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ABSTRACT

While the advent of checkpoint blockade antibodies has provided a powerful means to
reinvigorate pre-existing T cell responses in the treatment of cancer, therapies capable of priming
or expanding endogenous antitumor immunity are notably lacking within the current clinical
cancer immunotherapy “toolbox”. Neoantigen peptide vaccines, dendritic cell-based vaccines,
small molecule adjuvants, oncolytic viruses, and GM-CSF secreting tumor cells have
demonstrated striking efficacy in murine tumor models yet, thus far, have failed to broadly
impact the clinical treatment of advanced cancer. Difficulties faced translating success from the
lab to the clinic have highlighted the need for further development of strategies to ignite effective
antitumor immunity in formats which are cheaper, more tumor agnostic, and readily available in
off-the-shelf formulations. With this aim in mind, we engineered tAb-pManTLR7, comprised of
tumor cell-binding antibodies (tAbs) covalently linked to our pManTLR7 agonist, to localize and
sustain delivery of a powerful adjuvant to the tumor microenvironment while endowing existing
anti-tumor antibodies with a heightened vaccinal effect. Upon intratumoral injection,
pManTLR7-armed antibodies bind and opsonize tumor cells, increase the residence time of
pManTLR?7 in the tumor microenvironment, and functionally link the delivery of endogenous
tumor antigens with strong TLR7 activation. Increased tumor-specific cellular responses and
intratumoral T cell accumulation upon tAb-pManTLR treatment mirror the salient outcomes of a
traditional subunit or peptide vaccine but here, the tumor itself provides an endogenous source of
antigen. In aggressive ‘cold’ models of melanoma and triple-negative breast cancer, tAb-
pManTLR treatment slowed or eradicated established tumors in a CD8" T cell-dependent manner
and generated antitumor memory which protected mice against subsequent abscopal tumor

challenge. Our engineered approach exemplifies a modular, off-the-shelf immunotherapy



capable of activating systemic antitumor immunity with the sufficient magnitude and
functionality required for therapeutic efficacy. This work provides a strong proof-of-principle for
the further development of tAb-pManTLR as a therapeutic platform to treat numerous

malignancies.



CHAPTER 1
INTRODUCTION

1.1 Cancer Immunotherapy: Historical Background

Immunotherapies for cancer take advantage of the ability of the immune system to
recognize and direct cytotoxic responses against tumors. In 1893--far ahead of modern day
understanding of the interplay between the immune system and cancer--William Coley first
experimented with treating patients with heat-inactivated mixtures of S. pyogenes and S.
marcecsens, dubbed ‘Coley’s toxins’t. Coley’s treatment showed variable clinical success,
however, his studies remained unappreciated for many decades after his death. In the 1950’s and
1970’s, a deeper understanding of the immune system’s recognition of cancer emerged due to
seminal work by Burnet and Thomas 23. As new findings defined the close interplay between
tumor biology and the immune system, it became increasingly appreciated that the function of
the immune system could potentially be harnessed to fight against cancer. In the 1990’s, the
advent of CAR-T cells, checkpoint inhibiting antibodies, and dendritic cell vaccines all paved the
way for translating our understanding of cancer-immune interactions to the clinical treatment of
cancer. Today, cancer immunotherapy is a rapidly growing field for both scientific and
therapeutic research that holds promise for significant future improvements to be made in the

clinical treatment of malignancies.
1.2 The innate immune system coordinates adaptive immunity

The immune system has evolved to recognize and respond to physical damage as well as
invasion from foreign pathogens such as bacteria, viruses, or parasites through the use of

molecular patterns. These pathogen-associated molecular patterns (PAMPS) or damage-



associated molecular patterns (DAMPs) serve as ‘danger’ signals to the immune system #°.

Innate immune cells recognize molecular patterns associated with ‘danger’ via pattern
recognition receptors (PRRs) and triggering of these receptors activates the downstream cellular
programs to appropriately respond. The PAMPs and DAMPs capable of activating immune cells,
as well as the PRR that recognize them, are diverse. These PRRs are expressed in various subsets
innate cells in key cellular locations of cell surface, endosome, and the cytosol. Different
families of PRRs include toll-like receptors (TLRs), RIG-I-like receptors (RLRs), C-type lectin
receptors (CLRs), AIM-2 like receptors, and nucleotide-binding and leucine-rich-repeat

receptors (NLRs) ¢ 7.

Antigen presenting cells (APCs) are critical for the coordination of antigen specific
responses of T cells and B cells. In order to appropriately activate adaptive cellular responses,
APCs must first be activated via innate PRRs, which rapidly upregulates a cellular program to
enhances their antigen presentation capacity and the necessary co-stimulatory signals to prime

naive T cells 8.

Here, expression of surface MHC class | and class 1l molecules are increased, presenting
peptides generated from antigen processing within discrete cellular locations of the dendritic cell.
MHC-1 molecules load cytosolic derived peptides which have been imported into the
endoplasmic reticulum by the transporter associated with antigen processing (TAP). Peptide
antigens loaded onto MHC-I are typically derived from proteins within the cell, but also can
potentially be loaded with peptides derived from phagocytosis in a process termed cross-
presentation °. MHC-II loads peptide antigen from proteins acquired extracellularly, from within
the endosome and lysosomes. Peptide-MHC class | complexes are used to prime cytotoxic CD8*

T cells, whereas peptide-MHC class 11 complexes prime CD4* T cells. In the lymph node, an



activated dendritic cell will present roughly three times the number antigen peptide-MHC
complexes on its surface as compared to a naive dendritic cell 1°. Antigen-specific recognition of
these peptide-MHC complexes by a T cell receptors (TCR), CD3, along with CD4 or CD8 co-
receptor is a critical and required step for a T cell’s activation. However, to become fully
activated, a T cell must also receive additional co-stimulation. Activated DCs also upregulate
critical co-stimulatory ligands B7.1 and B7.2 which interact with CD28 and CTLA-4,
respectively, present on the surface of T cells 1. Other activation induced ligands 4-1BBL and
OX40L expressed by DCs serve to provide additional signals to T cells which enhance their
activation state 1213, If antigen-specific T cells recognize their cognate antigen presented on an
immature APC which lacks the required co-stimulatory signals for activation, that cell will
become functionally inert, undergo abortive proliferation and die, or be induced to become an
immune-suppressive regulatory T cell 1416, This process is a mechanism of peripheral tolerance
and is an important process by which the immune system prevents aberrant attack and

destruction of the host tissues in homeostatic conditions.

The crosstalk between innate and adaptive immune cells is essential to initiate the
adaptive response to specific antigens and to program the antigen-specific adaptive cells with the
appropriate effector functionality. Once a naive T cell recognizes its cognate antigen and
receives appropriate co-stimulation from interacting with a fully activated APC, it clonally
expands, giving rise to expanded populations of antigen-specific cells with effector functionality.
In the context of cancer vaccination, direct activation of APCs is required for functional priming
of cytotoxic CD8* T cell responses against tumors *’. These findings highlight the need for
efficient co-delivery of tumor antigen with innate activating stimuli for effective

immunotherapies to enhance these T cell responses.



In this way, APCs act as gatekeepers in unleashing antigen-specific adaptive immunity or
inducing immunological tolerance. These cells use context clues (i.e. DAMPs, PAMPS) during
their surveillance of host tissues to make critical decisions to either escalate and coordinate
adaptive immune responses to fight a perceived threat or to prevent responses and damage to

healthy tissue.
1.3 Tumor antigens can be recognized by T cells

T cells can recognize a multitude of antigenic targets on tumor cells within the context of
class I and class 1l major histocompatibility complexes (MHC). However, due to mechanisms of
central tolerance only a restricted subset of proteins within the universe of all tumor proteins will
recognizable by ones’ own T cells. As a mechanism to prevent aberrant immune responses
against healthy tissues, T cells capable of strongly binding or ‘recognizing’ antigens which are
naturally present within the body are purged from ones’ repertoire either during thymic
development or by mechanisms of peripheral tolerance, occurring constantly in secondary
lymphoid tissues and parenchyma. Because malignancies develop from somatic mutations
allowing aberrant division and survival in otherwise ‘normal’ cells, the processes of central and
peripheral immunologic tolerance limit the antigenic landscape of tumors which may be
recognized by the immune system. Still, tumors do contain antigenic features by which the
immune system can respond to. These antigens range in tumor specificity from over expressed
‘self” tissue antigens to bona fide tumor-specific novel antigens, termed ‘neo-antigens’ 8.
Immunogenicity of these antigens and the magnitude of response or potency of T cells specific
for them can be influenced by this degree of tumor-specificity, the general level of expression of

a given antigen within the tumor itself, and the degree to which that antigen is subjected to

mechanisms of tolerance.



Tumor-associated antigens (TAAS) to which T cells respond can be overexpressed self-
proteins, differentiation antigens, or cancer/testis antigens. Overexpressed cancer cell proteins
are antigens which can also be found on normal tissues that have been expressed at a heightened
state on tumor cells (i.e. HER2, hTERT, mesothelin, and MUC-1)*°. Differentiation antigens
such as gp100 or prostate-specific antigen, are overexpressed antigens associated with cell
differentiation to specific tissues. Although these antigens can be found in tumors of multiple
patients, the low tumor specificity and presence in other non-malignant tissues suggests that T
cell clones capable of recognizing these antigens with high affinity should be largely purged
from the naive lymphocyte repertoire. On the other hand, cancer testis antigens such as NY -
ESO-1 or MAGE proteins, are aberrantly expressed by tumors and typically would only be found
in germline cells. Given that germline cells are ‘immuno-privileged’ or hidden from systemic
immune recognition and attack, these tend to be more tumor-specific and therefore slightly more

immunogenic tumor expressed antigens.

Oncogenic viruses can occasionally introduce novel tumor-specific antigens that can be
readily recognized by the immune system. Tumors caused by oncogenic viral infection such as
HBYV or HPV can express viral antigens associated with the infecting virus. These novel proteins

are foreign to the immune system and can generate antigen-specific T cell responses.

Lastly, tumors can contain neoantigens, which are mutationally created tumor-specific
antigens. Neoantigens are occasionally found in specific mutational hotspots within the tumor
genome, and these can be found in a subset individuals with a given cancer 2021, These shared
neoantigens are promising targets for cancer vaccines or chimeric antigen receptor T cell (CAR-
T) as they are highly tumor-specific and thus, have a higher likelihood of being immunogenic

than TAAs. However, a majority of tumor neoantigens are specific to a patients’ tumor, termed



private neoantigens. The number of tumor neoantigens can vary between different types of
cancer, and given their individual nature, are difficult to identify and are often predicted
computationally. Given that these neoantigens are highly tumor-specific and can be recognized
by high affinity T cells, accumulation of numerous neoantigens does predispose a tumor to
having a greater overall immunogenicity. As such, studies of patient responses to checkpoint
inhibitor antibodies like anti-CTLA4 or anti-PD1 have found efficacy often correlates with tumor

mutational burden 22 23,
1.4 The cancer-immunity cycle

There is evidence which suggests endogenous immune response to tumors can occur as
tumors grow and develop. In 1891, Paul Ehrlich first reported the infiltration of mast cells in
human solid tumors. Today, it is widely appreciated that subsets of patients across multiple types
of cancers have T cells present within their tumors, suggesting that their immune system has
already spontaneously detected and initiated a response against tumor antigens. The mechanistic
understanding of how tumor responses are generated and destroy tumor cells, either
spontaneously or following therapeutic intervention, has been described as the “cancer-immunity
cycle” 24, At each step there are immunologic cues which are required in order to progress to the

following step, ultimately leading to tumor cell killing.

As the first step in this sequential process, tumor cells die and release their antigens for
uptake by the immune system. Depending on the context of the tumor cell death, the cellular
antigens which can be picked up by an APC will be stimulatory or inhibitory. If there are no
DAMPs or PAMPs released in the death of this cell (i.e. apoptosis), the clearance of cellular
debris will be immunologically silent. In this scenario, the presentation of these tumor antigens

to immune cells result in immunologic ignorance or tolerance of any antigen-specific T cells. At



this point, the cycle has already terminated. However, if the tumor cell dies in an
immunologically stimulatory fashion, the corresponding DAMPs released during death will
activate the APCs which engulf the debris. These activated cells can then migrate to the draining

lymph node and present processed tumor antigen to prime naive T cells in the lymph node.

In the next steps of the cancer-immunity cycle, the tumor antigen is presented on an
activated APC with the appropriate co-stimulatory signals. If a naive CD4* or CD8* T cell then
recognizes a tumor antigen in the context of MHC presentation, it will clonally expand and
differentiate to a pool of tumor-specific effector T cells. At this point, another potential break in
the cancer-immune cycle is introduced: the circulating effector T cells must traffic from
circulation after leaving the lymph node and into the tumor. To effectively do this, chemokines
such as CXCL9, CXCL10, CCL5 must be released by cells within the tumor environment,
creating a diffusion gradient for the activated T cell to follow 2. The local vessel epithelium
must also have upregulated the appropriate integrins LFAL/ICAM1 and selectins, addressing the
T cell back to the tumor and promoting its extravasation from circulation and into the tumor
tissue. Finally, as the last step to the cancer-immunity cycle, the effector T cells must overcome a
host of immunosuppressive stimuli within the tumor to recognize their target antigens and exert

their effector functions to kill cancer cells.

Considering the many steps required for effective T cell responses against tumors and the
many opportunities for negative feedback mechanisms, it is not surprising that tumors fail to be
spontaneously rejected, and only small subsets of patients show signs of endogenous T cell
responses to their tumors without any intervention. The overarching goal of immunotherapy is
to intervene on this cycle, helping it to initiate or continue through some of the specific

checkpoints at which tumors can evade immune responses.



1.5 Mechanisms of tumor-immune suppression

Tumors have multiple redundant mechanisms by which they can to circumvent and evade
immunologic destruction. These features directly block or disrupt progression through the
cancer-immunity cycle at various steps, by appropriating and amplifying established
immunologic pathways that promote self-tolerance and wound healing. Ultimately, tumors
cripple the ability of spontaneous immunity to fully eradicate tumors through various

complementary mechanisms of immune suppression.

Increased expression of inhibitory ligand PD-L1 on the surface of tumor cells can interact
directly with PD-1 on activated effector T cells causing T cell anergy or exhaustion.
Interestingly, it’s expression can increase in response to inflammatory cytokines and has been
shown to be a negative prognostic factor in a number of cancers 2627, In humans, tumors have
been shown to shed NKG2D stress ligands which limits their ability to be killed by NK and
CD8* T cells 2. Tumor cells and their stromal cells can also secrete immunosuppressive
cytokines such as IL-10 or TGF-p. IL-10 has been shown to prevent effective DC priming of
CD8* responses in vitro and was suggested to also play a role in blocking DC recruitment 2%,
TGF-p can directly act on T cells to limit their effector functionality and has been shown
generally to be involved in promoting the differentiation of suppressive regulatory T cells
(Tregs). Its expression has also been implicated in tumor progression to a more invasive,

metastatic phenotype 3L,

Tumors can also recruit a host of immunosuppressive cell types into the tumor
environment. Myeloid derived suppressor cells have been shown to mediate a variety of

immunosuppressive functions and inhibit T cell function through the expression of arginase and



production of soluble factors such as inducible NOS (iNOS), TGF-B, and 1L-10 32, Tumor
associated macrophages (TAMSs) are also an abundant innate immune population within the
tumor environments and also play important pro-tumorigenic roles. These tumor-supportive
functions are diverse: TAMs have been demonstrated to dampen cytotoxic T cell responses %,
recruit additional immunosuppressive immune cell subsets to the tumor 34, and promote the
metastatic potential of tumor cells . Lastly, regulatory T cells are actively recruited to the tumor
environment and have been demonstrated to limit T cell responses within the tumor by
expression of immune checkpoint (CTLA-4) and inhibitor receptors (i.e. LAG-3, TIM-3), IL-2

consumption, and secretion of immunosuppressive cytokines.

The hypoxic environment within the tumor also reprograms myeloid cells to an
immunosuppressive phenotype and inhibits immune killing. This environment enforces the TAM
and MDSC phenotypes, as well as decreases aspects of DC maturation (i.e. expression of CD80,
CD86, MHC I1) in response to low levels of PAMPs like lipopolysaccharide¢. Hypoxia can also
recruit immunosuppressive Treg infiltration into the tumor as well as metabolically disrupt the

ability of NK cells or CD8* T cells to produce cytotoxic Granzyme B¥'.

Lastly, tumors can also downregulate surface MHC class | expression which functions as
a way to evade T cell recognition and killing. In humans, 40-90% of tumors have been shown to
decrease MHC 1 on the surface and this loss of MHC | has been identified as a negative
prognostic factor3-40, Although this loss of MHC I sensitizes tumor cells to NK recognition, NK
cell cytotoxicity is also limited in the tumor via a number of complementary immunosuppressive
mechanisms such as production of soluble immunosuppressive factors such as prostaglandins or

TGF-B*.



Each of these immunosuppressive pathways represent a potential target for intervention
with immunotherapy. Further studies in both humans and mice are needed to determine if
antagonizing some of these pathways might yield more benefit than others, and in which settings
this hierarchy exists. Additionally, their complementary nature highlights the need for rational
combinatorial use of immunotherapies and strategies for clinicians to navigate these

combinations to provide effective treatment for a given patient.
1.6 Tumor-binding antibodies and their use as therapeutics

Monoclonal antibodies specific to tumor-associated antigens or to over-expressed
molecules that support tumor growth are standard clinical treatment options for several types of
cancer. These antibodies exert their therapeutic efficacy through various mechanisms of action:
(1) exert antibody-dependent cytotoxicity (ADCC) upon binding target cells, (2) block specific

growth promoting signals.

Antibody drugs such as Herceptin (anti-HER?2) for treatment of HER2+ colorectal and
breast cancer, or Rituxan (anti-CD20) for the treatment of B cell malignancies recognize and
bind highly expressed tumor antigens and initiate immune-mediated cell killing. Herceptin
additionally works by blocking human epidermal growth factor receptor 2 (HER2) on tumor
cells, which inhibits intracellular signaling pathways downstream of the receptor that direct cell
proliferation and survival #2. Using a similar mechanism, anti-EGFR antibodies prevent
epidermal growth factor receptor signaling to treat EGFR-overexpressing cancers like metastatic
colorectal cancers, head and neck squamous cell carcinoma, or squamous non-small cell lung

cancer.
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Another interesting therapeutic target for tumor-targeting antibodies is CD47. CD47
plays a prominent role as a ‘don’t-eat-me’ signal within the tumor environment which inhibits
tumor cell phagocytosis by macrophages. CD47 serves as a marker of healthy ‘self” cells and
expression on the cell surface has an inhibitory interaction with its co-receptor SIRPa on
macrophages which signals to that prevent cell engulfment 43, CD47 is expressed on many
normal tissues and loss of CD47 expression in aged or damaged cells has been described as a
mechanism which allows for clearance 4%, However, tumors have co-opted overexpression of
CDA47 as a way to evade this phagocytic surveillance system. Numerous malignancies in both
mice and humans overexpress CD47 and clinically, this overexpression serves as an adverse
prognostic factor in several types of cancer 4648, Antibodies to CD47 which disrupt or block
CDA47-SIRPa interaction are currently in clinical studies, exploring their safety and efficacy in

numerous malignancies as a monotherapy or in combination with other drugs like chemotherapy.

Although they are less relevant for introduction to the thesis work herein, other
monoclonal antibodies which are currently used to treat cancer but do not act principally by
binding to ligands on the surface of tumor cells include: 1) antibodies which modulate
immunoregulatory ‘checkpoints’ leading to the exhaustion of tumor-specific T cells within the
tumor i.e. anti-PD1, anti-CTLAA4 or anti-PDL1 or 2) anti-angiogenic antibodies i.e. (anti-VEGF-

A) which prevent tumor angiogenic functions.
1.7 Clinical landscape: Immunotherapies to increase antitumor immunity

The immunotherapy landscape is vast and expanding at an accelerating rate. In the past
three years alone, the global immune-oncology pipeline has increased by 233% to 4,720 agents

in development today in 2020 “°. In particular, some of the largest areas of pre-clinical

11



development today are therapies which induce or unleash endogenous tumor immunity such as
oncolytic viruses, cancer vaccines, and others which act on the tumor immune environment.
These drugs aim to treat classes of tumors with insufficient pre-existing T cell immunity, or with
advanced cancer which fail to respond to T-cell-targeted immunomodulators such as anti-
CTLA4, anti-PD1, or anti-PD-L1. Following the clinical approval of ipilimumab (a checkpoint
inhibitor targeting CTLA4) in 2011, the lack of response seen in some patient populations and
types of cancers fueled a deeper scientific understanding of the complex tumor-immune
interactions and underscored the need for therapies which act in complementary axes of the

tumor-immune cycle %°.

Therapeutic cancer vaccines come in many formats: subunit, peptide, or DC-based. A
hallmark feature of all is that they aim to generate antigen-specific immunity to defined tumor-
associated antigens, or tumor neo-antigens. In these formats, a priori knowledge of
immunogenic antigens and formulation with those antigens is required. Advances to cancer
vaccine development have primarily come in terms of antigen selection, or improvements to
vaccine technology. Thus far, TAA-based vaccines have been largely unsuccessful. Due to the
low immunogenicity of these centrally tolerized antigens, most struggle to activate T cell
responses of sufficient magnitude for efficacy. One hallmark example of this was the failure of
PROSTVAC-VF in a phase 11 study, in which vaccinations to boost PSA antigen-specific T
cells was failed to provide clear therapeutic benefit to patients with metastatic prostate cancer 5.
Neoantigen based vaccines containing patient-specific neoantigen peptides and adjuvant mixes,
have shown promise in early clinical trials in melanoma. However, predicting neoantigens and
their immunogenicity from sequencing of an individual’s tumor is a time and labor intensive

process 5255,

12



Oncolytic viruses are another form of cancer immunotherapy which has demonstrated the
ability to enhance antitumor immunity to tumors. These therapies are genetically modified
viruses which infect, replicate, and lyse tumor cells. Through this mechanism, oncolytic viruses
can provide effective tumor control through the direct killing of tumor cells as well as through
the generation of antitumor immunity resulting from this immunogenic cell death. In this way
locally treated tumors can generate systemic tumor-specific responses that can act on distant
metastatic lesions. These viruses can also be engineered to express additional therapeutic
modalities such as cytokines, chemokines, or antibodies as part of their viral genome, or to gain
improved tumor infectivity. Today, one oncolytic viral therapy T-VEC (Imlygic) is FDA
approved for use in metastatic melanoma. Although T-VEC demonstrates significant benefit, it’s
clinical use has largely been hampered by the fact it is not yet approved for use in combination
with standard-of-care (SOC) checkpoint inhibitor antibodies in this setting. Several other ‘second
generation’ oncolytic viral platforms are well within the clinical studies to assess their safety and
efficacy in treating melanoma or other advanced, unresectable malignancies as a second line
therapy. Largely, tumor-selective infection has been achieved by local, intratumoral injection of
oncolytic viral therapies. Further developments in tumor-targeting or tumor-specific replication
strategies could potentially allow for systemic treatment and ease of application to treat a greater

range of tumor types 6,

There are several other classes of drugs in the immune-oncology space which can act by
igniting or unleashing adaptive immunity to tumors. These agents can include cytokines,
chemokines, TLR agonists, immune stimulating antibodies or other small molecule adjuvants.

Each of these classes of immunomodulators may have distinct mechanisms of action, however
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the ultimate effect is to create a more pro-inflammatory tumor environment and promote the

immunologic destruction of tumors.

Cytokine engineering for the treatment of cancer is a growing area of focus. Several
inflammatory cytokines have already been clinically approved to treat cancer. Recombinant
interferon alpha (IFNa) or engineered forms of IFNo have been approved for use in subsets of
patients with various malignancies such as leukemia, sarcoma, or melanoma. In development,
engineered forms of other pro-inflammatory cytokines such as IL-15, IL-12, seek to improve

their tumor-specific actions while limiting systemic toxicity.

Adjuvants and specific PRR agonists are also studied for their utility in activating the
local innate cells within the tumor and enhancing cellular immune responses. These therapeutics
activate local innate cells directly to produce desired inflammatory cytokines, increase antigen
presentation, and ultimately, T cell priming. Creating an inflammatory milieu within the tumor
environment via adjuvants may also help with effector responses, by providing the necessary
stimuli to counterbalance the natural immunosuppressive intratumoral environment 5'. Here,
immune adjuvants can come in a variety of formats: lipids (i.e. MPL, oil), protein (i.e. flagellin,
versican), nucleic acids (dsRNA, ssRNA, poly I:C, STING ligand), small molecules (i.e. TLR

agonists) or minerals (i.e. alum).

Given the massive scope of cancer immunotherapies and approaches to immunotherapy
in a wide variety of cancers, these highlights represent a few of the largest areas of clinical
development that fall within the overarching goal of enhancing immune recognition of tumors
for therapeutic benefit. Many or all of these therapies which seek to rev up of the immune system
to fight cancer could work synergistically with those that seek to remove immunosuppressive

mechanisms which limit proper effector functionality within the tumor, such as checkpoint
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inhibitor antibodies, modalities to prevent immune evasion, and those that might enhance or

prolong effector functionality.
1.8 Biomaterial design for exploiting adaptive and innate immunity to tumors

Our antibody-adjuvant conjugate (tAb-pManTLR) utilizes tumor-binding antibodies
(tAb), conjugated with our polymeric adjuvant, pManTLR7. Our previously published p(Man-
TLR7) polymer is a small (<20kDa) random linear copolymer of monomeric units of mannose
and TLR7-agonist. Our antibody-adjuvant conjugate is designed to bind to tumor cells upon
injection, localizing the adjuvant to the tumor environment. Tumor antigen complexed with
antibody-p(Man-TLR7) conjugates can be then efficiently internalized via mannose-binding C
type lectins and, from within the endosome, activate APCs via TLR7 (Figure 1). All components
of the designed conjugate work complementary to each other to link innate immune activation

with efficient priming of adaptive immune responses.

A.  Tumor-binding antibodies

In our construct, p(ManTLR7) adjuvant can be chemically conjugated to various
antibodies that can bind ligands expressed and enriched on the surface of malignant cells. The
ligands that can be used as tumor-cell targets are diverse: over expressed tissue antigens (i.e.
TRP1, mesothelin), tumor enriched immune-evasion proteins (CD47), integrins, cluster of
differentiation antigens (i.e. CD19 or CD20), growth factor receptors (i.e. HER2, EGFR), over-
expressed immune inhibitory ligands (i.e. PD-L1), or even glycoproteins (i.e. MUC-1). Our
conjugation strategy attaches at free amines, and as such, is readily adapted to accommodate
virtually any antibody. The modularity of design which allows any antibody moiety to be used

can be used to tailor the therapeutic to be as broadly applicable or tumor specific as needed.

15



Mannose . TLR7

\ ¢
Wose

Endosome ij?

TumorAntigens

Mannosel#
Receptorsl

Dendriticell
Figure 1 tAb-pManTLR schematic

Upon intratumoral injection, the antibody component of tAb-pManTLR binds its cognate ligand
expressed on the surface of tumor cells. The mannose monomers contained within the pManTLR7
polymer can be recognized by endocytic mannose receptors (MR) on intratumoral dendritic cells as well
as other APC subsets, to promote internalization of tumor antigen:tAb-pManTLR immune complexes and
direct delivery to the endosome. Within the endosome, pManTLR7 polymers release from the attached
antibody as the chemical linkage undergoes a pH-sensitive disulfide reduction within the endosomal
environment. The TLR7 agonists can then bind their endosomal TLR7 receptor, thus activating the APC.

Tumor antigens present within the endosome will then be processed and presented by the activated cell to
prime naive T cell responses.
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Principally, this antibody component serves as a cell surface anchor, slowing the adjuvant
drainage from the tumor as it binds its ligands within the environment. Here, the antibody
functionally increases the intratumoral concentration of the conjugated adjuvant and its
availability to activate intratumoral APCs. This slowed antigen drainage also closely mimics the
sustained inflammation of a natural infection rather than a bolus dose immunization, leading to
enhanced functional T and B cell priming®. As seen in murine studies with LCMV infection and
chronic hepatitis infection in humans, large doses of viral antigen can lead to T cell exhaustion
and hampered immunity whereas low doses preferentially induce longer-lived T cell responses
59.

In addition to the basic utility of augmenting tissue localization and biodistribution of our
adjuvant, each monoclonal antibody may contribute its own additional functional profile to
overall antitumor efficacy. Depending on the choice of antibody, it could additionally serve to
block immune-inhibitory ligands and prevent intratumoral T cell exhaustion, initiate ADCC of
tumor cells, increase adjuvant uptake through Fc interactions, or increase tumor cell engulfment
by blocking anti-phagocytic signals on tumor cells. Any of these defined antibody functions
could provide additive benefit to our primary goal of enhancing innate immune activation within
the TME.

There are a few lines of evidence that suggest the tumor-binding antibody may play an
additional role in enhancing downstream T cell priming to tumor antigens. A previous study
from the Engleman lab demonstrated activated tumor-associated DCs endocytosed and presented
tumor antigen when loaded with antibody-bound tumor cells than tumor cell lysate . In vivo
studies showed that administration of tumor-binding antibody along with DC activating stimuli

vs. the activating stimuli alone significantly enhanced tumor eradicating immune responses in a
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variety of syngeneic murine models. Interestingly, under homeostatic conditions in which tumor-
associated DCs were not activated, treatment with tumor-binding antibodies did not lead to
significant uptake of tumor antigen and failed to provide strong therapeutic benefit. Although the
tumor-binding antibodies and APC activating stimuli were separately administered in these
studies, it is likely that linked antibody-adjuvant will act in a similar manner to enhance DC
tumor phagocytosis, antigen processing, and downstream T cell priming against tumor antigen.
B. TLR 7/8 Agonists

The small molecule TLR agonist used in our pManTLR polymer was also previously
developed in our lab. It demonstrates the capacity to stimulate TLR7 and TLR8, with slightly
biased activity toward TLR75. The choice to use a TLR7 agonist in the preclinical testing of our
antibody-adjuvant platform is largely based on TLR7/8 biology, expression, and its translational
potential for clinical use.

TLR7 and TLR8 are endosomal receptors, expressed in various APC subsets in both
human and mice, which recognize single-stranded RNA molecules. Stimulation of these
receptors in humans and mice signaling via a MyD88-dependent pathway to activate APCs. In
humans, TLR7-mediated APC activation results in production of multiple pro-inflammatory
cytokines including TNFa, IL-6, IL-1p, IL-12, and IFNa. Interesting, TLR7 activation has been
demonstrated to increase antigen cross-presentation and CD8* T cell priming in multiple DC
subsets through the induction of type I interferon and I1L-12 cytokine secretion 2.

Small molecules with stimulatory capacity for both TLR7 and TLR8 are ideal candidates
in clinical vaccine development given their broad receptor expression in antigen presenting cell
subsets. In humans, TLR 8 is broadly expressed in all major conventional DC subsets,

monocytes, neutrophils and monocytes, with TLR7 expression in plasmacytoid DCs (pDC) and
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B cells 3. In mice, monocytes, DC subsets except CD8a*, B cells, plasmacytoid DCs are
responsive to TLR7 stimuli 8. In this way, our TLR7 as an adjuvant in mice should perform
most similarly to a TLR8 or TLR7/8 adjuvant in translation to humans.

Rapid diffusion and biodistribution pose a technical challenge to the clinical use of small
molecule TLR7/8 agonists. Upon subcutaneous injection of resiquimod, the drug was detectable
in the serum within minutes, and showed a half-life of around 6h . This quick diffusion away
from the site of vaccination and suggests a loss of co-delivery with relevant proximal vaccinal
antigens, which is an important feature in successful vaccination. Furthermore, this promiscuous
biodistribution and off-target activation increases the propensity of these TLR agonists to induce
systemic toxicity 8. Thus far, the only FDA approved imidazoquinolinone-based small
molecules are formulated as topical creams or gels. These therapeutics show clinical benefit in
treating superficial malignancies as well as other dermatologic conditions as a result of TLR7/8-
mediated activation 87. The second generation of TLR7/8-agonists now in development,
formulated within liposomes or nanoparticles, are under exploration for improved
pharmacokinetics, safety, and overall efficacy for use in oncology and/or infectious disease
settings.

Our polymeric formulation, pManTLR7, overcomes both of these technical limitations:
copolymerization with mannose along a physiologically inert HPMA backbone increases the
solubility of our TLR7/8 agonist and brings the overall adjuvant size to 20kDa. Conjugation to
protein moieties such as a vaccinal antigen or targeting agent conveniently tailors our TLR7/8

agonist for close physical and temporal delivery codelivery with relevant antigens.
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C. Mannose

Mannose is used in our pManTLR7 adjuvant as a means to encourage phagocytosis, co-
localization of our TLR7 agonist with its endosomal receptor, and the cross-presentation of co-
delivered antigen. Specifically, the mannose monomers within p(Man-TLR7) targets cargo
antigen for uptake by APCs via C-type lectin scavenging receptors capable of recognizing the
mannose.

Most specifically, mannose receptor (MR; CD206) is a member of a family of C-type
lectin receptors that recognize carbohydrates 8 . MR is expressed predominantly on myeloid
cells, including macrophages and professional APCs, as well as some additional non-classical
APCs (Kerrigan and Brown, 2009). The extracellular portion of MR consists of the 8
carbohydrate recognition domains (CRD) followed by a single fibronectin type 1l repeat domain
and an N-terminal cysteine-rich domain °. The CRDs 4-8 of the MR recognize mannose-rich
residues of a variety of pathogens including viruses, bacteria, fungi and helminths, and
recognition of allergens as well as auto-antigens by MR has also been reported 671, The
intracellular tyrosine-based fragment of MR does not contain any downstream signaling motifs,
however it promotes the delivery of mannosylated ligands to early endosomes 2. Hence, ligation
of the MR by mannosylated molecules induces its internalization and delivery to this
compartment enhanced antigen cross-presentation on MHC class-1 %73,

Given the capacity of mannose to direct antigen for cross presentation, targeting of
antigen to DCs using MR-specific antibodies or surface mannosylation has be explored in
vaccine design to enhance CD8* T cell responses "4-’¢, Previous work from our lab demonstrated

the inclusion of mannose in our polymeric adjuvant enhanced uptake of protein-pManTLR7
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conjugates in various APC subsets and resulted in increased activation status of the recipient

cells in the draining lymph node ©*,
1.9 Summary

Recognition of malignancies by the immune system is widely accepted as critical to the
elimination of cancer. As a result, development of novel therapies to enhance antitumor
immunity are a major clinical focus for the treatment of cancer. Cancer vaccines are one form of
immunotherapy by which tumor proteins, or antigens, are used to activate cellular and humoral
immune responses against cancer. As a therapy, cancer vaccines seek to activate the necessary

adaptive responses to drive tumor rejection.

Several major barriers have thus far precluded the success of cancer vaccines in clinical
translation. Predicting tumor-specific immunogenic epitopes to use in vaccine formulation is a
labor-intensive and costly process 3%, Furthermore, vaccines which seek to activate T cells to
broadly expressed, yet weakly tolerized ‘self” antigens have shown some success, but only within
in a limited subset of cancers. Ultimately, many therapeutic cancer vaccines fail to activate
sufficient magnitude and functionality of cytotoxic CD8* T cell responses required for
therapeutic efficacy 7-'°. For this reason, we reimagine the classical cancer ‘vaccine format and
have developed a novel antibody-TLR7 agonist conjugate (tAb-pManTLR) that adjuvants tumor
cells in situ to induce durable, curative tumor-specific T cell responses in a modular design,
adaptable to treat a variety of solid tumors. Our engineered material exploits multiple existing
immunologic pathways for pathogen defense, and physically links innate and adaptive immunity

to drive tumor-specific responses.
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Our recently developed low molecular weight (<20kDa) polymeric glyco-adjuvant,
termed pManTLR7 is comprised of multiple residues of TLR7 agonist and mannose 8. We
demonstrated that chemical conjugation of protein antigens to pManTLR7 via a self-immolative
linkage provides an effective subunit vaccine for use in infectious disease. Specifically,
mannose-targeting of antigen and TLR7 agonist to antigen presenting cells (APCs) enhanced
cross-presentation of pManTLR7 linked antigens and generated robust antigen-specific T cell
responses. Given the critical importance of cellular responses to the control and destruction of
cancer %°, we focused our attention on translating our pManTLR7 adjuvant to improve antitumor
immunity in tumor settings that lack these endogenous responses. Overall, this work provides a
novel means by which to stimulate potent cellular immunity against endogenous tumor antigens
and provide therapeutic benefit in poorly immunogenic tumor models in which the current

standard-of-care checkpoint blockade antibodies are ineffective.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Mice

C57BL/6 female mice and BALB/c female mice aged between 8-12 weeks were obtained from
Charles River. Tyr:Cre-ER*/LSL-Braf'6%8/Pten™ mice, ages 8-16 weeks were provided by T.

Gajewski (University of Chicago) and the line was bred and maintained within our facility. All
studies with animals were carried out in accordance to procedures approved by the Institutional
Animal Care and Use Committee at the University of Chicago and housed in a specific

pathogen-free environment at the University of Chicago.
2.2 Reagents

CpG-B 1826 was purchased from InvivoGen. Mouse anti-rat/mouseTRP1 (Clone TA99), mouse
anti-mouse CD47 (Clone MIAP410), and mouse 1gG2a Isotype control (Clone C1.182)
antibodies were purchased from BioXCell. Rat anti-mouse PD-1 (Clone 29F.1A12, Bio X Cell)
and hamster anti-mouse CTLA4 (Clone 9H10, Bio X Cell) were used for checkpoint blockade
antibody studies. Before administration to mice, endotoxin levels of all formulations were tested
via HEK-Blue hTLR4 cells from InvivoGen. NHS Ester Sulfo-Cy7 dye (Lumican), AlexaFluor
647 (Invivogen), or DyLight 800 NHS Ester (ThermoFisher) was used to label antibodies and
antibodies used in the creation of antibody-pManTLR for flow cytometry, immunofluorescence
staining, and in vivo imaging analysis according to manufacturer’s recommendations. A detailed
explanation of the synthesis of the pManTLR polymer, linker, and intermediates is provided in

the supplementary methods of our previous publication 82,
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2.3 Cell Culture

B16F10 melanoma and EMTG6 breast cancer cell lines were obtained from ATCC and B16.F10
cells were engineered in house to express the model antigen OVA (B16.0VA). Cells were
cultured in “complete media”: DMEM supplemented with 10% FBS, and 1% penicillin and
streptomycin. C1498 cells were cultured in DMEM + 10% FBS + 1% P/S + 0.05mM Beta-
mercaptoethanol with density maintained between 10°-10° cells/mL. Prior to inoculation of
tumors cells were removed from culture, washed twice with cold PBS, counted, and resuspended

at the appropriate concentration for tumor inoculation.
2.4 Tumor inoculation and treatment

5x10° B16F10 cells resuspended in 50uL of PBS were inoculated intradermally on the left side
of the back, or left flank, of each C57BL/6 mouse. 5x10° EMT®6 cells resuspended in 50uL of
PBS were inoculated s.c. into the mammary fat pad of BALB/c mice. For the melanoma GEMM,
tumors were induced on the back of 8-16 week old Tyr:Cre-ER*/LSL-Braf'é%/Ptenf/l mice. Fur
was shaved prior to application of 50 ug 4-OH-tamoxifen (Sigma-Aldrich) at 10 mg/mL
topically, as previously described (Spranger et al., 2015). For inoculation with systemic AML,
1x108 C1498 cell resuspended in 100uL of PBS were delivered intravenously via tail vein

injection to C57BL/6 mice.

Tumors were measured every other day starting at day five after inoculation with digital caliper.
Tumors were measured with digital calipers and the tumor depth, the widest tumor measurement
from side to side, and longest length perpendicular to that width were recorded. Volumes were
calculated as volume V(mm?2) = length x width x height. Mice were sacrificed when tumor

volume had reached over 1000 mm?3. Treatments were performed on days described in figures
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and in figure legends. tAb-pManTLR7 vaccination or control treatment was administered in
described doses via intratumoral injection in a total volume of 35 uL. Checkpoint inhibitor
antibodies (CPI) were administered as a mix of 100 pg of anti-PD1 and 100 pg of anti-CTLA4

intraperitoneally. Prior to initial treatment, mice were randomized into treatment groups with

each treatment group split up between cages to reduce cage effects.

2.5 Antibody Depletion Experiments

CD8* T cells were depleted by administration of 400ug anti-CD8a (clone 2.43, BioXCell)
depleting antibody i.p. twice per week. Macrophages were depleted by administration of 300ug
of anti-CSF1R (clone AFS98, BioXcell) depletion antibody every other day. Control group (tAb-
pManTLR treatment only) received 300ug of 1gG2a isotype control antibody every other day.
Depletion antibodies were administered through the entire vaccination treatment window,
starting one day prior to vaccination. Cellular depletions were confirmed via flow cytometry

analysis of tumor, spleen, or LN populations.

2.6 Immunofluorescence of tumor tissue.

Harvested tumors were fixed with 4% paraformaldehyde (PFA) and flash frozen embedded in
OCT medium and stored at -20 degrees Celsius until sectioning. Serial sections of the tumor
(10um thick) were cut starting from the side until middle of tumor was reached. Slide mounted
sections were then blocked with 10% casein solution, then with 20% rat serum prior to
incubation with primary antibodies: biotinylated anti-collagen 1V Ab (Jackson
ImmunoResearch), rat anti-mouse CD47 (Bio X Cell), and Sulfo-Cy7 (Lumican) labelled mouse
anti-mouse TRP1 Ab for 2 hours at room temperature, followed by staining with Alexa Fluor

750-conjugated streptavidin (BioLegend), and goat anti-rat-647 (Invitrogen) (1:400 final
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concentration for all) for 1 hour. Slides were mounted with ProLong gold antifade medium with
DAPI (Invitrogen) before imaging on Olympus confocal microscope. Images were taken with

20x oil lens, composite images and scale bar overlays were made using ImageJ.
2.7 Serum cytokine concentration analysis.

B16F10 melanoma tumors were inoculated using 3x10° cells and vaccinated every 4 days
starting on day 5 post inoculation with 30 pg of TLR7 as anti-TRP1-pManTLR7 and molar
equivalent dose of controls CpG, anti-TRP1 and free pManTLR7 polymer, or saline. 24 hours
after the 2" vaccination, 200 uL of blood was collected in heparin-coated tubes and serum was
separated by centrifugation and stored at -20 degrees Celsius until cytokine ELISAS were
performed. Sera was assessed for IL-6 and IL-12p70 using ELISA, Ready-Set-Go Kit

(eBioscience), following the manufacturer’s instructions.
2.8 Flow cytometric analysis of tumor-binding antibodies and conjugates

Flow cytometry analysis was done using a BD FACS LSR Fortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo software (Tree Star). For staining, tumor cells were
washed twice with PBS, then stained in PBS + 0.2% FBS containing AlexaFluor647-labeled
anti-TRP1, anti-CD47, mouse 1gG2a isotype control antibodies at 30 pg/mL or with 5 pg/mL
antibody as pManTLR7 conjugate for 20 min on ice. Stained cells were washed twice and

resuspended in PBS + 2% FBS for analysis.
2.9 Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry

First, saturated solution of the matrix, a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich), was
prepared in 50:50 acetonitrile:1% TFA in water as a solvent. The analyte in PBS (5 ul, 0.1

mg/ml) and the matrix solution (25 ul) were then mixed and 1 pl of that mixture was deposited
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on the MTP 384 ground steel target plate. The drop was allowed to dry in the nitrogen gas flow
which resulted in the formation of uniform sample/matrix co-precipitate. All samples were
analyzed using high mass linear positive mode method with 2500 laser shots at the laser intensity

of 75%.
2.10 Tissue Processing

Spleens, lymph nodes, and tumors were collected and kept on ice, in IMDM until processing.
Tumors were digested in ImL DMEM supplemented with 2% FBS, collagenase D (2 mg/mL;
Gibco), Dnase I (40 pug/mL; Roche) for 45 min at 37°C mixing. Lymph nodes were mechanically
disrupted and digested at 37°C for 45 min in collagenase D. Digested tumors, digested lymph
nodes, or spleens were processed into single-cell suspensions via mechanical disruption and
passage through a sterile 70 um screen. Red blood cells in tumor cells and splenocytes were
lysed by resuspending in ACK lysing buffer (Quality Biological) and incubating for 5 min at
room temperature. Lysis reaction was quenched using 15 mL DMEM + 10% FBS. The single
cell suspensions for tumor, lymph nodes, or splenocytes were then washed once with PBS or
DMEM and resuspended in DMEM. These single cell suspensions were then used in

restimulation experiments or directly stained for flow cytometry analysis.
2.11 Ex vivo T cell restimulation

Single-cell suspensions from spleen or lymph nodes were prepared as described above. 1x10°
cells from spleen or lymph node were restimulated in vitro with the addition of 2.0 pug/mL of
peptide epitopes as described: gp1002s-33 (EGSRNQDWL), Trp2 (SVYDFFVWL), OVA MHC

class | (SIINFEKL) and MHC class I (ISQAVHAAHAEINEAGR) (Genscript).
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For ELISA analysis, following a 72hr restimulation cells are spun down and supernatant
collected for the measurement of secreted cytokines. Cytokine ELISAs were performed using the
Ready-Set-Go Kit (eBioscience), according to manufacturer’s protocol. All cell restimulations
were done in duplicate for each biological replicate with an unstimulated (no peptide added)

control well to determine background levels of non-specific activation.

For flow cytometric analysis, cells were restimulated with peptide for 6 hrs. total. Cytokines
were retained intracellularly via addition of GolgiPlug and GolgiFix (BD) for final 4hrs of
restimulation. Following 6hr restimulation, cells were immediately washed and stained for flow

cytometry analysis.

2.12 Production and characterization of antibody-pManTLR7 conjugates

Antibody (at >5mg/mL) was mixed with 20 to 30 molar equivalence of 2 kDa self-immolative
PEG linker in phosphate buffer solution (pH 7.7) and reacted for one hour, mixing at RT. The
reaction solution was then purified twice via Zeba spin desalting columns with 7 kDa cutoff to
remove unreacted linker (Thermo Fisher). Successful linker conjugation was confirmed using gel
electrophoresis and comparison to a size standard of the unmodified antibody. Antibody-linker
construct in PBS (pH 7.4) was then reacted with 7 molar excess of p(Man-TLR7) polymer in an
endotoxin-free Eppendorf tube for 2 hours, mixing, at RT. Excess p(Man-TLR7) polymer was
removed using FPLC size-exclusion chromatography Superdex 200 column (GE). Fractions
containing species with MW higher than 150 kDa (as assessed by gel electrophoresis) were then
pooled and concentrated in 100 kDa Amicon centrifuge unit to create a final product of an

appropriate concentration for injection in in vivo studies.
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To determine the concentration of TLR7 agonist (TLRa) content in the pManTLR7 polymer and
in the final polymer-antibody conjugates, absorbance at 327nm was measured. Known quantities
of mTLRY7 in saline was measured (n=3 independent samples) at 327nm in several

concentrations ranging from 8 mg/mL to 1 mg/mL to calculate a standard curve as previously
published in Wilson et al. 2019. The determined standard curve [TLR7a (mg/mL) = 1.9663* Aszz
+ 0.0517] was then used to calculate TLR7 agonist concentration in the prepared pManTLR7

conjugate.

To determine the antibody content in our antibody-pManTLR7 conjugates, SDS-PAGE was
performed on 4-20% gradient gels (Bio-Rad) using antibody of a standard curve of 4
concentrations of antibody (2, 1.5, 1, and 0.5 mg/mL) and two dilutions of antibody-pManTLR7
were fully reduced with 10mM dithiothreitol. Reducing conditions liberated conjugated
pManTLR7 allowing for the band intensity of the reduced antibody to be analyzed. Band density
of reduced antibody and antibody standard curve was then measured using ImageJ and antibody

concentration of sample was calculated using standard curve generated.
2.13 Flow cytometric analysis

Prior to antibody staining, cells were washed with PBS and stained for 15 min on ice with an
eFluor 455UV (eBioscience) fixable viability dye. The cells were washed twice with PBS then
stained in PBS + 2% fetal bovine serum (FBS) containing the antibody cocktail (BD Biosciences
and Biolegend) for 20 min on ice. Stained cells were washed twice with PBS + 2% FBS, and the
cells were then fixed for 15 min in PBS + 2% paraformaldehyde. Cells were washed twice and
resuspended in PBS + 2% FBS. If required, intracellular staining of FoxP3 was carried out using

the eBioscience Foxp3 Transcription Factor Staining Buffer Set, per the manufacturer’s
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instructions. Flow cytometry measurements were performed using an LSR Fortessa flow
cytometer (BD Biosciences), and data were analyzed using FlowJo software (Tree Star).

2.14 Tumor retention studies

C57BL/6 mice B16F10-tumor bearing mice or BALB/C EMT6-tumor bearing mice (100 mm?3)
were injected intratumorally with fluorescently labeled antibody-pManTLR7 conjugates of
aCD47647-pManTLR7, aTRP1647-pManTLR7, or algG2a isotype controlea7-pManTLR7. To
block antigen-specific binding sites non-fluorescent aCD47 or a TRP1 antibody was pre-injected
2 h prior to injection of fluorescently labeled corresponding antibody-pManTLR7 conjugate.
Starting at 4 hours post injection, mice were imaged via IVIS Spectrum in vivo imaging system
(Perkin Elmer) at regular intervals until the fluorescent signal was undetectable over background.
Images were processed and Radiant Efficiency was quantified for a region of interest (ROI)
selection of the tumor area using Living Imaging 4.5.5 software (Perkin EImer). Radiance
Efficiency is measured in units of “photons/second/cm?/steradian” normalized to the incident
excitation power. All imaging parameters were kept consistent between all images taken and
animal autofluorescence was subtracted from the tumor ROI. Background radiant efficiency
from an identical sized ROI placed over the sample stage was also subtracted from radiant
efficiency of the tumor to normalize readings across images. To account for any differences in
the degree of fluorescent labeling across the three tAb-pManTLR constructs used, comparisons
between groups were only made using % of initial radiant efficiency. Loss of fluorescence in
tumors was tracked by calculating the % of initial (4hr) fluorescent signal radiant efficiency at
various timepoints mice were imaged (12h, 24h, 36h, 48h, 60h, 72h, 84h, and 96h post
injection). Intratumoral half-life was calculated using phase decay curve fitting of %Radiant

Efficiency loss over time.
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2.15 Statistical Analysis

Statistical analysis and graphs were generated using Prism software (V7; GraphPad Software).
For single comparisons, a two-tailed t test was used. Data were also analyzed using one-way
ANOVA with Bonferroni post hoc test. Differences in survival curves were analyzed using log-
rank (Mantel Cox) test. Group size (n) used to calculate significance is indicated in figure
legend. Significance is reported with respect to vehicle control group, unless stated otherwise in
figure legend. For showing statistical significance ***P<0.001; **P<0.01; *P<0.05, unless

otherwise stated.
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CHAPTER 3
RESULTS
3.1 Preparation and characterization of tAb-pManTLR7 conjugates

In the design of tAb-pManTLR7, the antibody component must be specific to tumor antigens to
localize the complex within the tumor. We hypothesized that following intratumoral
administration, the tumor-binding antibody (tAb) of our conjugate would bind to surface
molecules expressed by tumors, thereby increasing persistence of the adjuvant within the tumor.
Given the ease of conjugation of pManTLR7 to various antibodies, our in situ tAb-pManTLR
therapeutic platform is tunable in specificity from highly tumor-specific to widely applicable,
depending on the choice of antibody used. As a proof of concept, and to demonstrate the
modularity of this approach, we created and characterized two tAb-pManTLR7 constructs with
different tumor-binding antibodies—one in which targets a broadly expressed yet tumor-enriched

surface antigen, CD47, and another which targets a melanocyte-specific antigen, TRP1.

The use of anti-CD47 in pre-clinical testing affords the ability to test the same construct across a
number of murine tumor models. In humans, elevated surface CD47 expression has been
observed for various malignancies, including lymphoma, bladder cancer, breast cancer and colon
cancer‘6-4882 In addition to typical antibody opsonization, antibody blockade of CD47 improves
clearance of cells by macrophages and dendritic cells, resulting from the loss of inhibitory CD47
interactions with the prophagocytic SIRPa receptor on APCs884, Consistent with previous
reports of elevated CD47 expression in various malignancies across both human and mouse, flow
cytometric analysis or immunofluorescence staining confirmed the ability of anti-CD47 (clone

MIAP 410) to bind to tumor cells from every tumor model tested: B16F10 melanoma, EMT6 and
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PyMT breast cancer, and genetically engineered melanoma model BrafV6%&/ptenf/fl (Figure 2B-

E).

For testing in models of melanoma, we chose a well characterized monoclonal recognizing
tyrosinase-related protein 1, a TRP1 (clone TA99), which has been demonstrated in numerous
settings to bind this TAA®-87_ | confirmed the ability of TA99 to bind melanocytes from two
murine tumor models of melanoma: B16F10 and the genetically-engineered murine model

Tyr:Cre-ER*/LSL-BrafV6%/ptenfl (Figure 2A, E).

Our pManTLR polymers were chemically linked to these tumor-binding antibodies as previously
published®!, using a 2 kDa bifunctional linker (Fig. 3A). Here, we reproducibly created tAb-
pManTLR7 conjugates and observed consistent shifts in protein mobility corresponding to
increasing overall kDa following the reaction of antibody to linker and pManTLR7 to antibody-
linker. After pManTLR7 was reacted with antibody-linker, excess unconjugated pManTLR7
polymer was separated from full tAb-pManTLR7 conjugate using size exclusion
chromatography (SEC) (Fig. 4A). All fractions post SEC containing species with a molecular
weight higher than antibody alone (150kDa) were then pooled and concentrated to a final

product (Fig. 4B, C).

Unlike typical antibody-drug conjugates, our tAb-pManTLR7 constructs contain a high TLR7
agonist payload per antibody molecule. Using MALDI-TOF-MS, we determined approximately
10-12 polymers are attached per antibody (Fig. 3B). This quantitation of BCN-decorated linker
conjugated to each antibody corresponds with final number of polymers per antibody as the
cycloaddition reaction of the bicyclononyne moiety on the linker reacts with the terminal azide
of pManTLR7 at a >95% yield®®. The antibody concentration in our prepared batches of tAb-

pManTLR7 conjugate was determined using gel electrophoresis and densitometry analysis.
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Figure 2 Selection of monoclonal antibodies for tAb-pManTLR testing in murine tumor
models.

A) B16F10 melanoma cells were incubated with 30ug/mL o TRP1 (TA99) for 30 minutes at 4
degrees Celsius, washed, and stained with AlexaFluor647 labeled anti-mouse IgG followed by
flow cytometry analysis. B) B16F10, C) EMTG6, and D) PyMT tumor cells were stained with
Cy7-labeled aCD47, mouse 1gG2a isotype control antibodies at 30 pg/mL for 30 minutes at 4
degrees Celsius, washed, followed by flow cytometry. E) Frozen tissue sections of B16F10
tumor or Braf'6%%&/Pten™/ tumor stained with o TRP1-647, aCD47-Cy7, and biotinylated anti-
collagen 1V antibodies. Primary staining of collagen was detected via streptavidinses. Scale bar
shows 70um.
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Figure 3 Antibody conjugation and characterization.

A) Representative schematic of stepwise conjugation of antibody-pManTLR7 polymer,
composed of mannose and TLR7 monomers. B) Gel electrophoresis analysis of i. free antibody,
ii. aCD47-Linker, iii. aCD47-pManTLR7. The conjugation was repeated with a TRP1 with
similar results. C) MALDI-TOF-MS analysis of TRP1 antibody alone (left) and after
conjugation to 2kDa Dithiol pyridyl-PEG-BCN linker (right). Change in molecular weight before
and after linker addition was used to quantify the number of linker molecules per antibody and
subsequent estimation of the number of pManTLR7 polymers per antibody of final product.
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Figure 4 Purification of tAb-pManTLR7 conjugates

A) Representative SEC trace of aCD47-pManTLR7 and excess free pManTLR7 polymer at
UV280nm. B) Representative gel electrophoresis analysis of protein fractions eluted from SEC.
brackets delineate fractions corresponding to the first large peak of UV2s0 chromatogram which

contained aCD47-pManTLR7 conjugate C) Gel electrophoresis of tAb-pManTLR conjugate
before and after SEC to remove free pManTLR7 polymer. These analyses were repeated for each

preparation of tAb-pManTLR7 conjugate with similar results.
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Four dilutions of parental tAb at known concentrations as well as a sample of tAb-pManTLR
were fully reduced and run on 4-20% gradient gels (Fig. 5A). The band density of reduced
antibody fragment was then determined using image analysis for all samples. The known
antibody concentrations of the parental tAb bands were then used to create a standard curve by
which to calculate the antibody content of the tAb-pManTLR7 conjugate samples (Fig. 5B).
TLR7 agonist content of the final tAb-pManTLR7 product was also determined in a similar
manner by measuring UV-VIS absorbance of tAb-pManTLR7 at 327nm and calculating the final

concentration using a standard curve of UV327 absorbance of known TLR7 monomer quantities.
3.2 tAb-pManTLR conjugates bind tumors and are retained within the TME

Importantly, conjugation of pManTLR7 to aCD47 or o TRP1 antibodies did not disrupt their
antigen-specific binding as our fluorescently labeled tAb-pManTLR7 conjugates bound tumor
cells with the same intensity as the unmodified parental antibodies (Fig. 6A, B). After
confirming our tAb-pManTLR?7 binding in vitro, we then looked to assess the ability of our tAb-
pManTLRY7 to persist within the tumor environment by binding cells in situ upon intratumoral
injection. Once injected, we hypothesized that the antibody in tAb-pManTLR7 would interact
with cognate ligands expressed throughout the tumor environment, slowing drainage through
from the tumor. Tumor retention studies tracked the persistence of fluorescently labeled tAb-
pManTLR upon injection using an in vivo imaging system (IVIS) to quantitatively measure the
fluorescent signal in the tumor of each mouse over time following injection. Calculated loss of
this signal over time showed both antibody constructs are retained within the tumor as much as

3-fold longer than isotype control antibody-pTLR7 constructs (Fig. 6 C-E).
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Figure 5 Quantification of antibody concentration in tAb-pManTLR

A) Gel electrophoresis analysis of fully reduced samples of aCD47 antibody at various
concentrations and aCD47-pManTLR7. B) Standard ladder correlating band intensity from gel
analysis to known antibody concentrations with the calculated linear regression curve as shown.
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Figure 6 tAb-pManTLR7 conjugates bind to the surface of tumor cells and prolong tumor
retention in an antigen-specific manner.

A) B16F10 tumor cell staining with equimolar amounts of fluorescently labeled o TRP1647-
pManTLR7, aTRP1e47, or isotype control antibody B) EMT6 tumor cell staining with equimolar
amounts of fluorescently labeled aCD47647-pManTLR7, aCD47647, or isotype controle47-
pManTLR7 conjugate. C) Tumor bearing mice imaged 4 h post injection with fluorescently
labelled conjugates of aCD47¢47-pManTLR7, aTRP l¢47-pManTLR7, algG2a isotype controlea7-
pManTLR7 and imaged via IVIS at regular intervals to measure loss of tumor fluorescent signal
over time. To block antigen-specific binding sites non-fluorescent aCD47 or o’TRP1 antibody
was pre-injected 2 h prior to injection of fluorescently labeled corresponding antibody-
pManTLR7 conjugate. Loss of tumor fluorescence was calculated as % of initial (4 h)
fluorescent signal. Intratumoral half-life was calculated using phase decay curve fitting of
%Radiant Efficiency loss over time in D) B16F10 and E) EMT6 tumor bearing mice. Data were
compiled from 2 independent experiments for D. Statistical analyses were performed using one-
way ANOVA with significance shown.
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To further demonstrate tAb-pmanTLR7 tumor retention was mediated by antigen-specific
binding of the antibody, we prophylactically blocked TRP1 and CD47 ligands within the TME
by injecting a surplus of unlabeled o TRP1 or aCD47 antibody into B16F10 or EMT6 tumors,
respectively. tAbrso-pManTLR7 injection into these antigen-blocked tumors completely
abrogated the retention of our conjugate and mimicked the intratumoral Kinetics as the

nonspecific isotypezso-pManTLR controls (Fig 6 C-E).
3.3 tAb-pManTLR?7 is endocytosed by and activates local APCs

We next wanted to assess the cellular populations which endocytosed tAb-pManTLR
after treatment and if the prolonged intratumoral Kinetics of our conjugate would improve local
APC activation within the tumor and tumor-draining lymph node (tdLN). To determine which
populations of antigen presenting cells internalize tAb-pManTLR7, we vaccinated EMT6 tumor-
bearing mice with fluorescently labeled aCD47s47-pManTLR7 and, 24 h later, assessed APC
subsets for uptake. Likely due to mannose recognition by broadly expressed endocytic C-type
lectin receptors, we found aCD47s47-pManTLR7 was present in all tumor APC subsets assessed,
with a slight enrichment for uptake within the monocyte linage subsets (Fig. 7A). In the tdLN, a
majority of CD11c* DCs were tAb-pManTLR7*. Notably, greater than 50% of all cross-
presenting CD103* DCs and LN-resident CD8a* DCs had endocytosed our fluorescently labeled
conjugate (Fig. 7A). Enhanced delivery of our TLR7 agonist to, and activation of, these cross-
presenting DC subsets is critical to the priming of CD8* T cells. Multiple mechanistic studies of
tumor immunology have defined CD103* DCs as crucial to tumor antigen trafficking and

priming of T cell immunity?®,
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Based on these data, we then wanted to assess any changes in the activation status and
frequencies of various APC populations in the tumor and its draining lymph node as a result of
tAb-pManTLR or an unconjugated component formulation treatment. Consistent with the
observed increase in endocytosis, we observed a trend of increased CD103" DCs in the tdLN of
tAb-pManTLR?7 treated mice (Fig. 7E) as well as significantly enhanced activation of this
population in tdLN at the 24 h timepoint (Fig 7F), as compared to antibody and unconjugated
pManTLR or saline treated controls. Treatment also significantly increased frequencies of
inflammatory monocytes and macrophages within the draining lymph node (Fig. 7B-D). Lastly,
at this timepoint, tumor-retained aCD47-pManTLR treatment resulted in improved intratumoral
activation of macrophages and CD11c*CD11b* DCs over treatment with aCD47 and
unconjugated pManTLR7 controls. Together, our data demonstrated uptake of our conjugate by
various APC subsets confirmed enhanced activation of these subsets upon treatment with our

tAb-pManTLR?7 conjugate.

3.4 tAb-pManTLR7 treatment eradicates established tumors in EMT6 model of triple

negative breast cancer

We first evaluated the efficacy of our tAb-pManTLR7 vaccination in the subcutaneous
syngeneic triple negative breast cancer model, EMT6. This model represents immunologically
‘excluded’ tumors in which T cells are localized to the stromal boundaries with very few
numbers infiltrating deeper within the tumor bed. Similar to human tumors with this same
immune-excluded phenotype, this model does not respond strongly to treatment with checkpoint
inhibition. Tumor cells (5x108) were injected into the mammary fat pad and allowed to grow for

6d at which point tumors were ~70mm?. EMT6 tumor-bearing mice were treated intratumorally
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Figure 7 tAb-pManTLR7 activates local APCs and is endocytosed by multiple APC subsets
A) Percentage of aCD47s47-pManTLR+ cells of DC populations and macrophages in the tumor
draining lymph node 24 hours after intratumoral injection. APC subsets defined as CD11c+ all:
CD11c¢*CD11b,, CD103* DC: CD11c*CD11b CD103*, CD8*DC: CD11c*CD11b CD8a*,
CD11c*CD11b* DCs, Macrophage: CD11b*F480*. (n=5, mean + SD) B) Percentage of
macrophages and inflammatory monocytes (CD11b*Ly6C") in tumor draining lymph node 24
hours after vaccination with aCD47-pManTLR7, aCD47 + pManTLR7, or saline. (n=7, mean +
SD) C) Activation of cell populations in tumor (left) and tumor draining lymph node. Cell
populations defined by same markers as in A), Plasmacytoid DC: CD11c¢*B220*. For B, C
statistical differences were determined via two-tailed t-test. Experiments were repeated twice
with similar results.
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four times, with a«CD47-pManTLR?7 or control treatments of substituent components until their
tumors were no longer palpable (Fig. 8A). aCD47-pManTLR7 treatment alone induced
significant tumor reduction or complete regression, resulting in 50% survival of treated animals
(Fig. 8B, C). Complete tumor eradication in established ‘cold’ tumor models—as seen with our
treatment— are rarely observed with vaccination or adjuvant treatment alone with many
requiring combination with 2 or 3 additional modalities to achieve tumor regression8®-°2,
Combination treatment of aCD47-pManTLR7 with checkpoint inhibitor antibodies (CPI)
resulted in similarly impressive tumor control to aCD47-pManTLR7 monotherapy, with 75%
survival seen in treated mice. To further demonstrate that conjugating pManTLR7 to tAbs
improves therapeutic efficacy, mice were treated with equivalent amount of antibody and
unconjugated pManTLR?7 as in the aCD47-pManTLR7 conjugate. Tumor growth and mouse
survival showed the unconjugated mixed components of tAb-pManTLR was ineffective at
controlling or eradicating tumors to the same extent as the full conjugate. Importantly, these data
suggest the requirement of tumor retention of pManTLR7 and improved APC activation to

provide functional tumor control.

Clinically, late stage malignancies are prone to relapse, even after initial tumor regression. Thus,
the ability to generate systemic memory is a crucial attribute of an effective therapeutic within
this disease setting. To assess the ability of tAb-pManTLR7 to generate anti-tumor memory,
surviving mice treated with aCD47-pManTLR7 were re-challenged with a second EMT6 tumor
on the abscopal mammary fat pad 30 days after initial tumors were no longer palpable (Fig 8A).
Strikingly, 75% and 80% of mice from aCD47-pManTLR7 and aCD47-pManTLR7 + CPI
treated animals, respectively, rejected secondary abscopal tumor outgrowth whereas all naive

animals developed tumors (Fig. 8D). Together these data suggest, local treatment with
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Figure 8 tAb-pManTLR7 treatment eradicates established tumors in EMT6 model of triple
negative breast cancer

A) Treatment schema. BALB/c mice were implanted with EMT6 mammary carcinoma cells
(5x10°) in right mammary fat pad. On d6 tumors (~60-75mm?) were injected with 20ug TLR7 as
aCD47-pManTLR7, equimolar unconjugated mix of aCD47 + pManTLR7, equimolar aCD47
as contained in aCD47-pManTLR7 conjugate, or vehicle control (saline). Combination therapy
with CPI was administered via i.p. injection of 100ug aPD1+ 100ug aCTLA4. B) Tumor
growth curves (volume+SEM) and C) survival plots of the treated mice (n=8 mice per group).
Experiment was repeated twice with similar results. D) Surviving mice from initial treatment
were implanted with a second injection of EMT6 cells (5x10°) into left mammary fat pad. Mice
were assessed for tumor growth after 14 days, % tumor free mice shown. Statistical significance
as shown with respect to mice treated with aCD47-pManTLR7. Statistical differences were
determined by one-way analysis of variance (ANOVA) using Bonferroni’s post hoc test in B), or
by log-rank (Mantel-Cox) test in C (n= 8 mice per group).
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tAb-pManTLR7 generates bona fide systemic immune memory capable of recognizing and

controlling distant tumor growth.
3.5 Efficacy of tAb-pManTLR7 treatment is dependent on CD8* T cells

To better understand how tAb-pManTLR treatment provides antitumor efficacy, we performed
antibody depletions of effector cell subsets that have been defined in the immunologic rejection
of tumors. For cancer vaccines, the initiation of CD8" T cell responses are critically important to
tumor control and rejection®>3. Macrophages are also capable of engulfing antibody opsonized
tumor cells and given the strong activation of macrophages we observed upon tAb-pManTLR7

treatment, changes in their polarization may lead to loss of immunosuppressive TAM functions.

To interrogate the mechanism behind tAb-pManTLR7 treatment efficacy, we next examined the
requirement for these two effector subsets in the ability of tAb-pManTLR?7 to clear established
tumors. To test the requirement of macrophages and CD8" T cells we depleted these populations
through the administration of CD8a or CSF1R antibodies (Fig. 9A). Depletion antibodies were
administered to EMT6 tumor-bearing mice throughout the course of treatment, starting one day
prior to the first injection of tAb-pManTLR. Depletion of CD8* T cells abolished treatment-
mediated tumor control and survival, indicating the requirement of CD8" T cells in the antitumor
efficacy of tAb-pManTLR7 treatment (Fig. 9B, C). Macrophage depletion via CSF1R antibody
did not significantly alter the efficacy of tAb-pManTLR7 treatment. Here, tumor growth in
macrophage-depleted mice tracked closely with isotype control-treated mice and 33% of mice
ultimately still cleared their tumor, suggesting macrophages do not play a critical role in

mediating tAb-pManTLR?7 treatment efficacy.
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Figure 9 Efficacy of tAb-pManTLR7 treatment is dependent on CD8* T cell responses

A) Confirmation of CD8* T cell (top) and macrophage (bottom) depletion 24h post treatment of
mice with a-CD8a. or a-CSF1R antibodies with comparison to isotype control treatment. Flow
cytometric analysis of CD8" T cells in spleen and CSF1R macrophage depletion in tumors shows
comparison to isotype control treated animals. Mice were implanted with EMT6 tumors and
treated three times with aCD47-pManTLR7 every 4 days starting at day 6. Tumor growth B) and
survival over time C) for mice treated with depleting antibodies administered i.p. starting 1 d
before initiation of aCD47-pManTLR?7 therapy, to deplete CD8" T cells (CD8), or macrophages
(CSF1R) (n=7 mice per group for all groups). Arrows indicate treatment timepoints. Statistical
significance by Welch’s #-test in C or by log-rank (Mantel-Cox) test vs. aCD47-pManTLR7

treatment in C.
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3.6 tAb-pManTLR treatment reduces tumor growth and increases intratumoral T cell

accumulation in established B16F10 melanoma

To show the generalizability of our approach and the ability to utilize different tumor-binding

antibodies, we next tested our tAb-pManTLR treatment in another ‘cold’ tumor model, BI6F10
melanoma. We tested the efficacy of tAb-pManTLR conjugates using either aCD47 or o TRP1
as both antibodies are capable of binding B16F10 cells and in doing so, can functionally retain
the construct intratumorally (Fig. 10B, C). Comparable efficacy was seen with either aCD47-
pManTLR or aTRP1-pManTLR treatment in B16F10-tumor bearing mice. Both tAb-pManTLR

constructs showed the ability to significantly slow tumor growth relative to intratumoral saline

treatment.

In this model, we also benchmarked o TRP1-pManTLR against two other clinically tested
therapies for advanced melanoma: intratumoral treatment with equimolar CpG (a TLR9 agonist)
and a-PD1 and a-CTLA4 combination checkpoint blockade antibodies (CPI). Here, a TRP1-
pManTLR monotherapy showed improved tumor control over both of these clinical treatments
(Fig. 10C). Again, in this second tumor model, we failed to see improved tumor control upon
combination of a TRP1-pManTLR treatment with aPD1 and aCTLA4 over o TRP1-pManTLR
treatment alone. Also similar to what was observed in the EMTG6 breast cancer model, treatment
with tAb-pManTLR conjugates as aCD47-pManTLR or aTRP1-pManTLR provided improved
antitumor efficacy over unconjugated substituent antibody and pManTLR7 components and

further highlights the necessity of the linkage between the two (Fig. 10B, C).
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Figure 10 tAb-pManTLR treatment reduces tumor growth in established B16F10
melanoma

A) Treatment schema for BI6F10 tumor bearing mice treated with aCD47-pManTLR7,
equimolar unconjugated mix of aCD47 + pManTLR7, or vehicle control (saline). B) Tumor
growth curves of the treated mice with arrows indicating treatment times (average tumor volume
+SD) and survival over time. (n=8 mice for all groups; day 14 significance shown by Welch’s ¢-
test comparison with aCD47 + pManTLR?7) or by log-rank (Mantel-Cox) test vs. aCD47 +
pManTLR?7. Italics indicate significance vs. saline treatment. C) Mice with BI6F10 tumors were
treated with a TRP1-pManTLR7 or control group as indicated. Intratumoral CpG treatment was
dosed as equimolar to TLR7 content in o TRP1-pManTLR7 conjugate. Experiments were
repeated at least twice with similar results. Shown are mean tumor volume curvestSD (n=7 for
all groups).
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3.7 tAb-pManTLR?7 treatment remodels T cell responses within the tumor

Given the requirement of CD8" T cells for therapeutic efficacy of tAb-pManTLR, we next
wanted to assess if treatment could increase the numbers of tumor-infiltrating T cells or alter
their phenotype. We treated B16-OVA tumor bearing mice with aCD47-pManTLR and four days
following the last treatment, assessed the intratumoral T cells using flow cytometry. tAb-
pManTLR7 treated mice showed significantly increased numbers of both CD8" and CD4" T cells
in tumors, with no increase in Foxp3™ CD4" Tregs (Fig. 11A, B). The intratumoral balance of
CDS8"' T cells to Tregs was significantly increased upon treatment suggesting a reduced ability of
these suppressor cells to limit CTL functionality (Fig. 11C). Of note, these increases in
intratumoral T cells were only observed in response to aCD47-pManTLR but not aCD47 and
unconjugated pManTLR7 mix. We also assessed nuclear staining of TOX in intratumoral T
cells, a transcription factor which been shown to drive a transcriptional program consistent with
T cell exhaustion®*®*. Importantly, high TOX expression is correlated with failure to produce
effector cytokines and increased expression of inhibitory receptors on T cells, both of which are
hallmark characteristics of dysfunctional intratumoral T cells. At this timepoint, aCD47-
pManTLR treatment did not increase TOX expression in CD4" or CD8" T cells as compared to

unconjugated and saline controls, suggesting these intratumoral T cells are functional (Fig. 11D).

To determine if tAb-pManTLR treatment could similarly impact intratumoral T cells in a
wildtype B16F10 model--without the expression of a foreign immunogenic antigen--tumor-
bearing mice were treated twice and at day 14 tumors were assessed via flow cytometry (Fig.

12A). Here we compared the effects of a TRP1-pManTLR, aPD1 + aCTLA4 (CPI), and
combination treatment of a TRP1-pManTLR + CPI on infiltrating T cell numbers and phenotype.

aTRP1-pManTLR treated mice showed increased numbers of intratumoral CD4* and CD8" T
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Figure 11 aCD47-pManTLR treatment increases intratumoral T cells in B16-OVA model

C57BI/6 mice were implanted subcutaneously with 5x10° B16-OVA tumor cells on left shoulder
and treated twice (days 5 and 9) with aCD47-pManTLR7, equimolar unconjugated mix of
aCD47 + pManTLR?7, or vehicle control (saline). Four days after the 2" treatment (d13) animals
were sacrificed and tumors and tumor-draining LN harvested. Tumors were homogenized and a
single cell suspension was stained and quantified via flow cytometry. Shown are individual mice
+ SEM for A) numbers of CD8" and CD4" T cells per mg of tumor tissue, B) frequency of
FoxP3"CD25" Tregs of CD4" T cells, C) the ratio of CD8'T cells to CD4"FoxP3"CD25" Tregs,
and D) TOX MFI of CD4" and CD8" T cell populations. Significance between groups shown by
Welch’s #-test; n=5 mice for aCD47-pManTLR7 and saline treated groups, and n=3 mice per
group for equimolar aCD47 and unconjugated pManTLR7 treatment)
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Figure 12 aTRP1-pManTLR treatment in B16F10 melanoma improves intratumoral T cell
accumulation

A) Mice inoculated with B16F10 tumors were treated with 25ug TLR7 as a TRP1-pManTLR or
saline on days 6 and 10 post tumor inoculation. CPI was administered i.p. on d8 and 12 post
tumor inoculation as the only treatment or in addition to a TRP1-pManTLR. Tumors were
excised and analyzed on day 14 via flow cytometry. Shown are mean + SEM for numbers of B)
CDS8'T cells and C) CD4'T cells per mg of tumor tissue, D) the ratio of CD8'T cells to
CD4'FoxP3*CD25" Tregs, E) frequency of PD1" of CD8'T cells, and F) frequency of TRP2-
tetrameter” of CD8" T cells. This experiment was repeated twice with similar results.
Significance between groups shown by Welch’s #-test; n=5 mice for a TRP1-pManTLR7 + CPI
treatment, n=9 for saline treatment, and n=7 mice per group for all other treatments).
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cells as well as improved CD8" T cells: Treg ratios (Fig. 12B-D). Combined treatment of a TRP1-
pManTLR with aPD1 and aCTLAA4 did not appear to affect the frequency of exhausted PD1M
CD8" T cells, as a TRP1-pManTLR treatment alone seemed to reduce the frequency of these
cells relative to saline (Fig. 12E). We also assessed the frequency of intratumoral CD8* T cells
recognizing an endogenous B16F10 melanocyte antigen, Trp2. Staining with K®/TRP2 tetramer
revealed only o TRP1-pManTLR treatment, with or without additional CPI, was able to increase
these tumor-specific CTLs (Fig. 12F). Together, these data highlight the ability of tAb-
pManTLR conjugates formulated with either a TRP1 or aCD47 to improve the magnitude of

intratumoral T cell responses in model antigen-expressing and wildtype tumor models.

3.8 Immunizing effect of tAb-pManTLR expands functional T cell responses to tumor

antigens in the draining lymph node

We next wanted to assess the ability of tAb-pManTLR7 to expand tumor-specific T cell
responses and interrogate the functionality of those tumor-specific T cells. The magnitude and
functionality of therapy-induced cellular response is highly predictive of the overall efficacy in
tumor control as well as in protective vaccine responses 7. To address this, we treated mice
bearing B16F10 tumors engineered to express OVA as a model antigen (B16-OVA) so we could
evaluate cytokine production via flow cytometry following T cell restimulation with OVA
peptides, forty-eight hours after the last treatment. Post restimulation with K® OVA peptide, the
oCD47pManTLR7 treated cohort showed significantly increased frequencies of CD8" T cells
producing IFNy, TNFa, and perforin over saline treated controls (Fig. 13A-C). Importantly, our
therapy also significantly increased in multifunctional, IFNy"TNFo" CD8" T cells over both

unconjugated mix and saline treated control cohorts (Fig. 13D). Similar results were observed in
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CD4" T cells post restimulation with MHC class IT OVA peptide, with the frequency of
IENY"TNFa" CD4" T cells showing greatest increase in response to aCD47pManTLR7 treatment

(Fig. 13E-G).

We repeated this experiment in wildtype B16F10-tumor bearing mice to verify if there
were also detectable cellular responses to endogenous melanoma antigens gp100 and trp2.
Consistent with the increased frequencies of intratumoral K® TRP2-tetramer” CD8" T cells at this
timepoint (Fig. 12F), we also observed significantly more TNFa secreting CD8" T cells in the
lymph node following restimulation with Trp2 peptide. Restimulation with tumor antigen gp100
peptide showed relatively weak responses, with only a slight trend of increased TNFo" CD8*
observed in the aTRP1pManTLR?7 treated groups (Fig. 14A, B). The expansion of
multifunctional antigen-specific CD8" T cells in the tumor-draining lymph nodes of tAb-
pManTLR?7 treated mice further supported the sum of our data and suggests treatment enhances

the priming of potent tumor-specific effector responses.

3.9 Tumor retention of tAb-pManTLR?7 prevents systemic dissemination of adjuvant and

treatment toxicity

Given the rapid dissemination and poor pharmacokinetics of unformulated small
molecule adjuvants, we next wanted to assess if our intratumorally retained tAb-pManTLR
therapy could reduce the systemic toxicity resulting from this. We treated B16F10 tumor bearing
mice with a TRP1-pManTLR?7 or an equimolar dose of unformulated CpG, a TLR 9 agonist, then
measured the serum concentration of IL-6 and IL-12p70 at 24h post treatment. CpG induced
detectable levels of these proinflammatory cytokines in the serum while serum IL-6 and IL-12

remained undetectable in the a TRP1pManTLR?7 treated cohort (Fig. 15A, B).
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Figure 13 OVA-specific T cell responses following treatment of B16-OVA with aCD47-
pManTLR7

Tumor-draining LN cells were restimulated with OVA MHC class I and class II peptide epitopes
(SIINFEKL, ISQAVHAAHAEINEAGR) for 6 h total, in the presence of GolgiStop for final 4 h.
Shown are quantifications of intracellular cytokine staining following restimulation for A)
%IFNy" of CD8* T cells, B) %TNFo" of CD8" T cells, C) %Perforin® of CD8" T cells D)
%IFNy"TNFa* of CD8" T cells, E) %IFNy* of CD4"* T cells, F) %TNFo" of CD4" T cells and
G) %IFNY"'TNFa" of CD4" T cells. H) Gating strategy for cytokine® restimulated lymphocytes.
Statistical significance shown by one-way ANOVA.
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Figure 14 Antigen-specific responses to endogenous B16F10 tumor antigens following
treatment with o TRP1-pManTLR7

Mice inoculated with B16F10 tumors were treated with 25ug TLR7 as a TRP1-pManTLR or
saline on days 6 and 10 post inoculation. CPI was administered i.p. on d8 and 12 post tumor
inoculation. Tumor-draining lymph nodes were harvested and single cell suspensions were
restimulated with MHC class | peptides from Trp2 or gp100 at 2ug/mL for 6h, in the presence of
GolgiStop for the final 4h. Cells were stained for intracellular cytokine production and quantified
the A) % TNFa* of CD8" T cells upon restimulation with Trp2 peptide and B) % TNFo* of
CD8* T cells upon restimulation with gp100 peptide. N=7 for all groups with statistical
significance shown by one-way ANOVA.
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Figure 15 Inflammatory serum cytokines following tAb-pManTLR7 treatment

Mice bearing B16F10 tumors were treated with 25ug of TLR7 as a TRP1-pManTLR, equimolar
dose of unformulated CpG, or saline on days 5 and 9 post tumor inoculation. 24h after the
second treatment on d9, mice were bled, and ELISA was performed on mouse sera to quantify
systemic A) IL-6 and B) IL-12p70 to compare the unformulated CpG adjuvant and a TRP1-
pManTLR treatment. N=8 mice per treatment group.
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To further assess if tAb-pManTLR induced inflammation-related systemic toxicity, we tracked
the weight of EMT6 tumor-bearing mice over the course of treatment with aCD47-pManTLR7,
component formulations, aCD47-pManTLR7+ CPI, or saline (Fig. 16A-E). Overall bodyweight
of treated mice remained unchanged relative to saline-treated controls over the course of
repeated doses (Fig. 16F).

3.10 Intravenous delivery of tAb-pManTLR for the treatment of systemic C1498 model of

acute myeloid leukemia

Although intratumoral administration can be used to treat a number of injectable,
superficial solid tumor malignancies, the ability to deliver tAb-pManTLR7 systemically through
intravenous (i.v.) injection would significantly benefit the platform in its ease of use in the clinic
and application to treat additional tumor types. In systemic administration, the antibody could
target the therapy to the tumor. For disseminated malignancies, the ability to administer tAb-
pManTLR7 i.v. could bind circulating tumor cells or additionally target the therapy to treat

distant metastases concurrently with primary tumors.

As a pilot experiment of using tAb-pManTLR in i.v. delivery, we first explored the safety
and efficacy of aCD47-pManTLR in the treatment of mice with a systemic model of acute
myeloid leukemia (AML), C1498 (Fig. 17A). This model is poorly immunogenic and has been
shown to be refractory to treatment with checkpoint inhibitor antibodies, mimicking the tumor
phenotype in human AML patients. We chose aCD47 as our tumor-targeting antibody for this
model as aCDA47 is currently in clinical development for the treatment of AML® and has been
shown to be overexpressed on malignant cells in this cancer as well as other hematologic

neoplasms*”%°,
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Figure 16 Effect of tAb-pManTLR treatment on bodyweight after repeated dosing

Body weight of EMT6 tumor-bearing BALB/c mice were monitored over time as % of initial
weight (before initiating treatment d6), following repeated intratumoral administration of
A)20ug of TLR7 as aCD47-pManTLR, B) equimolar aCD47 and unconjugated pManTLR7, C)
equimolar aCD47 alone (29ug), D) aCD47-pManTLR + CPI, or E) saline. F) Averaged body
weight per treatment cohort with SD shown, with arrows indicating the days of treatment. N=8
mice per group, with n=7 in the saline treated cohort.
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For this study, we chose an intermediate dose for aCD47-pManTLR, containing 15ug of
TLR7 per dose to minimize the potential for systemic toxicity given the ability of our conjugate
to activate multiple subsets of APCs in the blood. We also hoped this lower dose could magnify
potential differences in efficacy between aCD47-pManTLR and our untargeted aCD47 and
pManTLR mix control treatment. We hypothesized that nonspecific APC activation would result
in some baseline immune activation and marginal antitumor effect and that efficacy would be
enhanced over the baseline effect if there was active tumor-targeting and co-delivery of tumor
cells with adjuvant. Here, similarly to how our therapeutic functions in intratumoral
administration, APCs which engulfment of CD47-blocked tumor cells would receive strong
activating signals from our TLR agonist, leading to presentation and priming of cellular
responses to tumor antigens. After three treatments with aCD47-pManTLR7, equimolar aCD47
and unconjugated pManTLR?7, or saline, we tracked mouse survival over time (Fig. 17B).
Interestingly, the cohort treated with an unconjugated mix of aCD47 and pManTLR?7 fared the
worst, with a median survival of 23 days. No significant differences in survival were observed

between saline and aCD47-pManTLR?7 treated animals, although one mouse did survive from

the aCD47-pManTLR7 cohort.
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Figure 17 Treatment of systemic C1498 AML with intravenous aCD47-pManTLR7
A) C57BI6J mice were inoculated with 106 C1498 AML tumor cells and treated three times,

every 7 days starting at d3 post tumor inoculation with: 15ug of TLR7 as aCD47-pManTLR,
equivalent dose of mixed aaCD47 and unconjugated pManTLR?7, or saline. B) Mouse survival

over time. N=7 mice per treatment group.
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CHAPTER 4

DISCUSSION

4.1 Summary

In this work | successfully developed and tested a novel antibody-adjuvant conjugate as a
cancer immunotherapy, using a mannosylated TLR7 agonist polymer as the adjuvant payload.
Combining tumor binding antibodies (tAb) with a strong TLR7-agonizing adjuvant
(pManTLR7), tAb-pManTLR7 conjugates are reproducibly generated, and our chemical
conjugation strategy easily accommodates to use various tumor-targeting antibodies. Upon
intratumoral administration, tAb-pManTLR7 strategically localizes and sustains the delivery of
our adjuvant to the tumor microenvironment and is endocytosed by multiple APC subsets within
the local tumor microenvironment (TME) and tumor-draining lymph node (tdLN). In turn, this
potent innate immune activation provides the necessary signals for functional T cell activation
against co-delivered tumor antigens, which then provides tumor-specific cytoxicity (Figure 18).
Treatment of B16-OVA, or wildtype B16F10-tumor bearing mice with tAb-pManTLR7,
increased tumor infiltrating CD4* and CD8* T cells and beneficially equilibrated the intratumoral
ratio of CD8* T cells:FoxP3* Tregs. We also observed increased frequencies of polyfunctional,
tumor-specific T cells in the tumor draining lymph node. Most importantly, tAb-pManTLR?7
treatment resulted in superior antitumor efficacy compared to formulations of substituent
components in subcutaneous (s.c.) BI6F10 melanoma and EMT6 mammary carcinoma models.
As a monotherapy, aCD47-pManTLR7 induced complete remission (CR) in 50% of EMT6-
tumor bearing animals and generated systemic anti-tumor memory capable of protecting them
from a subsequent challenge with an abscopal tumor. Complete tumor eradication in established

‘cold’ tumor models—as seen with our treatment—are rarely observed with vaccination or
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Figure 18 Proposed mechanism of tAb-pManTLR treatment

1) Intratumorally delivered tAb-pManTLR bind tumor cells and activate dendritic cells and other
APCs. 2) Tumor antigens are presented to prime and activate naive T cells. 3)T cells return to the

tumor to 4) kill tumor cells presenting their cognate ligand.
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adjuvant treatment alone, with many requiring combination with two or three additional
modalities to achieve tumor regression®-°1, With tAb-pManTLR?7, efficacy was only modestly

improved when administered in combination with aPD1 and aCTLA4 antibodies.

In sum, our engineered antibody-adjuvant conjugate offers a modular, off the shelf
formulation by which to improve tumor-specific T cells and cure established, aggressive ‘cold’
tumors. When tumors are treated locally, tAb-pManTLR?7 activates robust cellular immunity,
provides durable anti-tumor memory, and provides proof-of-concept for a highly translational

strategy to enhance antitumor immunity in numerous malignancies.
4.2 tAb-pManTLR Antibody-Adjuvant Design

tAb-pManTLR7 builds upon many of the same elements of material design used in
antibody-drug conjugates (ADCs) which are clinically used to deliver cytotoxic payloads to
tumor cells. tAb-pManTLR7 extends the potential for antibody conjugate therapies to modulate
immunity selectively within the tumor. In our design, tAb-pManTLR7 overcomes a few
technical challenges which traditional ADCs commonly face. The polymeric TLR7 agonist and
its formulation with mannose solves two key challenges which ADC development typically face:

i)excessive hydrophobicity and ii) increased potential for higher drug-antibody ratios,

Increased ADC hydrophobicity, occurring as a result of chemical conjugation of small
molecule drugs, can cause issues with cell internalization of the ADC as well as with aggregation
after . Our adjuvant polymers’ formulation with HPMA and mannose improves the solubility of
hydrophobic imidazoguinoline-based agonists and, in our hands, chemical conjugation of our
pManTLR7 polymers to antibodies have been performed dozens of times without significant

aggregation.
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Additionally, our tAb-pManTLR design effectively increases the antibody-adjuvant ratio
in its formulation. Because several monomers of TLR7 agonist are co-polymerized within
pManTLR7, the amount of TLR7 per conjugation site on the antibody is expanded. For
comparison, two companies developing antibody-adjuvant conjugates using TLR7/8 or TLR8
agonists have attached single agonists per conjugation site whereas tAb-pManTLR7 has an
estimated 6 to 7 TLR7 agonist monomers per polymer, with roughly 10 polymers per antibody

(Fig. 3B).

4.3 tAb-pManTLR Conjugation

For the three tumor-binding antibodies (aCD47, o TRP1, and aCD19) we have used to
create tAb-pManTLR7 conjugates, the final average molecular weight was similar and showed
the reproducibility of this conjugation strategy for antibodies. The extent of pManTLR7 grafting
per antibody was easily controlled by modifying the molar ratio of the BCN-decorated linker in
the first step of the conjugation reaction. Interestingly, although this method of conjugation is not
site-specific and polymers can be attached to any free lysine resides on the antibody, the addition
of pManTLR7 never appeared to significantly disrupt the antigen-specific binding of the
antibody component following reactions at these molar ratios. It is certainly possible that for
some antibodies with high lysine content in the antigen-binding variable regions or at higher
densities of pManTLR7 grafting, that this could occur. Additionally, this conjugation strategy
may need to be reassessed if smaller protein components are used as tumor-targeting agents such
as fragment antibodies (fAbs) or single-chain variable regions (scFv). These smaller antibody-
derivative proteins would contain reduced numbers of accessible lysine residues for conjugation
and as such, might bias the pManTLR7 addition to sites which disrupts their capacity for

antigen-specific binding. For clinical translation and more precise control over the
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antibody: TLR7/8 agonist dose ratio, the antibody and chemical linker may need to be re-

engineered to include site-specific conjugation for pManTLR7 attachment.

4.4 Antibody-pManTLR linkage is a critical component of tAb-pManTLR efficacy

At each stage of our proposed mechanism of action for tAb-pManTLR7, we compared
the effect of an equivalent dose of tAb and unconjugated pManTLR?7, referred to as our
‘unconjugated control’, to that of the full conjugate. Comparisons made to this unconjugated
control treatment were used to determine the effect of the antibody-adjuvant linkage, and the

intratumoral retention of our pManTLR7 adjuvant resulting from this linkage.

Analysis of the intratumoral retention kinetics of tAb-pManTLR showed the greatest
differences in antigen-specific tumor retention of our conjugate at the 24h timepoint. To
determine the effect of this intratumoral retention on APCs in the local environment, | chose this
same timepoint to compare the activation state of various APCs in the tumor and draining lymph
node between tAb-pManTLR7 and unconjugated control treated mice. Strikingly, we observed
improved activation in all APC subsets analyzed in tAb-pManTLR treated tumors over the
unconjugated control treatment, as measured by CD80 expression, with the most pronounced
differences found in the macrophage, CD11b* DC, and CD103* DC subsets. Further analysis of
T cell activation after two doses of tAb-pManTLR7 vs. unconjugated mix also demonstrated that
antibody-adjuvant linkage was important for maximizing tumor-specific responses. tAb-
pManTLR7 treatment showed significantly more tumor infiltrating CD4* and CD8* T cells,
tumor-specific pentamer™ CD8* T cells, and % cytokine* T cells in the dLN upon antigen
restimulation than unconjugated control treated animals. Given this, in conjunction with data
demonstrating that tAb-pManTLR?7 efficacy is dependent on CD8* T cell responses, it was

unsurprising that we observed tAb-pManTLR7 outperformed the unconjugated control treatment

65



in the ability to eradicate tumors or slow their growth in every tumor model and tAb-pManTLR7
formulation tested. Together, these data provide strong evidence that our antibody-adjuvant
conjugate mediates its antitumor efficacy through this physical linkage which enforces the

intratumoral retention and co-localization of our agonist within the TME.
4.5 Impact of tAb-pManTLR treatment on cells within the tumor microenvironment

Our data show that intratumorally administered tAb-pManTLR is engulfed by many
subsets of antigen presenting cells in the tumor and draining lymph node, and that this uptake
results in strong cellular activation of both myeloid and monocytic cells. This observation was
made 24 hrs. following treatment with tAb-pManTLR, but it is still unknown if tumor retention
prolongs the duration cellular activation in either location. Given that fluorescent tAb-
pManTLR7 was still detectable within the tumor for three to four days post injection (Fig. 4C), it
is possible that cells in the tumor and lymph node continue to show an activated phenotype for
several days longer than mice treated with a bolus dose of antibody and unconjugated

pManTLR7 which would drain quickly to the lymph node.

Given the magnitude of literature surrounding tumor-associated macrophage (TAM)
immunosuppressive functions and the data demonstrating the ability of our tAb-pManTLR7
treatment to activate macrophages, further interrogation in the ability of treatment to reprogram
TAM phenotypes may yield interesting insights. Indeed, work from others have reported the
profound ability of TLR7/8 agonists to activate TAMSs, re-polarizing them to a pro-inflammatory
state with antitumor efficacy°%1%2, In concert, our data suggests that intratumoral T cells
following treatment are fully functional and do not appear to be exhausted or suppressed, which
may be interpreted as a reduction in the immunosuppressive networks present in the tumor

environment, including TAMs. RNA-seq or other transcriptional analysis of the intratumoral
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macrophage populations pre- and post-tAb-pManTLR treatment may show a shift the
intratumoral macrophage polarization from pro-tumorigenic towards an inflammatory
tumoricidal program. Alternatively, we can assess the ability of pManTLR?7 to directly impact
macrophage polarization in vitro. Here, M2 polarized macrophages can be differentiated from
BMDM by culturing in the prescence of IL-4. Following the incubation with varying amounts of
pManTLR7 the transcriptional profiles of the macrophages can be assessed to determine the
relative changes in key M1 vs. M2 genes. Analysis of supernatant cytokines following this in
vitro stimulation can also supplement transcriptional data: M1 macrophages secrete both IFNy

and IL-12p70 whereas M2 macrophages produce IL-6 upon activation.

More global changes to the immunosuppressive networks within the TME in response to
tAb-pManTLR?7 treatment can be also be explored through RNAseq analysis of all immune
populations within the tumor, multiplex cytokine analysis from digested tumors, or quantitative

MRNA analysis of gene transcripts related to specific immunosuppressive pathways.

With an eye to clinical translation of this approach, it would be important to understand
the contribution of type I IFN, particularly IFNa, to the efficacy of this platform. In mice, our
pManTLR7 adjuvant indeed has the potential to activate plasmacytoid dendritic cells (pDC) via
TLR7. When activated this DC subset is well understood to be able to secrete huge amounts of
type I IFN, which is an important cytokine in the context of cancer immunotherapy and the
activation of innate and adaptive immunity for T cell priming against tumors. For this reason,
adjuvants that activate type | IFN responses (i.e. STING agonists, TLR9 agonists) have been
explored clinically, formulated as a cancer vaccines or administered intratumorally. We can test
the contribution of IFN responses to the efficacy of our treatment by testing efficacy of tAb-

pManTLR7 in IFNAR knockout mice, in which cells cannot respond to type I IFN cytokines. If
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this pathway is indeed critical to our enhanced T cell priming and activity it would then be
prudent to ensure that our TLR7/8 adjuvant has the capacity to activate pDC. In humans, pDCs
express TLR7 and TLRY, so it is important that our adjuvant maintain the ability to stimulate
both TLR7 and TLR8 to mimic the activation profile seen in mice. Activation of human
plasmacytoid DCs, isolated from peripheral blood, can be mixed with our adjuvant for clinical
translation in vitro to confirm activitiy. The monomeric TLR 7/8 agonist contained within the
pManTLR7/8 polymer can additionally be tested for hnTLR7 activity using a cell-based reporter

assay.
4.6 Endocytic pathways of tAb-pManTLR7

Two features of tAb-pManTLR7 can theoretically promote its uptake by antigen
presenting cells: the Fc region of the antibody or the mannose contained in the adjuvant polymer.
It is possible that either the antibody Fc, the mannose residues within the polymer, or the

combination of two, are required for endocytosis and ultimately, efficacy of our treatment.

In our previous work in which antigen-pManTLR7 conjugates were tested as a subunit
vaccine for infectious disease applications, mannose was shown to be required for efficient
pManTLR7 uptake and DC activation in vitro and in vivo®!. The contribution of mannose to
overall vaccine efficacy was demonstrated by comparing cellular and humoral responses
following immunization with OVA-p(ManTLR7) vs. OVA-p(HPMA-TLR?7). Although OVA-
p(HPMA-TLR?7) did generate small OVA-specific IgG, CD4" and CD8" responses, OVA-p(Man-
TLR7) treated animals showed significantly heightened humoral responses as well as higher-
quality OVA-specific T-cell responses compared with this non-targeted formulation. To assess if
mannose is similarly important to the generation of cellular responses in my formulation,

benchmarking tAb-pManTLR7 treatment against tAb-p(HPMA-TLR7) in overall therapeutic
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efficacy would provide insight into the requirement of mannose in this formulation. Further
analysis to observe if any deficit seen between the mannosylated or non-mannosylated
formulations occurs at the stage of APC activation or at CD8" T cell priming, by assessing these

responses at the appropriate timepoints following treatment.

Work done by Engleman and colleagues also suggests that antibody recognition via Fc
receptors on dendritic cells could be important to the efficacy of tAb-pManTLR treatment. Here,
they showed treatment of B16F10 tumors with tumor-binding allogenic IgG along with DC-
activating stimuli («CD40 + TNFa) mediated tumor regression in a FcyR-dependent manner®°. In
tAb-pManTLR, it is unknown to what extent pManTLR7 conjugation impacts antibody Fc
accessibility and its recognition by Fc receptors on various cell types. Functionality of tAb Fc
following polymer conjugation can be easily explored in an in vitro assay, assessing DC uptake
of fluorescently labeled tumor cells coated with parental tAbs or tAb-p(HMPA-TLR7)
conjugates of similar 20 kDa size. Here, tAb-p(HPMA-TLR7) would show equal to or improved
tumor cell endocytosis to the parental antibodies if the Fc receptor is functionally accessible. To
determine if these Fc receptor interactions are required for the antitumor efficacy of tAb-
pManTLR7, tumor control following treatment in Fcy-receptor deficient mice could then be

assessed.

Given that antibody-mediated endocytosis of tumor antigen may be at play, further
experiments to interrogate how the antibody might influence the overall magnitude of tumor
antigen presentation or the APC subsets which prime T cell responses would be interesting.
Here, mice bearing B16-OVA tumors can be treated with tAb-pManTLR7 and 24hrs later,
different APC subsets from the tdLN can be sorted and incubated with OT1 or OTII T cells,

which recognize ovalbumin in the context of MHC class | or MHC class I, respectively. The

69



extent of T cell proliferation--as determined by CFSE or CellTrace Violet dilution—following
incubation with these various subsets could be compared across populations, as well as to APC

subsets from B16-OV A tumor-bearing mice treated with antibody and unconjugated pManTLR7.

4.7 tAb-pManTLR improves tumor-reactive T cell responses

The ability of our platform to enhance functional tumor-specific T cell responses
increases the translational potential to treat patient populations and aggressive cancers that lack
these critical endogenous responses. By exploring the ability of our therapy to induce these
responses in two ‘cold’ murine tumor models (EMT6 and B16F10) both of which are poorly
immunogenic and lack pre-existing intratumoral T cells, supports that tAb-pManTLR7 could
provide therapeutic benefit in this subset of patients. In these two distinct tumor models, using
two different tumor-targeting we showed tAb-pManTLR treatment was capable of enhancing
tumor-specific T cell responses, and that efficacy was dependent on CD8* T cells, suggesting
this is indeed a salient outcome of our therapy. Our data shows profound increases in the
numbers of intratumoral T cells and the frequency of tumor-specific T cells in the tumor and
draining lymph node upon treatment with tAb-pManTLR7. Restimulating these cells with tumor
antigen, we demonstrated our treatment improved the frequency of tumor-reactive T cells that

were functional and capable of secreting multiple effector cytokines upon activation.

In further studies it would be interesting to explore to what extent the treatment-enhanced
intratumoral T cell responses were due to increased T cell priming, or improved T cell survival
or proliferation within the tumor. To formally test this, tumor-bearing mice can be given FTY720
following treatment with tAb-pManTLR?7, to prevent the egress of recently primed T cells back
into circulation and to the tumor. If tAb-pManTLR7 treatment still results in tumor control, it is

likely acting through T cells already present within the tumor, either by promoting their survival
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or clonally expanding their numbers. If FTY720 treatment abolishes tAb-pManTLR?7 efficacy,
these data confirm that our treatment acts by priming new antitumor T cell responses. Given that
in these tumor models we see few intratumoral T cells prior to treatment with tAb-pManTLR7
and demonstrate increased T cell responses in the tumor-draining lymph node following
treatment, we do expect FTY 720 treatment would hamper the efficacy of tAb-pManTLR7 to

some extent, if not completely.

Our antibody depletion experiments demonstrated a clear requirement of CD8* T cells for
tAb-pManTLR efficacy, however, it does not rule out the possibility that other immune cells may
also contribute to tumor regression. It is possible that NK cells can respond directly to tAb-
pManTLR7 opsonized tumor cells via CD16 engagement of tAb Fc and provide ADCC
functionality. Alternatively, the increased APC activation in the TME following treatment might
provide NK cells with the additional cytokine signals required for licensing cytotoxic responses
through ligation of their multiple activating receptors®, In a similar manner, gamma delta T
cells may also be involved in antitumor responses upon tAb-pManTLR7 treatment, through
ligation of activating receptors similar to NK cells in response to stress-induced ligands on tumor
cells® or priming conventional o T cells!®. Here, NK cell requirement can be tested using an
NKZ1.1 depletion antibody in the context of tAb-pManTLR7 treatment. Contribution of gamma
delta T cells can also be explored by testing treatment efficacy in tumor-bearing TCR& chain

knockout mice.

4.8 Combining tAb-pManTLR7 treatment with checkpoint inhibitor antibodies

The literature describing the combinatorial benefit of novel immunotherapies (i.e.

adjuvants or vaccines) with checkpoint inhibitor therapeutics is vast. In the past few years from
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our lab alone, we had several publications describing the use of engineered inflammatory
cytokines and chemokines to improve tumor responsiveness to checkpoint inhibition06-108 A
great deal of evidence from both a therapeutic development and from a biological standpoint
support the combinatorial use of checkpoint inhibitors with other immunotherapies which
enhance complementary steps of the cancer-immunity cycle. Given the strong
immunosuppressive microenvironments present within tumors, the delivery of
immunostimulatory molecules into tumors can beneficially enhance the immunogenicity of the
tumor and thereby improve responsiveness to checkpoint inhibition. Surprisingly, our studies
exploring the combined efficacy of tAb-pManTLR7 with checkpoint inhibitor antibodies in two
poorly immunogenic murine tumor models did not demonstrate a significant benefit or synergy
over tAb-pManTLR?7 treatment alone. These findings can be interpreted in two ways: 1) tAb-
pManTLR7 treatment provides sufficient activation to overcome immunosuppressive
mechanisms in tumors which drive T cell exhaustion and dysfunction, or 2) the murine tumor
models used in these studies do not recapitulate the tumor biology or time course over which

would capture synergy between the tAb-pManTLR7 and checkpoint inhibition.

The syngeneic tumor models of EMTG6 breast cancer and B16F10 melanoma used in our
efficacy studies show aggressively quick growth after inoculation, and as such, do not accurately
replicate the biology of our treatment in slower growing human malignancies. To compare the
effects of tAb-pManTLR7 to control treatments, our analyses of were performed 3-4 days
following our last treatment, prior to the tumors of control treated mice reaching sac criteria. It
is likely that at these early timepoints, our treatment-induced T cell responses had not yet
experienced the chronic stimulation or immunosuppressive influence of the TME for long

enough to become exhausted, for which the use of checkpoint blockade antibodies would be
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beneficial. At the same time, data demonstrating the ability of tAb-pManTLR7 alone to
completely eradicate EMT®6 also highlights the potency of our therapeutic. For tumor regression
there must have been sufficient disruption of tumor immunosuppression along with a large
enough magnitude of adaptive immunity generated for the T cells to never become functionally
exhausted. Exploring our therapeutic efficacy in a genetically-engineering murine model
(GEMM) of cancer which more closely mimics the features of human disease may allow us to
determine if T cells generated from tAb-pManTLR therapy eventually do become exhausted and

if, at later timepoints, can benefit from combination with checkpoint blockade antibodies.

4.9 Design modifications to optimize systemic administration

With systemic administration, optimizing biodistribution of tAb-pManTLR to maximize
tumor localization while minimizing off-target effects will be paramount to success. As the
conjugate is only tumor-specific in its targeting antibody, it can still theoretically activate any
antigen presenting cell upon endocytosis. The inclusion of mannose as a promiscuous APC-
targeting agent may increase tAb-pManTLR7’s opportunity to activate non-target cells outside of
the tumor environment. Mannose recognition by mannose receptor (MR) or other C-type lectins
(DC-SIGN, L-SIGN, mSIGNR1, Langerin, BDCA-2, DCIR, Dectin-2, MCL, LSECtin and
MINCLE?®) prior to tumor engagement may trigger internalization by scavenging APCs in the
spleen or liver as it circulates in the bloodstream. Indeed, many of these receptors are found on
APCs in the liver and in lymphoid tissues and are thought to be important in liver

immunosurveillance by facilitating antigen uptake and presentation.

Due to this, for a next generation tAb-p(TLR7) conjugate for systemic administration,

new formulations will likely be required. Off-target liver or spleen uptake of tAb-pManTLR can
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be overcome by formulating tAb conjugates with an alternative polymeric adjuvant formulation,
p(HPMA-TLR7). In this formulation, active TLR7 agonist monomers are co-polymerized with a
biologically inert monomer (N-(2-hydroxypropyl) methacrylamide, HPMA) without the added
D-mannose monomers. Given the size of the adjuvant polymer, receptor-mediated endocytosis
will still be required for internalization and TLR7-mediated cell activation from the endosome.
Here, instead of relying on polymeric mannose residues, the Fc region of the tumor-targeting
antibody may be able to provide this functionality. tAb Fc may bind and crosslink Fcy receptors
on DCs or other APCs to promote the engulfment of tAb-p(TLR7):antigen immune complexes.
In the creation of tAb-p(HPMA-TLR7), polymer conjugation to tAbs may need to be optimized
or engineered to be more site-specific, to ensure this region remains in accessible, native form

with the capacity engage these endocytic receptors.

Lastly, to determine if antitumor responses and efficacy can be achieved if tumor cells
are appropriately targeted in models of systemic malignancy (i.e. AML), tAb-pManTLR7 can be
pre-incubated with a small number of tumor cells prior to injection. In this setting, pre-coating of
tumor cells with tAb-p(TLR7) ensures the adjuvant will be co-delivered with tumor antigen
wherever it is endocytosed, functionally removing the technical barrier of tumor-targeting.
Performing an in vivo experiment to determine antitumor efficacy with tumor cell pre-incubation
should theoretically give a maximum for the therapeutic window which could be achieved if

tumor-targeting of i.v. delivered tAb-adjuvant conjugates is optimized.

4.10 Safety and tolerability of tAb-pManTLR treatment

Biodistribution studies, serum cytokine analysis, and overall body weight maintenance,
suggest that intratumoral Ab-pManTLR7 treatment has minimal risk of toxicity due to systemic,

inflammatory activation. These data, as well as data from our previous study in lab have shown
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that pManTLRY7 is rapidly endocytosed due to mannose-targeting of APCs and fluorescent-
labelled antigen-pManTLR conjugates largely accumulates within the draining lymph nodes®’.
To further confirm the lack of tAb-pManTLR7-mediated toxicities, further detailed assessment

of serum chemistry for biomarkers of tissue damage or gross histopathology can be performed.

Although systemic dissemination from the tumor does not appear to be a concern for
toxicity, antibody responses against the tAb-pManTLR construct could pose a challenge to
repeat dosing in clinical translation. We were able to administer our treatment up to 4 times
intratumorally, however, mice appeared hunched and slowed following the 3 treatment.
Although treatment-related reactions were not dose-limiting in these experiments, analysis of
serum antibodies did show detectable levels of anti-drug antibodies (ADA) to either the targeting
antibody itself, or to the pManTLR polymer and were likely the cause of these transient
reactions. Given the use of a protein targeting moiety and potential for linked protein-chemical
delivery, ADAs which developed against the antibody or pManTLR polymer of our conjugate
could have resulted from T-cell dependent germinal center reactions. For systemic applications,
these ADA responses might be long-lived and result in reduced tumor-targeting or efficacy over
time as the conjugate is rapidly cleared from circulation upon injection. In future work, the
development and use of chemical moieties for achieving intratumoral retention of pManTLR7
would be largely beneficial for clinical translation of this approach. As a fully chemical
therapeutic, lacking any proteinaceous components, theoretical ADA responses which could
develop against the chemical intratumorally anchored pManTLR7 therapy would dosoina T

cell-independent manner, and thus would theoretically be transient and of low affinity.
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