 4 days; 600 pg of anti-IFNy administered every 2 days.

Statistical analysis
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All statistical analyses were performed using GraphPad Prism software. The specifics of the
statistical test performed, p-values, and number of replicates are stated in the figure legends.

For all tests, the threshold for significance was P < 0.05.

5.4 Conclusions

In this study, we elucidated a mechanistic explanation for how lipo-CpG functions in
relation to CpG. In contrast to previous work suggesting that lipo-CpG gains efficacy over CpG
due to improved lymph node uptake and retention, here we show that even if CpG is dosed
such that it is equivalently uptaken relative to lipo-CpG, it fails to replicate the efficacy of lipo-
CpG in a vaccination study. The primary reason for this is that lipo-CpG preferentially
segments into activated monocytes following immunization, whereas CpG is distributed into

NK cell populations.

Because of its propensity to be uptaken by monocytes, lipo-CpG triggers a cascade of
soluble factors that recruit and activate a wide host of antigen presenting cells while
simultaneously inducing the massive proliferation of newly primed T cells (Fig. 5.7). Briefly,
lipo-CpG induces the secretion of IL-12 from monocytes, triggering the production of IFNy by
NK cells, and both cytokines collectively induce the expression of T-Bet in antigen-specific T
cells. High T-bet expression leads to rapid T cell responses characterized by the induction of
KLRG1+CD127- short-lived effector cells but not at the expense of memory progenitors.

Additionally, positive feedback loops are initiated, whereby monocytes are continuously

146



activated by IFNy and recruit additional monocytes by the production of chemokines including
CXCL10 and CCL2. In summary, rather than directly acting on the dendritic cells that actively
present antigen, lipo-CpG is highly effective at triggering a series of signals in trans to enhance

the immune response.
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CHAPTER 6. TOWARD THE DEVELOPMENT OF NOVEL
PROTEIN-BASED TLR3 AGONISTS

Abstract

In subunit vaccination, adjuvants are required to provide the appropriate co-stimulation to
facilitate productive T cell priming. One of the most common and well-studied classes of
adjuvants is the Toll-like receptor (TLR) agonist. Upon engagement with their ligands, TLRs
dimerize to trigger an inflammatory cascade that supports the immune response. While TLRs
and their natural ligands are well characterized, there is a notable lack of protein-based TLR
agonists. Here, we use yeast display to engineer the sso7d protein scaffold into binders of TLR3
in an attempt to make novel multimerized TLR3 agonists. Ultimately, we engineered high
affinity binders to soluble TLR3 that nonetheless failed to bind cell surface-bound TLR3, and
thus our goal of developing novel TLR3 agonists was unsuccessful. Along the way, however,
we learned valuable lessons in sso7d engineering, most importantly the value of performing
sorts in the presence of nucleases to prevent either sso7d or TLR3 from binding nucleic acids

and skewing selection pressure.

6.1 Introduction

Despite the lofty claim by some that we are living in a golden age of adjuvant design
and discovery'?, there remain many potential areas for improvement. If lymph node targeting
is indeed important, we are for now limited to lipo-CpG*. However, a métjor limitation of the

translational potential of lipo-CpG is that TLR9 is expressed on DCs in mice but only in B cells
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and pDCs in humans!®. Furthermore, there is a striking lack of protein adjuvants available for
immunological research, limited to flagellin, a TLR5 agonist, which has been shown to be a
weak inducer of cross presentation'™, There are many benefits to using protein therapeutics as
compared to small molecule adjuvants: proteins often have longer in vivo half-lives than small
molecules; they can be engineered for improved specific to limit off-target effects; and finally,

given directed evolution technology, their properties can be finely tuned.

In this work, we sought to engineer a novel protein-based TLR3 agonist for a number of
reasons. First, studies have been conducted in both small animals and non-human primates to
investigate which TLR is best suited to promote cross presentation. While work in small animals
identifies TLR3 and TLRY agonists as optimal adjuvants for T cell vaccines, work in rhesus
macaques recommends the use of TLR3 and TLR7/8 targeting adjuvants!**!%>, The overlap of
TLR3 makes future agonists more potentially translatable. Second, TLR3 is a well-understood
receptor that benefits from a plethora of structural studies, including a solved crystal structure
of its extracellular domain!®. Third, crystal structures suggest that when TLR3 binds its natural
ligand, double-stranded RNA, downstream activity is initiated by TLR3 homodimerization
without conformational change'¥”. This potential for success is enhanced by evidence that
polyclonal anti-TLR3 antibodies can serve as weak activators’®®. Presumably, therefore,

multimerized TLR3 binders may serve as effective agonists.

Here, we employed yeast surface display™ to engineer the sso7d scaffold as a TLR3
binder®. Sso7d is a hyperthermophilic small (7 kDa) scaffold with a 3 sheet consisting of a flat

DNA-binding surface with residues that can be randomized without introducing architectural
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damage to the rest of the protein®. Because sso7d is a DNA binding protein, and TLR3 is an
RNA binding protein, we found that selection buffers that include nucleases are necessary to
select for true TLR3 binders. After the exploration of three different clones that bound soluble
TLR3, however, we were unable to isolate a clone that bound surface displayed TLR3. As a

result, multimerization of these binders failed to agonize TLR3 and serve as a novel adjuvant.

6.2 Results and Discussion

Optimizing the selection strategy

To select binders against TLR3, we first expressed TLR3 recombinantly: both the mouse
and human TLR3 ectodomain were cloned and expressed in HEK cells. The protein product
was biotinylated and a mass increase confirmed with MALD-TOF. We then iterated through a
number of different selection strategies to optimize the generation of high affinity binders. In all
selection strategies, initial bead sorts were performed with rcSso7d-11 and rcSso7d-18 libraries
independently, then enriched libraries were pooled for subsequent bead sorts and flow sorts.
Selections were performed at pH 5.5 to mimic the slightly acidic conditions of endosome, where

TLR3 is expressed.

In the first selection strategy, yeast were enriched for mouse TLR3 (mTLR3) binding in
PBS +0.1% BSA pH 5.5. After two rounds of bead enrichment and three rounds of flow sorting,
however, we sequences 84 clones and found enriched dominant sequences in the variable
region: FINYHATWFI (T3.1, 10/84), HWRKRLKWR (6/84), YKXHHHHWHI ( T3.3, 7/84), and

YHKKRWHWR (7/84). Notably, three of these sequences contain a high frequency of basic
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residues that would result in highly positive charge at pH 5.5. We hypothesized that mTLR3
may be contaminated with nucleic acid, allowing us to select for highly positively charged
binders to nucleic acids. Because sso7d is originally a nucleic acid binder, it may be
geometrically optimized for nucleic acid binding, allowing for faster enrichment of DNA/RNA
binders than TLR3 binders. Confirming this hypothesis, we found that measuring binding in
buffer that included 20 ug/ml RNase A and 4 units/ml DNase I (at 1/500 dilutions from stock
concentrations) could decrease binding of mTLR3 to T3.3, but not to T3.1 (Fig. 6.1), suggesting

that selections in nuclease-containing buffer may be a viable way to avoid nucleic acid binders.

Nuclease Dilution
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Figure 6.1. The inclusion of DNase | and RNase A in staining buffer can reduce binding to TLR3 via
nucleic acids.

Shown are representative flow plots, with cmyc display on the x-axis and biotinylated TLR3 binding on the
y-xaxis. T3.3 is a highly cationic binder whose binding is reduced by the inclusion of nucleases at the
indicated dilutions, while the binding of T3.1 is unaffected.

Restarting with the naive libraries, we again performed two bead enrichment rounds,

followed by two flow cytometry sorts, this time with pH 5.5 buffer that included RNase A and
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DNase 1. However, upon sequencing the resulting library, we found no enriched clones. We
conjectured that a more stringent selection strategy would be a more effective way to select
promising binders, and so we initiated a third selection strategy that added two changes: 1) we
measured display using HA detection rather that cmyc detection, because of other work in the
lab suggesting that anti-cmyc antibodies may sterically hinder sso7d binding to antigen, and 2)
we alternatively selected for binding against biotinylated mTLR3 and human TLR3 (hTLR3) to

add selection pressure.

After two bead sorts and four flow sorts, we sequenced the library, chose six clones for
further analysis, and chose to further pursue three: T3N.1 (LFVHYAVEL), T3N.3
(GHDWYWAIS), and T3N.4 (YDDYEMVFW). T3N.4 was a particularly interesting clone for its
basic nature, whose anionic properties may mimic nucleic acids and thus facilitate productive
binding and crosslinking of TLR3. Following subsequent rounds of error-prone PCR and
affinity maturation, all three clones had Kd values of at least double-digit nM affinity (Fig. 6.2).
All clones demonstrated stronger binding to hTLR3 than to mTLR3. Clones are annotated as
T3N.x.y, where x represents the original clone number (1, 3, or 4) and y represents the number

of affinity maturation rounds.

152



Kd Measurements

T3N.1 affinity maturation mTLR3 hTLR3
T3N.1: ATVKFTYQGEEKQVDISKIKLVFRVGQHIYFAYDEGGGAVGEGLVSEKDAPKELLQMLEKQ >10 uM >10 pM
T3N.1.1: ATVKFTYQGEEKQVDISKIKLVFRVGQHIYVAYDEGGGAVGEGLVSKKDAPEELLQMLEKQ 570 nM 35 nM
T3N.1.2: ATVKFTYQGEEKQVDVSTIKLVFRVGQHIYIAYDEGGGAVGEGLVSKKDAPEELLQMLEEQ 92 nM 25 nM
T3N.1.3: ATVKFTYQGEEKRVDVSTIKLVFRVGQHIYIAYDEGGGAVGEGLVSKKDAPEELLQMLEEQ 29nM 7.8nM

T3N.3 affinity maturation

T3N.3: ATVKFTYQGEEKQVDISKIKGVHRDGQWIYFWYDEGGGAAGIGSVSEKDAPKELLQMLEKQ >10 pM >10 pM
T3N.3.1: ATVKFTYYGEEKQVDVSKIKGVHRDGQWIYFWYDEGGGAAGIGSVSEKDAPKELLQMLEEQ >10 uyM 200 nM
T3N.3.2: ATVKFTYYGEEKQVAVSKIKGVHRDGQWIYFWYDEGGGAAGIGSVSEKDAPKELLQMLEEQ 230 nM 51 nM
T3N.3.3: AAVEFTYYGEEKQVAVSKIKGVHRDGQWIYFWYDEGGGAAGIGSVSEKDAPKELLQMLEEQ 95 nM 20 nM

T3N.4 affinity maturation

T3N.4: ATVKFTYQGEEKQVDISKIKYVDRDGQYIEFMYDEGGGAVGFGWVSEKDAPKELLQMLEKQ >10 yM >10 uM
T3N.4.1: ATVKFAYQGGEKQVDISKIKYVDRDGQYIEFMYDEGGGAVGF GWVSEKDAPKELLQMLEEQ >10 uM 30nM
T3N.4.2: ATVKFAYQGGEKQVDISKIMYVDRDGQYIEFMYDEGGSAVGFGWVSEKDAPKELLQMLEEQ >10 uM 13nM
T3N.4.3: ATVKFAYQGGEKQVDISRIMYVDRDGQYIEFMYDEGGS TVGFGWVSEKDAPKELLQMLEEQ 160 nM 31nM
T3N.4.4: ATVKFAYQGGEKQMDISRIMYVDRDGQYIEFMYDEGGSTVGFGWVSEKDAPKELLQMLEEQ 46 nM 6.0 nM

Figure 6.2. Summary of affinity maturation

Documentation of accumulated mutations and resulting affinity improvements during affinity maturation of
original clones T3N.1, T3N.3, and T3N.4. The nine residues in red in the first row identify the original 9-
residue rcSso7d paratope, while red residues in subsequent rows indicated accumulated mutations from
error-prone PCR. Affinities were measured on the surface of yeast using flow cytometry at steady state
conditions. mTLR3 is mouse TLR3 and hTLR3 is human TLR3.

Expression and characterization of binders

Monomeric T3N binders were expressed either as SUMO-fusions from E. coli or as
transthyretin (TTR) fusions via HEK cells and assessed for maintained binding. We first
confirmed that our selected proteins could bind recombinant TLR3: biotinylated T3N1.2,
T3N3.2, and T3N4.3 were all capable of binding immobilized hTLR3 in ELISA format (Fig. 6.3a).
We kindly received three reporter cell lines from Joshua Leonard’s lab to help us assess binding
to cell-expressed hTLR3: 1) control HEK that contains a GFP reporter cassette but no TLR3; 2)

HEK TLR3 low that couples a GFP reporter to TLR3 engagement, but TLR3 is only expressed
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intracellularly, as is physiologically relevant; 3) HEK TLR3 high that contains the GFP reporter
but with TLR3 overexpression to the point that it is also expressed on the cell surface. However,
biotinylated T3N1.2, T3N3.2, and T3N4.3 failed to bind TLR3 low or TLR3 high cells over
control HEK background (Fig. 6.3b). We noticed that T3N.1.2 and T3N.4.2 both exhibited signal
above secondary only background, suggesting that there may be some nonspecific binding

propensity to these clones.

Using a biotinylated polyspecificity reagent prepared from HEK surface proteins, we
assessed non-specific binding of our three clones at different stages of affinity maturation and
found that both T3N.1 and T3N.4 increased their non-specificity during affinity maturation,
although non-specificity was only apparent at pH 5.5, not in neutral conditions (Fig. 6.3¢). This
observation that non-specificity was driven by slightly acidic conditions was replicated on the
cell surface, as T3N.1.1, T3N.3.1, and T3N.4.2 expressed as TTR fusions all bound control HEK
cells non-specifically at pH 5.5, but not at pH 7.4 (Fig. 6.3d). To try and find conditions where
our T3N moieties could bind hTLR3 on the cell surface without the confounding variable of
non-specific binding, we asked at what pH values hTLR3 could be bound (with T3N displayed
on yeast, and hTLR3 in soluble form), but unfortunately found that all three clones exhibited
optimal binding at pH 5.5, where non-specificity was also apparent (Fig. 6.3e). However, we
also observed that biotinylated poly(IC), a commonly used TLR3 agonist, also exhibited some
non-specific binding to control HEK cells relative to secondary only control (Fig. 6.3b),
motivating us to move to attempt and demonstrate activation with our T3N binders, even if

direct binding to cell-expressed hTLR3 could not be demonstrated.
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Figure 6.3. Selected clones bind recombinant but not surface-expressed TLR3

(a) The binding of the indicated biotinylated T3N clones (1 uM) or poly(IC) (1 pg/ml) to immobilized hTLR3
was measured via ELISA. (b) The indicated analytes were assessed for binding to the associated HEK
cell lines by flow cytometry. (¢) Shown are calculated MFIs of the indicated clone upon binding to
biotinylated polyspecificty reagent and measured with flow cytometry. (d) Histograms depicting binding of
the indicated analyte to control HEK cells that do not express hTLR3 on the cell surface. (e) T3N clones
were displayed on yeast and binding to hTLR3 was assessed at the Kd at the indicated pH via flow

cytometry.
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Multimerization of binders and activation studies

Because TLR3 must be cross-linked to initiate downstream signaling, binders need to be
multimerized to form agonists. We attempted several multimerization schemes including
fusion: to TTR, a tetramer (Fig. 6.4a) either alone or along with 2.5F, an integrin-binding knottin
that drives rapid internalization (Fig. 6.4b); fusion to the heavy and light chains of an irrelevant
antibody (sm3e) (Fig. 6.4c) or the Fc region alone (Fig. 6.4d); directly stringing together three
copies of binders without carrier protein (Fig. 6.4e); direct display on yeast (Fig. 6.4f); or display
on avidin-coated beads (Fig. 6.4g). Unfortunately, however, none of these multimerization
strategies proved effective at inducing activating hTLR3 on the HEK cell surface, as measured

by GFP expression in reporter cell lines (Fig. 6.5a-d).
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Figure 6.4. Schematics of the multimerization strategies attempted

(a-b) Fusion of T3N binders to the C-terminal end of tetramric TTR, either alone (a), or fused to 2.5F-Fc.
In some iterations, plasmids encoding the different T3N clones were mixed to form a hetero-tetramer. (c)
Fusion of T3N binders to sm3e via the N-terminus of the heavy chain and the C-terminus of the light
chain. (d) Fusion to the C-terminus of the Fc fragment. (e) Three T3N binders attached via long flexible
linkers. (f) T3N-expressing yeast clones following induction. (g) Biotinylated T3N binders attached to
neutravidin-coated beads.
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Figure 6.5. TLR3 activation studies

(a-d) Shown are representative histograms in the FL1/AF488 channel, measuring GFP expression in the
indicated cell line (control HEK with no reporter, TLR3 low with endosomal TLR3 expression and NFkB-
associated GFP expression, or TLR3 high with endosomal and surface TLR3 expression and NFkB-
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associated GFP expression. In (a), TLR3 high cells are utilized. Poly(IC) is a positive control and media is
a negative control.

6.3 Materials and Methods

Cells

HEK-FS cells (FreeStyle 293-F) were purchased from Thermo Fisher Scientific. Rosetta cells were
purchased from Novagen. HEK 293 NEE cells (containing reporter only), HEK 293 NEE TLR3
Low (intracellular expression of TLR3 and reporter), and HEK 293 NEE TLR3 High
(intracellular and extracellular expression of TLR3 and reporter) cells were kindly provided by
Dr. Joshua N. Leonard. HEK-FS cells were cultured in FreeStyle 293 Expression Medium
(Thermo Fisher Scientific) and passaged every two days to a density of 300k/ml. All mammalian

cells were cultured at 37°C and 5% COQO..

Protein production and characterization

Codon-optimized genes encoding desired proteins intended for mammalian expression were
cloned into gWiz expression vectors (Genlantis) using the In-Fusion HD Cloning Kit (Clontech),
prepared endotoxin free (Macherey-Nagel) and incubated with Opti-Pro (Thermo Fisher
Scientific) and polyethylenimine (PEI) 25K (Polysciences) prior to drop-wise addition to HEK
cell culture at 1 million cells/ml. 1 mg of DNA was mixed with 40 ml of Opti-Pro and 2 mg of
PEI per 1 L of cell culture. One week after transfection, cell culture was spun down in
endotoxin-free centrifuge tubes at 15000xg for 30 min, supernatant filtered, pH neutralized by

addition of 10X PBS, and run through TALON metal affinity resin (Clontech) by gravity flow
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per manufacturer instructions. Strings of sso7d proteins (Fig. 6.4e) were instead prepared as
SUMO fusions. The associated gene was cloned into pE-SUMO using the In-Fusion HD Cloning
Kit (Clontech). Plasmid was transformed into Rosetta cells and transformants were plated on LB
plates plus kanamycin and chloramphenicol. Single clones were used for protein expression. At
an OD600 = 2, culture was induced with ImM IPTG and transferred to 20°C overnight.
Following induction, cell culture was spun down at 15000xg for 30 min and resuspended in
sonication buffer (300 mM NaCl, 50 mM sodium phosphate, 3% glycerol, 1% Triton X-100), with
30 ml of resuspension buffer per 100 ml original culture volume. On ice, resuspended pellets
were sonicated 3x60s at 50% duty, output intensity of 5. Debris was subsequently spun out at
4000xg for 15 minutes, and supernatant filter sterilized. Supernatant was purified on TALON
resin as described above. Product was analyzéd via A280 to assess total protein yield, and 20
units of SUMO protease (Lucigen) was added per 50 mg protein product. Total eluate plus
protease was added to a Slide-A-Lyzer Dialysis Device 3500 MWCO (Thermo Fisher Scientific)
and stirred in 5L PBS overnight to remove imidazole, SUMO protease, and cleaved SUMO
domain. Following purification, proteins were buffer exchanged into PBS with 30 kDa
molecular weight cutoff Amicon Ultra-15 centrifugal filters (Millipore), filtered using Spin-X
centrifuge tube filters (Corning) or 0.2 um syringe filters (VWR), and flash-frozen in aliquots
with liquid nitrogen, then stored at -80°C. After thaw, proteins were used within one month

and stored at 4°C in sterile conditions.

Yeast display
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Ss07d scaffolds were engineered as previously described” with some modifications. Selections
were performed at pH 5.5 and with 20 pg/ml RNase A and 4 units/ml DNase 1. Following
selection of initial clones from naive library, the cmyc tag was deleted from all clones due to
potential steric hindrance with TLR3 binding. During affinity maturation, error prone PCR was
performed as previously reported'®, but with 4 M 8-oxo-dGTP and dPTP analogs instead of 2
1M, 19 cycles instead of 15 cycles, and with 6.65 pg/ul instead of 13.3 pg/ul template DNA.
Primers: F: GGCTCTGGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGCTAGC and R:
TAATAGCTCGAGATCTGATAACAACAGTGTAGATGTAACAAAATC. During the second
amplification run, two 100 ul PCR reactions were performed and used without purification
along with 4 ug pCTCON?2 digested backbone. Yeast displaying binders were assessed for non-

specific binding as previously reporteds..
TLR3 activation studies

Binders in the indicated conformation were incubated with indicated HEK reporter cell lines at
a concentration of 10X the Ka for 24 hrs at 37°C and 5% CO», with the exception of yeast
incubation, which took place in an incubator without 5% COz. Reporter cells were plated at a
density of 100,000 cells/well in 24 well plates. GFP expression was assessed using flow
cytometry. To assess the efficacy of binder-decorated beads, biotinylated TTR-T3N clones were

loaded onto neutravidin-coated polystyrene beads (Spherotech).
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6.4 Conclusions

This project remains incomplete at the conclusion of the PhD. While yeast display was
successfully utilized to find sso7d variants that bound to soluble TLR3, no identified clones
were able to bind TLR3 when cell surface displayed. Confounding factors including stickiness
at pH 5.5 and the inability to bind TLR3 at neutral pH complicated analysis. However, the fact
that no multimerization strategy was able to turn. any of the engineered binders into effective
TLR3 agonists suggests that bound epitopes are possibly masked by the cellular membrane
under physiological conditions. Alternatively, soluble TLR3 may have had a different structure
than that of cell surface displayed TLR3. At the conclusion of these studies, other projects were

prioritized, and this study never fully completed.

If this study were to be repeated, a number of changes may increase the chances of
success. Perhaps more than one protein scaffold should be pursued in parallel, for example an
scFv library in addition to the sso7d library. Additionally, it may be prudent to perform
selections in neutral pH and use binding at mild acidic pH as a downstream funneling strategy,
rather than performing all selections at pH 5.5 and possibly selecting for electrostatic
interactions that are prone to enhancing non-specific associations. Yeast panning directly
against cells expressing TLR3 versus a negative control would be the most direct strategy to
find physiologically relevant TLR3 binders, although this approach would be technically

challenging.
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Although this project is left in an incomplete state, some important lessons in sso7d
engineering have emerged from the work. Most importantly, because sso7d is derived from a
DNA-binding protein, it has a strong propensity to bind nucleic acid contaminants during
antigen preparation or during yeast manipulation. In this study, the problem was exacerbated
by TLR3's natural affinity for RNA. The addition of DNase and RNase to selection buffer is a
particularly effective way of fixing this problem and should be utilized if isolated clones are
nucleic acid binders rather than protein binders, a phenomenon that is characterized by

extremely cationic paratopes.
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CHAPTER 7. PERSPECTIVES AND FUTURE DIRECTIONS

7.1 Contributions to vaccinology

Contributions in antigen engineering

In this thesis, we hope to have contributed a number of design principles to the field of
antigen delivery. The first novel contribution is the finding that immunologically inert proteins
can essentially serve as nanoparticle-like delivery vehicles to deliver antigen to draining lymph
nodes following subcutaneous administration. In the past couple of decades, many different
antigen delivery strategies have been developed*$283162163 most premised on novel chemistry
and/or biomaterial engineering. This work takes a step back and recognizes that if one of the
primary design criteria of antigen delivery vehicles is simply molecular weight and
hydrodynamic radius®, whereby any injected component >40 kDa can appropriately access the
draining lymphatics, then nature may have already provided us with delivery agents in the

form of serum proteins, no additional engineering required.

While one could reasonably view the protein fusion approach as another “me too”
method to increase the bioavailability of antigen in secondary lymphatics, we sought to explore
new applications that would be impossible with alternative delivery strategies. By utilizing the
central dogma to convert protein vaccines into DNA and RNA vaccines, we have developed an
enabling technology that allows for the expression of antigenic payload pre-complexed with
delivery vehicle, a strategy incompatible with delivery agents that cannot be genetically

encoded. We also recognize that there are deficiencies in the utilization of this technology, as
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the approach of encoding albumin-antigen fusions seems to enhance immunogenicity only in
the case of single antigens, and not in the more clinically relevant case of multi-epitopic co-
delivery. Nonetheless, we have demonstrated a unique use case for protein-antigen fusions that

takes them beyond mere incremental advancement over the status quo.

But perhaps the most interesting and unexpected contribution of the work contained in
this thesis is the dominant role played by pharmacokinetics in shaping the vaccine response.
Minimizing kabs to maximize bioavailability in the dLN and maximizing kder to minimize
bioavailability in distal lymphoid organs is a principle that should hopefully contribute to
higher potency vaccines in the future. The second principle, namely the avoidance of distal
lymph nodes that fail to be inflamed by adjuvant, is a novel one to the best of our knowledge.
While more work is needed to definitively weigh the role of pharmacokinetics against other
popular strategies to improve immunogenicity, such as cellular targeting®®'% and
antigen/adjuvant co-delivery'>!%, in many ways modulating pharmacokinetics is relatively
simple and requires little engineering to optimize properties. Particularly if protein fusions are
utilized, the natural repertoire of proteins may contain the optimal set of parameters; we honed
in on transthyretin as a fantastic protein carrier, but other endogenous serum proteins likely
have similar or possibly even more desirable properties. Thus, we hope to have contributed not
just knowledge to the field of vaccinology, but also a simple toolkit that can aid design in a

manner orthogonal to current approaches.
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Contributions in adjuvant engineering

While our primary effort at engineering a novel TLR-based adjuvant was ultimately
unsuccessful, we were able to contribute to the field of adjuvant engineering primarily in our
understanding of lipo-CpG’s mechanism of action. As one of the most potent adjuvants we have
ever worked with in the Irvine lab, lipo-CpG represents a case study to better understand the
principles of adjuvant design, which should ultimately translate into tools for future design.
Surprisingly, the discovered mechanism of action does not cleanly line up with the dogma that
antigen and adjuvant should be co-delivered to the same cell at the same time!¢’. In this case, we
found that lipo-CpG primarily acts in trans; both CpG and lipo-CpG mature the antigen
presenting dendritic cell similarly, but lipo-CpG is especially effective at targeting monocytes,
triggering an IL-12 mediated cascade of inflammatory signals that ultimately induces a highly
proliferative T cell response. This work builds upon previous knowledge of CpG biology¥, but

more specifically describes how trans signaling can dramatically improve adjuvant potency.

7.2 Future Directions

Clinical translation

While our work was exclusively preclinical in nature, it can be a useful exercise to
hypothesize about how the principles outlined in this thesis may contribute to clinical
therapeutics. In general, excitement in the field over cancer vaccines remains modest. While the
potential for combination with checkpoint inhibitors remains encouraging’®'8, challenges in

neoantigen prediction algorithms may continue to pose hurdles for clinical adoptioni68169,
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Alternative strategies to invigorate the immune response within the tumor microenvironment
are gaining traction, including the use of tumor necrosis factor (TNF) superfamily receptors!'”
and agonists of stimulator of interferon genes (STING)'”'. Overall, the jury is still out regarding
the future of vaccines in clinical oncology, yet a number of companies, including Neon
Therapeutics, Gritstone Oncology, and BioNTech continue to make progress. Given the rapid
influx of new and exciting modalities in immuno-oncology, as well as the potential for
enlightening clinical data from cancer vaccines in the next few years, the role of vaccines in the

future of oncology should become clearer relatively soon.

If cancer vaccines do indeed have a promising future, it remains unlikely that the exact
protein fusions developed in this thesis will be the cheapest and fastest modality. The more
lasting impact that we hope to have contributed is the set of kinetic principles that dominate the
immune response. On this front, it would be fascinating to get a better sense of how the
timescales of lymphatic drainage differ between small and large animals. While the 40 kDa
cutoff to access the lymphatics have proven informative in test mouse and sheep models,
whether the concept holds up in patients is another question. Larger carriers that slow down
kabs still further may be necessary if average accumulation times from the site of injection to the
dLN are significantly longer in human patients, although clinical modification of the injection

site could potentially alleviate these concerns.

The clinical translation of CpG consistently runs into issues of differential TLR9
expression between mouse and human'®. If the principles outlined in this thesis are to have

clinical ramifications, one of two future steps should be taken. First, we should assess whether
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lipo-CpG preferentially accumulates in human monocytes the same way it does in mice, and
whether human monocytes that take up lipo-CpG are triggered to produce IL-12. This study
may be technically challenging, however, as we do not yet fully understand why lipo-CpG is so
efficiently uptaken by mouse monocytes, and may be a downstream product of specific
biodistribution in the node that would be challenging to replicate in ex wvivo studies.
Alternatively, to demonstrate the versatility of the “signaling in trans” mechanism utilized by
lipo-CpG, adjuvants beyond CpG could be purposefully targeted to monocytes to assess
whether they similarly enhance the vaccine response; if so, then the principles outlined here
could be more broadly applied to TLRs whose human distribution is more faithfully

recapitulated in mouse models.

Further opportunities for engineering

Particularly with regards to antigen delivery, there are several exciting opportunities for
future engineering. While we found TTR to outperform MSA due to its faster keear rate, there
may be proteins that perform even better in this regard. A more thorough screening of the
major serum proteins is thus warranted. A complementary approach would be to engineer
delivery strategies to minimize circulating half-life following systemic absorbance. The cleanest
approach could be the utilization of serum proteases to digest the protein carrier once in blood,
but there is a dearth of proteases that are truly serum-specific and not present in interstitial
fluid. Fusing antigens to antibodies against the liver or the kidney could be an alternative way
to reduce circulating half life by increasing excretion rates, potentially without affecting

drainage rates from the site of injection to the dLN.
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There is much room for improvement in the treatment of autoimmunity, especially
because fusion of MOGssss to serum albumin was only effective in the prophylactic setting. We
conjecture that because protein fusions can readily diffuse into tissue and drain to the local
lymphatics, they may inadvertently induce a vaccine-like effect in patients already suffering
from inflammatory diseases. Thus, testing fusions during instances of disease remission may be
warranted, rather than during acute relapse. Additionally, testing combination therapies, such
as alongside rapamycin, could be a viable strategy moving forward. Finally, the opportunity for
specific receptor engagement with albumin fusions has not been fully realized. Albumin
interacts with the neonatal Fc receptor (FcRn), which is expressed both in the gut'”? and in the
placenta'”?, theoretically allowing for oral vaccination and/or maternal vaccination with

potential delivery precisely to organs considered tolerizing!7417s,

Conclusions

In this thesis, we utilized protein-antigen fusions to better deliver peptide epitopes to
secondary lymphoid organs, and we learned that antigen carriers should 1) protect peptide
cargo from proteolytic degradation, 2) be appropriately bulky to drain into the lymphatics, and
3) be rapidly cleared once in the blood to prevent tolerization at distal poorly inflamed organs.
Because our protein-epitope fusion approach was fully recombinant in nature, we converted
our protein vaccines into nucleic acid modalities and demonstrated their enhanced
immunogenicity. We also applied our understanding of vaccine pharmacokinetics to
purposefully induce tolerization in the treatment of autoimmunity and found that carrier

proteins with circulating half-lives over twenty-four hours maximize the efficacy of tolerization.
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On the adjuvant front, we conducted a detailed mechanistic study of lipo-CpG and uncovered a
cascade of inflammatory signals originating from monocytes that facilitates the induction of
high magnitude T cell responses, largely by acting in trans rather than directly on the antigen-
presenting cell. Overall, we utilized protein-antigen fusions and lipo-CpG as case studies to

engineer more potent vaccines in the treatment of cancer and autoimmunity.
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