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Abstract

Synthetic immunology aims to utilize synthetic chemistry and molecules to modulate
natural immunological functions against cancer cells. Synthetic molecules developed for use in
immunotherapy are antibody recruiting molecules (ARMs) that can utilize antibodies in human
serum as a weapon against cancer cells. The development of ARMs has inspired the creation of a
novel class of synthetic immunotherapeutics - covalent antibody recruiting molecules (cCARMs).
cARMs not only bind but covalently label specific antibodies to recruit them to the tumour cell
surface. First generation cARM molecules consist of a human prostate specific membrane
antigen (hPSMA) target binding domain, an antibody labeling acyl imidazole ester domain, and
an anti-dinitrophenyl (DNP) antibody binding domain. The ALD domain instigates an
irreversible covalent bond to label anti-DNP antibodies which enables the generation of a tumour
therapeutic antibody directly in vivo which can enact immune cell function against tumour cells.
cARMs have been proven to recruit anti-DNP antibodies to hPSMA expressing cells and mediate
selective antibody-dependent cellular phagocytosis/cytotoxicity (ADCP/ADCC) against cancer
cells in in vitro assays.

Following the development of a mouse model, initial in vivo studies demonstrated
significantly improved survival in tumour bearing mice that were treated with ARM and cARM.
In vivo labeling studies displayed successful labeling of anti-DNP antibodies in circulation by
cARMs and the presence of labeled antibodies for at least 72hrs in circulation. Conversely, ARM
mediated antibody binding was considerably less at all examined time points. Resolving
autoinhibition limitations of cARMs allowed for enhanced and improved labeling of anti-DNP
antibodies both in vitro and in vivo. This enhancement in labeling could allow for improved
ternary and immune active quaternary complex formation to mediate tumour cell death. /n vivo
tumour studies demonstrated increased survival in tumour bearing mice treated with non-
autoinhibited cARM when compared to ARM. Furthermore, innate immune cell populations
were shown to increase in peripheral blood of tumour bearing mice treated with ARM and
cARM. While cARM treatment dosing and concentration are yet to be optimized, this thesis
demonstrates the potential of cARMs as an immunotherapeutic. cARMs can be synthesized to
target a variety of cancer cell specific antigens, selectively label antibodies, and has the potential

to recruit multi-specific therapeutic antibodies against heterogeneous tumours.
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Chapter 1: Introduction

1.1 Cancer

Cancer remains as a leading cause of death around the world. In 2020, there were
approximately 19.3 million new cancer cases worldwide and approximately 10 million cancer
related deaths!. Cancer affects almost every tissue type in the body due to a variety of mutations
that affect a significant number of genes?. Despite substantial research, the disease remains a
challenge due to its complex nature. In fact, the mortality rate for cancer has remained the same
for the last 50 years wherein death rates for infectious and cardiac diseases have decreased by
approximately 60%?2. Cancer burden is growing rapidly worldwide affecting populations and
healthcare systems. Advances in cancer research will not only need a deep understanding of
cancer biology but utilize innovative approaches to develop new standards of care.

1.2 The Immune System & Cancer

1.2.1 Tumour Immunogenicity

Genomic instability in cancer often results in accumulation of mutations leading to the
development of tumour antigens®. These antigens can then be recognized by the immune system
and trigger an immune response’. As such, the immune system is vital in immunosurveillance
within the tumour microenvironment (TME) and regulates disease development?. The innate
immune cells, such as natural killer (NK) cells and macrophages, contribute to tumour
suppression by killing tumour cells directly and by initiating adaptive immune responses’. In
turn, adaptive immune cells, such as T cells and B cells, play a role in cell-mediated and
antibody responses, respectively®. While immune responses are powerful against tumour cells,

cancer cells have developed escape mechanisms to reduce immune cell function. As a result, the
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immune system is not only involved in protective mechanisms against tumours but shapes
tumour immunogenicity?.

Immune pressure results in tumour immunoediting, which is categorized into three phases.
The elimination phase consists of coordinated innate and adaptive immune responses against
tumour growth?. If cancer cell variants escape the eradication in the elimination phase, it enters
the next phase of equilibrium?. This phase consists of dormant tumour cells and control of
possible outgrowth by the adaptive immune system. The final phase of immunoediting is the
escape phase wherein tumour cells can escape immune effector function and recognition.
Tumour cell populations can escape immune function due to modifications resulting in loss of
antigens or resistance to effector cells effects®. As such, tumour cells become inherently less
immunogenic and acquire the ability to grow deprived of immune system control. Furthermore,
tumour cells may escape due to the development of an immunosuppressive environment within
the TME mediated by immunosuppressive cytokines and regulatory immune cells’. However,
most tumours are antigenic and studies have shown that they can be eliminated by the immune
system under certain conditions®’. Consequently, the lack of immunogenicity is due to a lack of
immune response induced by the tumour®.

1.2.2 Innate Immune Cells

NK cells are innate cytolytic immune cells that are vital in controlling both viral infections
and tumour cell growth!'?, NK cells are found in blood, spleen, bone marrow and lymph nodes
and chemoattractants can cause migration to sites of inflammation'!. NK cells express lytic
machinery that can eradicate target cells without prior activation'?. NK cell effector function is
regulated by activating and inhibitory cell surface receptors!>!3. NK cells use these receptors to

recognize aberrant cells and mediate cytotoxicity, proliferation and cytokine production'®. NK
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cell function is suppressed by major histocompatibility complex (MHC) class I expression on
cell surfaces as MHC class I molecules bind to killer immunoglobulin-like (KIR) family
inhibitory NK cell receptors to prevent the killing of healthy “self” cells'®!2. As such, NK cells
can eliminate cancer cells which tend to downregulate MHC class I molecules'*. Furthermore,
cancer cells overexpress NK cell activating receptor ligands on cell membranes or secrete
ligands to stimulate interferon-y (IFNy) and tumour necrosis factor (TNF)!'®. Importantly, target
cell recognition and effector function is also modulated by the cluster of differentiation-16
(CD16) receptor that is able to bind the constant region of immunoglobulins (IgG)'*. Human NK
cells are CD3°CD56" and encompass approximately 5-20% of peripheral blood lymphocytes'¢.
These cells are divided into two major populations - CD56%™CD16" and CD56"¢"CD16". The
CD56%mCD16" population makes up 90-95% of NK cells and mediates high cytotoxic function'®.
Conversely, the CD562h NK cells exhibit limited cytotoxicity and secrete cytokines when
activated. On the other hand, mouse NK cells express CD27 instead of CD56. CD27"€" mouse
NK cells are able to produce copious amounts of cytokines as well as effect powerful cytolytic
function!”.

Macrophages are innate immune cells that are vital in tissue homeostasis. Macrophages are
phagocytic cells that clear away apoptotic and aberrant cells, produce growth factors and
modulate pro-inflammatory cytokine production'®. Macrophage activation allows for
phagocytosis of the target cell — resulting in phagolysosomal degradation, antigen presentation
and cytokine secretion'*?°, Macrophages, when activated, can either be proinflammatory & anti-
tumour (M1 type) or anti-inflammatory & pro-tumour (M2 type)?!. During initial tumour growth
stages, tumour associated macrophages (TAMs) display an M1 phenotype and are activated by

toll-like receptor (TLR) ligands and Th1 cytokines such as such as IFNy, TNF, and granulocyte-
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macrophage colony stimulating factor (GM-CSF). M1-like TAMs mediate the eradication of
immunogenic tumour cells via cytotoxicity and phagocytosis®!. However, as tumour growth
progresses, the TME induces the M2 phenotype of TAMs (via Th2 cytokines) that promote
tumour growth. As a result, M2 TAMs stimulate cancer cell proliferation, limit anti-cancer
therapies, and immunosuppress other immune cells?!. Furthermore, TAMs secrete cytokines that
impair effector T cell activity and inhibit immune cell maturation?!. While TAMs play a
protumourgenic role, they do display some anti-cancer effects wherein they inhibit some
metastasis by NK cell recruitment and can display a phagocytic phenotype®>23.
1.2.3 Antibodies & Immune Function

Antibodies are powerful proteins that bind antigens with substantial specificity and can be
used to target tumour cells. Specifically, IgG antibodies play an important role as the principal
isotype found in extracellular fluid and blood (10-20% of plasma protein) and bind to their target
antigen with high affinity?*. Antibody specificity is derived from the variable regions of the IgG
heavy and light chains of the fragment antigen-binding (Fab) domain?°. The genes that produce
the heavy and light chains are created during B cell differentiation by junctional, diversity and
variable (V) gene segment recombination'®?. The Vi and Vi of heavy and light chain regions
allow for the complementarity determining regions (CDRs) which form the unique antigen
binding site for the antibody. The Fab domain has neutralization and cell receptor
recognition/blocking capabilities to limit tumour growth?. Conversely, the fragment
crystallizable (Fc) region is formed by the constant regions (Cu2 and Cus) of IgG heavy chains
and can induce immune responses through the engagement of Fc receptors and complement
binding?. Specifically, the Fc region interacts with Fc receptors (FcR) on NK cells and

macrophages to mediate antibody-dependent cellular cytotoxicity (ADCC) and antibody-
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dependent cellular phagocytosis (ADCP)?. Of the IgG subclasses, human IgG1 interacts with
FcR efficiently to mediate efficacious ADCC/ADCP?728, Conversely, murine 1gG2a is highly
effective in FcR effector functions and complement activity®.

Antibodies can mediate anti-tumour effects through ADCC?*. To stimulate ADCC
functions, the Fab domain of IgG antibody binds to a specific molecule/antigen which is
expressed on the cell surface (Figure 1.1A). Following binding, the antibody recruits effector
cells such as NK cells. NK cells are powerful effector cells as they lack inhibitory FcyRIIb and
express activating receptor CD16a (FcyRIIIa)*!. ADCC mediated NK cell killing can occur
through directed exocytosis of cytotoxic granules, TNF signaling and cytokine release. Upon
CD16a binding to Fc domains of antibodies, a signaling pathway is stimulated within NK cells*.
Specifically, CD16a associates with CD3-¢ pr FceRI-y chains in the cell membrane which have
immune tyrosine-based activating motifs (ITAMs) in their cytoplasmic tails*3. ITAMs are
phosphorylated upon FcyR binding and signal transduction through tyrosine kinases, and
activation of phosphatidylinositol-3-kinase (PI3K), nuclear factor kB (NF-kb), extracellular
signal-regulated kinase (ERK) pathways result in synapse formation and NK cell
degranulation®*. Lytic granules are transported on microtubules and are released at the synapse™.
The exocytosis of cytolytic granules such as perforin and granzymes result in the perforation of
target cells that causes osmotic lysis and granzyme inducing apoptotic death3®. Interestingly, a
single granule is adequate to lyse a target cell’>. This degranulation process can be repeated and
allows for the repeated killing of target cells*>. Furthermore, TNF death receptor signaling results
in target cell apoptosis**. Finally, cytokine production, such as IFNy, stimulates proximal

immune cell function in antigen presentation and induces augmented adaptive immune
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responses*. CD16 is also expressed on activated macrophages as such, both NK cells and
macrophages can contribute to ADCC effects?®”.

ADCEP is a vital mechanism in antibody-directed, immune mediated tumour cell killing.
Important effector cells in this process are macrophages which can clear antibody-opsonized
cells and microbes by phagocytosis (Figure 1.1B)?°. Human macrophages express all FcyR and
upon FcyR binding (except inhibitory FcyRIIb) to Fc domains of antibodies that are bound to
target cells, a signaling pathway is stimulated within macrophages*®. This results in membrane
receptor clustering and the phosphorylation of ITAMs found within the FcR cytoplasmic tail
which results in signaling through Rac-guanine nucleotide exchange factors (GEFs) to stimulate
phagocytosis*. A phagocytic synapse is formed followed by actin polymerization to mediate a
phagocytic cup and pseudopod extension around the target cell*®. Actin rearrangement then
forms a phagosome within the macrophage which matures by fusing to lysosomes and
endosomes to gain digestive enzymes and is concurrently acidified with proton pumps?®%-3°.
Finally, target cells are engulfed and digested.

IgG binding to antigens can initiate the classical pathway wherein immune complexes are
formed to lyse target cells (Figure 1.1C). IgG Fc binding results in C1q recruitment and binding
to exposed Fc region. A complement cascade is then initiated that involves sequential
complement protein cleavage and activation of C4, C2, C3b, C5, C6, C7, C8 and C9 to form the
membrane attack complex (MAC)*., The MAC complex creates a pore by inserting itself into the
target cell membrane resulting in cell lysis*°. Furthermore, complement activation also induces
the activation of innate immune cells causing degranulation, phagocytosis and cytokine

production*®#,
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Figure 1.1. Antibody dependent immune function. (A) ADCC effects mediated by NK cells.
Fab region of IgG antibody binding to antigen recruits NK cells binding through CD16 to Fc
region. NK cell degranulation is activated to release perforin and granzymes to kill target cells.
(B) ADCP effects mediated by macrophages. Fab region of IgG antibody binding to antigen
recruits macrophage FcR binding to Fc region. Macrophage phagocytic functions are stimulated
to phagocytose target cells. (C) CDC effects mediated by complement cascade. Fab region of
IgG binding to antigen recruits C1q complement binding to IgG Fc. This stimulates a
complement cascade and recruits C4, C2, C3b, C5, C6, C7, C8 and C9 to form the membrane
attack complex.
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1.3 Cancer Immunotherapy

Currently, the recommended and conventional treatments for cancer include surgery to
resect the tumour followed by radiation and/or chemotherapy*?. Surgery is most effective at early
stages however, there are limitations to this approach. Location of solid tumours, tumour growth
rate and possible amputation or disfiguration are all considerations when deciding to resect
tumours*?. Radiation therapy, on the other hand, can harm healthy organs, tissues and cells*2.
Similarly, chemotherapeutic agents often harm healthy cells and pose many harmful side effects.
Moreover, drug resistance to chemotherapy often develops in patients.

Cancer immunotherapy is a rapidly advancing field of research and novel standard of
cancer therapy. It aims to exploit and harness the immune system to attack cancer cells by
eliminating cancer immune evasion and augmenting tumour immunogenicity*’.

1.3.1 Therapeutic Monoclonal Antibodies

Therapeutic monoclonal antibodies represent a major avenue of treatment in cancer
immunotherapy as they are a powerful tool to target specific — disease associated cell surface
proteins. Upon Fab binding to target antigens, they can affect a variety of functions. Tumour
therapeutic antibodies are able to induce and recruit immune responses against tumour cells
through ADCC, ADCP and CDC*’. For instance, farletuzumab, a folate receptor a. targeting
monoclonal antibody, has been demonstrated to induce lung cancer cell lysis through ADCC and
CDC in preclinical trials*®. Furthermore, therapeutic monoclonal antibodies can bind specific cell
receptors or ligands to interrupt cancer cell signaling or carry toxins to target cells*?. For
example, a monoclonal antibody targeting human prostate specific membrane antigen (hPSMA)
has been conjugated with drug maytansinoid (DM1) and examined in mouse models®.

Following anti-hPSMA antibody binding, DMI (a microtubule depolymerizing drug) is released
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during cellular internalization to induce mitotic arrest to limit cancer cell growth and delay
tumour growth in tumour bearing mice®.

Antibodies travel through cell membranes poorly, thus anti-tumour antibodies are often
limited to target membrane bound proteins, proteins that allow for internalization or extracellular
antigens?’. Preferably, the target antigen should be preferentially expressed on tumour cells to
allow for specific targeting and minimal off target effects and toxicities®. Antibody therapy is
also limited by antigen loss variant cells. Antigen loss variants can be selected during
immunotherapy therefore limiting the potential efficacy of therapeutic antibodies. For instance,
treatment of B-cell lymphoma with anti-CD20 antibodies resulted in a loss of CD20 expression
in some cases’’. Importantly, due to tumour cell genetic instability, antigenic variants are
generated at a high rate?®. Conversely, treatment of breast cancer with trastuzumab has not
resulted in human epidermal growth factor receptor — 2 (HER-2) negative variants®>. As HER-2
overexpression and signaling allows for cancer cell proliferation and increased oncogenicity, it is
an important receptor to target>!. Thus, targeting membrane bound proteins that are required for
tumour cell growth and phenotype is vital in enhancing antibody anti-cancer effects.

While therapeutic monoclonal antibodies are efficacious, there are limitations to their anti-
cancer effects. As antibody therapeutics contain “non-self” protein sequences and are large
proteins (150kDa), this can induce an immune reaction against them. Anti-drug antibodies
(ADA) can neutralize therapeutic antibodies which reduces the efficacy of these drugs2.
Additionally, ADAs cause additional effects and can result in skin rashes and inflammatory
response syndrome™. While humanized antibodies have reduced potential immune responses,
they still retain murine CDR sequences. The CDRs could be viewed as foreign antigens and

cause immunogenicity. For instance, in HER-2 positive breast cancer patients treated with
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trastuzumab, a humanized antibody, ADA rates were 7.1%>*. Intravenous administration of
therapeutic antibodies could also result in IgE-mediated anaphylactic reaction, cytokine release
syndrome, immunosuppression and serum sickness>>3. While the development of fully
humanized antibodies have been approved for therapeutic use, they still induce ADA
responses>°%, Lack of efficacy has been shown to correlate with ADA levels in patients with
rheumatoid arthritis treated with adalimumab — a fully humanized antibody>2. Similarly, 16% of
rheumatoid arthritis patients treated with golimumab displayed ADA levels that correlated with
reduced circulating levels of treatment antibody>2. Thus, immunogenicity of humanized and fully
humanized therapeutic antibodies remains a factor affecting efficacy. Furthermore, therapeutic
antibodies lack oral bioavailability and have poor pharmacokinetics due to their large size and
polar surface area’’>°. Finally, the development and purification of therapeutic monoclonal
antibodies is extremely expensive and time consuming. As antibodies are sizable multimeric
proteins and large amounts of antibodies are required to reach clinical efficacy, high production
costs are necessary. In 2012, the estimated cost for conventional chemotherapeutic drugs was
$17,500 per patient whereas therapeutic antibody treatment cost was $30,400 per patient®>. As
such, there is a need to harness antibodies and their powerful biological properties affordably but

without compromising efficacy and immunogenicity.

10



Master’s Thesis — A. Raajkumar McMaster University — Medical Sciences

1.4 Antibody Recruiting Molecules

Synthetic immunology is a novel and exciting field of research that uses synthetic
molecules to control and regulate immune responses. The development of bifunctional small
organic molecules also known as “molecular glues” are promising in addressing many of the
issues that therapeutic antibodies pose. Antibody-recruiting small molecules (ARMs) are
bifunctional molecules that contain an antibody-binding domain (ABD) and a target binding
domain (TBD), allowing them to redirect endogenous systemic antibodies to target cells®¢!.
This bridges antibodies to target cancer cells thereby enforcing proximity to induce potent
immune function. Furthermore, ARMs are less immunogenic compared to therapeutic antibodies
due to their small molecular size (1-2kDa)®"%2, These small molecules can be produced at a large
scale inexpensively and can be optimized for oral bioavailability®.

ARMs function by augmenting antibody opsonization of cancer specific targets. They can
reprogram pre-existing antibodies in circulation that have no prior ability to localize to cancer
cells (Figure 1.2). Following antibody recruitment, a ternary complex comprising the ARM,
antibody and target cell antigen is formed. Subsequent immune FcR binding allows for the
formation of an immune active quaternary complex to induce target cell killing. ARMs have
been shown to induce strong antibody dependent immune responses such as ADCC, ADCP and
CDC%%, Specifically, ARMs mediate cancer cell killing in a target antigen and antibody
dependent mechanism that minimizes off-target killing®-%’. ARM treated mice that were
immunized to express high antibody levels and engrafted with target antigen tumour cells

168

displayed delayed tumour growth and enhanced survival®®. Conversely, mice engrafted with

antigen-negative cells or non-immunized were unaffected by ARM treatment®’.

11
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1.4.1 Antibody Binding Domain

The ABD of ARMs can bind and recruit anti-hapten antibodies, via small molecule ligands
that bind endogenous antibodies. Specific endogenous antibodies such as anti- 2,4-dinitrophenyl
(DNP) antibodies are found in abundance in human serum®. Approximately 1% of circulating
endogenous antibodies in humans have been found to be anti-DNP antibodies®*. Interestingly,
their origin of antigenic exposure remains largely unknown although it is speculated to be
derived from DNP-containing pesticides, preservatives and dyes and is present in a large portion
of the population®®7°, Importantly, the use of anti-DNP IgG antibodies have demonstrated
powerful ADCC, ADCP and CDC functions to induce target cell killing*!. Thus, anti-DNP
antibodies represent a strategic choice to recruit to cancer cells. As such, the ARMs discussed in
this thesis contain a DNP group at the ABD.

1.4.2 Target Binding Domains

Chemical biologists have developed ARMs targeting a variety of cancer proteins however,
the focus of this thesis will be on prostate cancer targeting ARMs. hPSMA is a unique type 11
membrane bound glycoprotein that is greatly overexpressed (100-1000-fold expression) on the
surface of prostate cancer cells and the neovasculature of many solid tumours’!. Furthermore,
hPSMA expression on normal, healthy tissues and benign prostate tissue is limited, thus making
it an important marker and tumour target’!. Moreover, hPSMA can be targeted by antibodies and
has a characterized binding site to allow for targeting with small molecule ligands’.
Additionally, hPSMA plays a vital role in prostate cancer progression wherein expression of
hPSMA increases with cancer progression and aggressiveness®”-’?>. hPSMA serves two enzymatic
functions — folate hydrolase and NAALADase and contains a glutamate carboxypeptidase

enzymatic pocket. Within the small intestine, it removes glutamates from y-linked poly
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glutamates and within the central nervous system, it metabolizes the neurotransmitter N-acetyl-
aspartyl-glutamate’!. The release of glutamate mediated by hPSMA can subsequently bind to
receptors on cancer cells to activate PI3K signaling thus stimulating cell growth and
proliferation’. As such, hPSMA serves as a powerful protein to not only target and identify
cancer cells but also inhibit enzymatic function to reduce tumour growth.

Current studies exploiting hPSMA for immunotherapy are in preliminary stages and
display varying results. The preclinical evaluation of an anti-hPSMA specific single-chain
immunotoxin has demonstrated specificity and toxicity against hPSMA expressing cells in vitro
and in vivo, however, high doses resulted in severe hepatotoxicity leading to animal death”.
7T Lutetium radiolabeled anti-hPSMA monoclonal antibodies induced antitumour activity in
4/35 patients. Prostate specific antigen (PSA) levels were used as a measure for antitumour
activity and PSA levels decreased by ~50% for 3-8 months before levels returned back to
normal’®. Finally, hPSMA targeted bispecific T-cell engagers (BiTEs) have been examined in
phase I clinical trials and demonstrated some dose dependent PSA response’’. However, adverse
reactions such as infections, fever and lymphopenia were observed in patients. Moreover, only 2
patients responded long-term to treatment’’. As such, further immunotherapeutic approaches and
mechanisms are required to target and eradicate hPSMA expressing cancer cells.

To utilize synthetic ARMs to target hPSMA expressing cells, small molecule ligands have
been created to selectively bind hPSMA with high affinity. One such small molecule ligand is
glutamate urea lysine (GUL) which has been shown to target hPSMA and inhibit enzymatic
activity’8. Prostate cancer targeting therapeutic ARMs contain GUL at the TBD to enable

binding of hPSMA target cells (Figure 1.3A).
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Alongside therapeutic ARMs, there are reporter versions developed and utilized to study
the profile of these molecules. Importantly, versions containing small molecule biotin moieties at
the TBD have been created (Figure 1.3C). The interaction between biotin and streptavidin is an
extremely strong non-covalent bond and is extensively used to examine a variety of protein

interactions due to their high affinity and specificity”®.

o Can -
010 e

= ABD (DNP)
Figure 1.2. ARM function to bridge antibody to tumour cell. ARM ABD binds to anti-DNP
antibodies in circulation. Following ABD binding, the bound antibody can be recruited to tumour

cell surfaces and TBD binding allows for ternary complex formation and antibody mediated
immune effects.
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1.5 Covalent Antibody Recruiting Molecules

The Rullo lab has developed small molecule covalent immune recruiting technology which
leverages proximity activated bio-conjugation chemistry with target immune protein binding.
This technology has been applied to the recent development of covalent antibody recruiting
molecules (cARMs) which contain small tumour antigen binding molecules and can selectively
covalently link to natural serum antibodies®’. First generation therapeutic cARM molecules
(Figure 1.3B) consist of a hPSMA targeting TBD, an antibody labeling domain (ALD) and an
anti-DNP antibody ABD?®. Similarly, reporter molecules contain a biotin TBD, an ALD and a
DNP ABD (Figure 1.3D). cARMs differ from ARMs as they form an irreversible covalent

linkage to the antibody using proximal labeling chemistry.
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Figure 1.3. ARM and cARM chemical structures. (A) hPSMA targeting ARM. (B) hPSMA
targeting cARM. (C) Streptavidin binding ARM. (D) Streptavidin binding cARM. (A-B) TBD
contains GUL. (C-D) TBD contains a biotin moiety. (B-D) ALD contains an acyl imidazole
group. (A-D) ABD contains a DNP group.
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1.5.1 Antibody Labeling Domain

The addition of the ALD in cARMs allows for irreversible covalent binding to anti-DNP
IgG at sub-saturating concentrations. The ALD functions post ABD (DNP) binding to the
antibody (anti-DNP antibody). Once the ABD binds, a proximal lysine (lysine 59) residue found
on anti-DNP IgG antibodies near the ABD-antibody binding site allows for covalent bond
formation. The lysine residue attacks the electrophilic acyl imidazole group at the ALD, this
results in the ABD acting as a leaving group (Figure 1.4). Anti-DNP IgG is then covalently
linked to the TBD, thus allowing it to target hPSMA expressing tumour cells wherein it

previously lacked an inherent ability to mark tumour cells for immune recognition/eradication.

cARM Covalgnt Lat?eled
Labeling Antibody

& }

@ - 8D (GuL)
= ABD (DNP)
¥ =ALD
Figure 1.4. Proposed mechanism of cARM labeling of anti-DNP antibodies. cARM ABD
binds to anti-DNP antibodies. Following ABD binding, a proximal lysine residue attacks the

electrophilic acyl imidazole ALD to form an irreversible covalent bond. The ABD is ejected and
this results in a labeled antibody covalently attached to the TBD.
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Labeling specificity of cARM was confirmed to target anti-DNP IgG in the presence of
other IgG antibodies and serum proteins. Specifically, control experiments using cARM and
human non-DNP IgG antibodies demonstrated no covalent recruitment®!. While control IgG
contained several lysine residues, the covalent reaction could not be completed without previous
DNP binding interactions®!'. Additionally, site selective maximal labeling of polyclonal anti-DNP
IgG (0.2uM) was observed using a small excess of cARM (0.4uM) in 10% human serum®’.
There are several lysine residues found on anti-DNP IgG and a nonselective reaction would
utilize more than 2 equivalence of cARM. Furthermore, cARM mediated labeling was observed
when completed in 100% pooled human serum with low nM anti-DNP IgG and high
concentrations of human serum albumin (HSA) which is known to sequester DNP?°, In the
presence of excess DNP-glycine competitor which competes with cARM for anti-DNP IgG
binding, there was an observed reduction in anti-DNP IgG specific labeling when compared to
samples with no competitor®®. Similarly, cARM labeling decreased substantially when using
pooled human IgG depleted of anti-DNP IgG, confirming cARM labeling specificity. cARM
labeling was also conducted in anti-DNP IgG boosted mouse serum wherein successful labeling
was observed when compared to a lack of labeling in non-DNP boosted mouse serum®’. As such,
cARM labeling is specific, reliable and functions according to the hypothesized binding

mechanism.
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1.6 Ternary & Quaternary Complexes
1.6.1 ARM Mediated Complexes & Immune Function

ARMs function by reversibly binding to anti-DNP antibodies, recruiting them to cancer
cells and forming the ternary complex at the tumour cell surface. Following binding of an
effector cell to the recruited antibody, the ternary complex then forms a quaternary “immune”
complex with the FcR receptors on immune cells to trigger target cell death through ADCC and
ADCP?#83, As such, the efficacy of ARMs is not only controlled by the number but also the
stability of immune active quaternary complexes (Figure 1.5). The formation of the quaternary
complexes in vivo is thereby dependent on ternary complex and ARM-antibody binary complex
formation and stability. Ternary complex formation is fundamentally limited by ARM affinity to
antibodies and sub-saturating antibody concentrations®®. Antibody recruitment with ARM
utilizing low serum antibody concentrations were not able to sufficiently mediate immune cell
function against hPSMA target cells®!. Furthermore, ternary complex dissociation is promoted by
rapid ARM clearance®°, However, attempting to mitigate this issue by administering excess
ARMs results in autoinhibition of ternary complex formation®®#4, This occurs as excess ARMs in
circulation bind antibodies and tumour antigens separately, preventing ternary complex
formation and instead, forming binary complexes®. As ARMs reversibly bind both to antibodies
and targets, there are certain constraints on ARM efficacy and function that minimize antibody

recruitment and immune function against cancer cells.
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Figure 1.5. Ternary complex destabilization by ARMs. The reversible binding nature of
ARMs results in destabilized ternary and subsequent quaternary complexes. Excess ARMs
results in autoinhibition and drives high clearance when ARMs are unbound.

1.6.2 cARM Mediated Complexes & Immune Function

cARMs allow for an irreversible covalent linkage to antibodies thereby resulting in a stable
cARM-antibody complex (Figure 1.6). This then allows for ternary and immune active
quaternary complex simplification and stabilization. As such, cARMs can circumnavigate some
of the limitations posed by ARMs. The resultant effect is enhanced immune cell recognition and
tumour cell elimination. The Rullo Lab aims to probe this hypothesis and examine the effects of
covalency on ternary and quaternary complex formation and stability.

Covalent antibody recruitment was able to induce increased immune cell recognition and
function compared to ARMs in vitro. cARM labeled antibodies enhanced CD16 activation
against hPSMA target cells at serum antibody concentrations wherein noncovalent ARM
recruitment could not®!. These results were consistent with cARM covalent recruitment of
monoclonal anti-DNP IgG as well as serum anti-DNP IgG. Conversely, a lack of immune
recognition was observed when anti-DNP depleted IgG was used — confirming selective antibody
recruitment. However, autoinhibitory effects do come into play when there are excess cARM
labeled antibodies resulting in immune complex dissociation due to competitive binding with
FcRs®!. Moreover, covalent antibody recruitment enhanced ADCP of target cells at low antibody

concentrations compared to non-covalent antibody recruitment. Similarly, with lower hPSMA
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expressing target cells, CARM mediated ADCP outperformed ARM recruitment®!. As such,
covalent formation of immune complexes induced by cARM antibody recruitment did enhance
immune effector function. Additionally, the specificity of cARM function was described wherein
cARM labeled antibodies only induced immune recognition and function with cell lines that
expressed high hPSMA levels®!.

cARMs heighten stability of immune active complexes. Data suggests that immune
recognition and function is not only modulated by the amount of antibody recruitment but the
kinetic stability of immune complexes as well. While cARM mediated antibody recruitment is
higher at lower antibody concentrations, both noncovalent and covalent antibody recruitment
reached similar maximal recruitment at higher antibody concentrations®!. However, there was a
lack of ARM function at these high antibody concentrations whereas strong cARM function was
observed®!. This difference in functionality could be attributed to ARM-antibody dissociation.
Dissociation of ARM and antibody could disrupt active immune complexes wherein complex
formation needs to remain intact to allow for immune signaling and activation. Thus, cARM
induced covalent stabilization could increase immune complex stability to allow for receptor
clustering and activation®!.

1.6.3 ARM/cARM Function in vitro & in vivo

Thus far, APSMA targeting cARMs and analogous ARMs have only been examined in
vitro within the Rullo Lab. Through in vitro analysis, ARM and cARMs have successfully
demonstrated anti-DNP IgG binding and recruitment. Furthermore, cARMs have displayed
selective anti-DNP IgG labeling. Both constructs were utilized in in vitro ADCP and CD16a
activation assays to study not only anti-DNP IgG recruitment to form ternary complexes, but

molecule mediated immune function and activation. While this is extremely important analyses,
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further examination into ARM and cARM mediated effects is required. Specifically, it is
important to investigate the effects of covalency on tumour growth within in vivo tumour studies
and the feasibility of in vivo labeling by cARMs. As such, much remained unknown about

cARM behaviour within an in vivo model.

Labeled Tumour Natural Tumour
Antibody Cell Killer Cell Cell Death

New o
" — %N\ -
@ - 18D (GUL) ’ ){ PFN

Complex simplification &
stabilization
Figure 1.6. Schematic of cARM function against hPSMA target cells. The labeled and
covalently bound antibody binds to hPSMA expressed on cancer cells. This simplies and
stabilizes ternary complex formation and subsequent quaternary immune active complexes. This
machinery is able to recruit immune effector cells to induce antibody-dependent cellular
cytotoxicity or antibody-dependent cellular phagocytosis to lyse target cancer cells.
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Chapter 2: Hypothesis & Specific Aims

cARMs display increased therapeutic efficacy in vivo when compared to analogous ARMs
due to advantageous covalent interactions and effects. Specifically, covalent interactions between
cARM and antibody allow for the simplification and stability of the ternary and quaternary
complexes thereby resulting in higher cancer cell death, decreased tumour volume and increased
survival.

While hPSMA targeting cARMs have been validated in in vitro functional assays, they
have yet to demonstrate anti-cancer efficacy in vivo. As such, this is the next vital step in cARM
validation and analysis. The overall goal of this thesis is the development and application of
mouse in vivo and in vitro approaches to evaluate cARM vs. ARM immunotherapeutic
efficacy/function and cARM pharmacokinetic properties vs. ARMs.

In this thesis, the above hypotheses were tested through the following specific aims:
1. Develop a mouse model to test anti-tumour efficacy and antibody recruitment of anti-
DNP antibodies via ARMs and cARMs
2. Examine ARM vs. cARM efficacy in reducing/delaying tumour growth in a syngeneic
hPSMA mouse model
3. Study ARM/cARM - anti-DNP antibody binding kinetics and selectivity in vivo/in vitro
4. Enhance and optimize cARM treatment platform utilizing results from previous aims

5. Evaluate Fc dependent target cell killing in mouse in vitro assays
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Chapter 3: Results & Discussion

3.1 B16hPSMA mouse model development

3.1.1 B16hPSMA Cells

ARMs and cARMs have been designed in the lab to target tumour antigen hPSMA. To
develop a mouse model to test these small molecules, mouse cells required sufficient hPSMA
expression on the cell surface. As murine cancer cells do not endogenously express this human
antigen, cells were transduced to express hPSMA.

To express hPSMA in a mouse cell line for tumour growth in mice, mouse melanoma
B16F10 cells were chosen as the tumour model. Following transduction with a plasmid
containing the hPSMA gene (Addgene), selection using Blasticidin and polyclonal cell
population growth, monoclonal cell lines were cultured. Alongside wildtype (WT) hPSMA, there
was also transduction of mutant (L5A) hPSMA to prolong hPSMA expression levels on the cell
surface.

Following flow cytometry analysis of all WT and L5A clones, BI6GhPSMA L5A clone A
(Figure 3.1) demonstrated the highest APSMA expression (~400 MFI). Higher hPSMA
expression would then allow for increased antibody recruitment and enhanced efficacy. This

clone is the only one used in further experiments and in the in vivo model.
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Figure 3.1. BI6hPSMA monoclonal cell line selection. BI6hPSMA monoclonal cell lines were
analyzed through flow cytometry to characterize PSMA expression levels. Cells were stained
with monoclonal anti-hPSMA antibody (Alexa Fluor 647). (A) Flow cytometry results of
hPSMA-L5A mutants and hPSMA-WT monoclonal cell lines were compared to negative gated
B16 parental cells. The shift in the histograms corresponds to cell populations expressing
hPSMA compared to the negative parental populations. (B) Mean fluorescence intensity (MFI)
of all the monoclonal cell lines cultured when compared with parental B16 cells.
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The selected BIGhPSMA L5A-A clone was stained with anti-PSMA antibody to confirm
hPSMA expression following culturing, prior to tumour cell transplantation (Figure 3.2).
Alongside BI6hPSMA cells, HEK293hPSMA cells were used as a positive control as they are
readily used in the lab due to their high hPSMA expression. Flow cytometry results showed that
when compared to parental B16 cells, the transduced B16hPSMA cells displayed higher

expression of hPSMA on the cell surface.

HEK293 B16

hPSMA

Parental
|| hPSMAL5A

Figure 3.2. hPSMA staining of chosen cell line. Flow cytometry results of anti-hPSMA
antibody staining to confirm hPSMA expression in transduced cell lines. B16 parental and
B16hPSMA cells were stained with anti-hPSMA antibody (AlexaFluor 647) to visualize and
confirm hPSMA expression. The parental cell lines were used as a comparative control. HEK293
cells were used as a positive control.
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3.1.2 B16hPSMA — cARM Binding

As cARM/ARM require binding to tumour cell surfaces via the TBD domain, these
molecules need to be able to bind to BI6GhPSMA cells. Flow cytometry analysis was completed
to confirm cARM binding to B16hPSMA expressing cells, (Figure 3.3). Anti-DNP antibody
(AlexaFluor 647) was incubated with cARM overnight to allow for saturated labeling.
B16hPSMA, B16 parental and HEK293hPSMA (positive control) cells were stained with anti-
DNP antibody alone to view background staining. Cells were also incubated with labeled anti-
DNP antibodies to view cARM binding. Compared to cells that were stained with anti-DNP
antibody alone, labeled antibody binding showed increased fluorescence. HEK293hPSMA
showed a substantial increase in fluorescence from antibody alone to labeled antibody binding.
On the other hand, B16 parental cells showed a very small shift in fluorescence with labeled
antibody binding when compared to antibody alone. Comparatively, B16hPSMA cells showed
an increased shift in fluorescence which corresponds to cARM binding to hPSMA.

HEK293 B16 Parental B16 hPSMA

| | |

|
|
|
|
} \ ) y‘
W \ A\

Anti-DNP antibody alone
| cCARM + anti- DNP antibody

Figure 3.3. cARM — B16 hPSMA binding. Flow cytometry results to confirm cARM binding to
B16-hPSMA cells. HEK293hPSMA, B16 parental and BI6hPSMA (L5A-A) cells were stained
with a polyclonal anti-DNP antibody (AlexaFluor 647) alone and cARM labeled anti-DNP
antibody The corresponding shift for each cell line shows the difference in anti-DNP antibody
recruitment to cells due to cARM binding. Background staining of anti-DNP antibody is shown
in red. HEK293hPSMA cells were used as a positive control and B16 parentals were used as a
comparative control.
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3.1.3 Anti-DNP Antibody Boosting in Mice

Passive antibody transfer allows for the transfer of anti-DNP antibodies from vaccinated mice
into naive mice.

Following the development of BI6hPSMA cells, the mouse model required sufficient
antibody levels. As the ABD domain of ARM and cARM bind specifically to anti-DNP
antibodies, mice were vaccinated with DNP to enhance antibody levels. To boost anti-DNP
antibody titers in mice, mice were injected with increasing doses of DNP-keyhole limpet
hemocyanin (KLH) and monophosphoryl lipid A (MPLA) every other day for a span of two
weeks (Figure 3.4A).

To confirm anti-DNP antibody presence, mouse serum containing antibodies was run on an
enzyme linked-immunosorbent assay (ELISA) wherein DNP-bovine serum albumin (BSA) is
immobilized onto plates and acts as a capture antigen. Diluted serum samples from vaccinated
and naive mice were tested on ELISA to view anti-DNP antibody levels. There is an increase in
absorbance correlating to increased anti-DNP antibody levels in the vaccinated mice when
compared to basally low amounts that were found in naive mice (Figure 3.4B).

To examine if passive antibody transfer would be a viable option to transfer anti-DNP
antibodies from vaccinated to naive mice, naive mice were injected with DNP boosted serum.
ELISA results confirmed that passive antibody transfer works as an alternative to boost anti-
DNP antibody levels without the 2-week vaccination period (Figure 3.4B). While not reaching
anti-DNP antibody levels in vaccinated mice, there was a significant increase in antibody

presence in serum from naive mice with passive antibody transfer.
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Figure 3.4. DNP vaccination to boost anti-DNP antibodies. (A) Mice were injected
subcutaneously with increasing doses of DNP-keyhole limpet hemocyanin (KLH) and increasing
doses of monophosphoryl lipid A (MPLA — adjuvant) on the indicated days. (B) DNP-
immobilized ELISA results showing anti-DNP antibody presence in serum samples of DNP
vaccinated and naive mice. Naive mice that were injected with serum from vaccinated mice are
shown as passive antibody transfer samples. Anti-DNP antibodies presence is depicted as
absorbance at 450nm.
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To quantify anti-DNP antibody concentrations, an ELISA standard curve was developed
(Figure 3.5). Quantitation analysis revealed that DNP vaccination yielded ~35uM boosted anti-
DNP IgG in vaccinated mice. Similarly, mice that received passive antibody transfer displayed

~30uM boosted anti-DNP IgG in circulation.

0.0-# T T T T T T 1
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Monoclonal anti-DNP antibody (uM)

Figure 3.5. Anti-DNP antibody ELISA standard curve. A standard curve via DNP-
immobilized ELISA was developed using mouse monoclonal anti-DNP antibody. R? = 0.9364,
Equation of line of best fit: Y= 1.375x + 0.08845.
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3.1.4 B16hPSMA Tumour Growth in Mice

Depletion of CD8+ T-cells allows for B16hPSMA tumour growth in mice. CD8+ T cell and
CD20 depletion allows for NK cell expansion.

Following the development of BI6hPSMA cells as well as anti-DNP antibody vaccination
platforms, mice were challenged with BI6hPSMA tumours. Two groups of mice (female
C57BL/6, n=5) were vaccinated to enhance anti-DNP antibody levels and received 200,000
B16hPSMA cells intradermally. PBS mice (Figure 3.6A) acted as the negative control and
received 200uL of PBS 3x weekly. The cARM treatment group (Figure 3.6B) was dosed 3x
weekly with 200pL of 10uM cARM (~1uM in vivo concentration). Both tumour volume and
survival were monitored. Tumour volume as well as survival between both groups were similar.
Most importantly, at days 7-10, both groups displayed spontaneous tumour regression. By day

20, most mice were completely tumour free.
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Figure 3.6. cARM effect on tumour volumes. B16hPSMA tumour volumes (mm?®) were
assessed at the indicated time points. 2x10° BI6hPSMA cells were intradermally injected into
the back of all mice and tumours were measured for 21 days post implantation (dpi). BI6hPSMA
tumour-bearing mice were treated with 200uL. of PBS or 200uL of puM cARM (1uM in mouse
blood) intravenously 3x times a week starting from the day of tumour cell implantation. (A)
Individual mouse (n=5, mice) tumour volumes compared to dpi. (B) Individual mouse (n=5)
tumour volumes compared to dpi from the cARM treatment group. (C) Averages of tumour
volumes in cARM and PBS groups. (D) Survival curve of PBS and cARM groups.
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To examine if the spontaneous tumour regression was mediated by an adaptive immune
response against hPSMA, we studied the effects of CD8+ T cells against hPSMA as well as the
effects of increasing the number of tumour cells during implantation. Tumour bearing mice
received increased amounts of BI6hPSMA cells as well as CD8+ T cell depleting antibody
(n=2). Mice that received only increased amounts of tumour cells displayed previously observed
spontaneous tumour regression (Figure 3.7A). Mice received 500,000 - 1,000,000 BI6hPSMA
cells and all mice were able to reject tumour growth. Consequently, none of these mice reached
endpoint (1000mm?) (Figure 3.7B). Conversely, mice that received tumour cells along with
100pg of anti-CD8 depletion antibody on days 0 and 10, displayed high tumour volumes
reaching endpoint. Two groups received CD8+ T cell depleting antibody as well as increasing
amounts of tumour cells (200,000 & 500,000 cells). Both groups, regardless of tumour cell

amounts, displayed similar results.
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Figure 3.7. Mitigating effects of BI6hPSMA tumour regression. (A) Averages tumour
volumes in mice groups (n=2) of increasing BI6hPSMA cells/CD8+ T cell depletion (100ug).
Mice received two doses of depletion antibody on days 0 and 10. Volumes are shown as mean
with SD (B) Survival curve of all indicated mouse groups.
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To confirm immune cell levels in depleted mice, mice were given anti-CD8, as well as
anti-CD20 depletion antibodies (from later studies). Blood samples were taken 1 week post
depletion and analyzed to examine at CD8+, CD19+ and NK1.1+/CD27+ lymphocyte levels
(Figure 3.8A-C). As a substantial mechanism of action against BI6hPSMA in cARM treated
mice is hypothesized to be ADCC, NK cell levels were assessed in depleted and non-depleted
mice.

CD8+ T cell population was found at 10% in untreated mice (Figure 3.8A) whereas it was
found at 0% in mice that were given with CD8+ T cell depletion antibody as well as mice that
were given with both CD8 and CD20 depletion antibodies. CD20+ B cell population was found
at ~50% in untreated mice and increased to 60% in mice treated with CD8+ T cell depletion
antibody (Figure 3.8B). B cells were found at 0% in mice that were co-depleted with anti-CDS8
and anti-CD20 depletion antibodies. Lymphocytes were also stained for NK1.1 and CD27
markers to view NK cell populations compared to total cell populations (Figure 3.8C).
Untreated mice displayed 2.5% NK cells whereas mice that were depleted with anti-CD8
depletion antibody increased to 5% NK cells. Finally, mice that were co-depleted displayed
increased levels of NK cells (~10%) when compared to untreated or CD8+ T cell depletion
alone.

Results showed that when mice are depleted of specific lymphocyte populations, other
populations increased. In the case of singular depletion (CD8+), B cell levels and NK cells levels
increased by 10% and 2.5% respectively when compared to untreated mice. Similarly, when
mice are co-depleted of two lymphocyte populations, NK cell levels increased ~8% from

untreated mice.
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Figure 3.8. Immune cell presence in depleted vs. untreated mice. (A) CD8+ T cell (%) in
blood samples of mice in the absence of depletion, CD8+ T cell depletion and CD8 & CD20 co-
depletion. (B) % of CD20 B cells in blood samples of mice in the absence of any depletion,
CD8+ depletion and CD8+ depletion with CD20 depletion in conjunction. (C) NK 1.1+ CD27+
NK cells (%) in blood of mice with no depletion, CD8+ T cell depletion and co-depletion with
CDS8 and CD20. Data in A-C represent each mouse as individual values and are shown with the
mean. **P<0.01, ***P<0.001 and ****P<0.0001 by 2-tailed Student’s ¢ test.
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3.1.5 Mouse Model Development - Discussion

To evaluate ARM and cARM function and efficacy in vivo, we aimed to develop a mouse
model to test these molecules. B16 cells required adequate hPSMA expression for ARM/cARM
function. Additionally, we intended to maximize hPSMA expression on cell surfaces by limiting
protein internalization. Previous literature demonstrated that the N-terminal amino acids
MWNLL within hPSMA mediate internalization®. Specifically, the methionine and leucine
residues were shown to be essential for internalization and incorporation of an alanine residue at
the 5-leucine significantly reduced hPSMA internalization®>. Importantly, mutations made in the
cytoplasmic tail have no effect on ARM/cARM binding via the TBD as these residues are not
near the binding site. As such, alongside the transduction of WT hPSMA, clones containing
hPSMA L5A mutants were co-cultured.

While there was a range of hPSMA expression on monoclonal B16 populations, one of the
L5A clones had the highest hPSMA expression. This clone was chosen for future work and for
use in vivo as maximal hPSMA expression should yield maximal ARM/cARM efficacy. As
increased hPSMA expression will allow for more ARM and cARM mediated antibody
recruitment, ternary complex, and subsequent quaternary complex formation. Comparative
analysis of hPSMA expression on transduced B16hPSMA cells to HEK293hPSMA cells showed
successful hPSMA expression. However, BI6hPSMA cells did not express hPSMA as highly as
HEK293hPSMA cells which have been successfully used in the lab due to their high hPSMA
expression. This could play an important role in the efficacy of ARMs as higher cancer protein
expression allows for high avidity binding of ARMs to hPSMA and antibody®'. This effect
enhances binding of molecules to the tumour cell surface and influences quaternary complex

stability. Conversely, lower target protein expression prevents avidity interactions®'. While
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cARMs do not require high avidity interactions due to covalent stabilization, lower hPSMA
expression results in decreased numbers of immune active complexes for clustering and
subsequent immune mediated killing®!.

Following the development and validation of B16hPSMA cells, cARM binding was
analyzed. The data suggest that labeled anti-DNP antibodies are capable of binding to
B16hPSMA cells. When compared with B16 parental cells, there was increased binding of
cARM labeled antibody to transduced cells. This increase in binding could be correlated with
hPSMA expression on cell surfaces. However, when compared to HEK293hPSMA cells,
B16hPSMA cells displayed less cARM binding. This is likely due to enhanced hPSMA
expression on HEK293 cells.

DNP vaccination successfully boosted anti-DNP antibody titers in mice. Mice underwent
prolonged exposure to DNP-KLH and MPLA, which acted as an adjuvant. This vaccination
platform combined extended antigen exposure and exponentially increasing doses to augment
vaccination responses %6, It was shown that increasing antigen doses resulted in enhanced and
prolonged antigen retention within lymph nodes. This dosing method was also observed to
amplify the germinal center response®®. As such, vaccinated mice displayed significantly
increased anti-DNP antibody titers. Quantitation of ELISA absorbance reading using standard
curve analysis yielded a boosted anti-DNP IgG concentration estimation of ~35uM. Previous
work in DNP immunization in mice yielded ~23uM boosted anti-DNP IgG®’. As such, this
augmented vaccination protocol produced increased levels of anti-DNP IgG compared to
previous attempts. Naive mice displayed basally low anti-DNP antibody titers, suggesting that
mice do endogenously express this antibody. Mice that received passive antibody transfer via

DNP boosted serum displayed similar anti-DNP antibody titers to DNP vaccinated mice.
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Quantitation of standard curve analysis provided a concentration estimation of

~30.68uM of anti-DNP IgG in circulation. It was found that sera from immunized mice offered a
high degree of protection in unimmunized mice®’. This correlates with observed anti-DNP
antibody passive immunity and the data implies that passive antibody transfer is a viable and
successful approach to transfer antibodies into naive mice. This approach provides a treatment
advantage wherein mice can be injected with pre-formed antibody-ARM/cARM complex.
Furthermore, mice do not need to undergo the 2-week vaccination period.

B16hPSMA tumours did not successfully grow in C57BL/6 mice. Following tumour cell
implantation, both treatment and PBS groups displayed spontaneous tumour regression occurring
7-10 dpi. This posed a serious concern wherein tumour growth was not substantial enough to
view anti-tumour effects via our treatment. To probe this further, we hypothesized
immunogenicity against hPSMA could be implicated in the observed tumour rejection. Previous
work utilizing hPSMA in mouse in vivo tumour studies were completed using NOD/SCID and
hu-PBL-SCID mice and displayed robust tumour growth®38, This could imply that APSMA
tumour growth in mice required a lack of immune response. Studies in mice have shown that
early immune responses occur in the first 5 days followed by an adaptive immune response from
days 5-14%, correlating with the days of tumour regression observed in hPSMA tumour bearing
mice. Further analysis revealed that mouse PSMA (mPSMA) and hPSMA share 86% sequence
identity, as such, differences in sequence identity or protein folding could result in a mounted
immune response against hPSMA that prevents tumour growth®. To overcome this, we
attempted to stimulate tumour growth by increasing the amount of tumour cells and utilized
CD8+ T cell depletion. We observed tumour regression in mice that solely received 5x10°,

7.5x10° and 1x10° BI6hPSMA tumour cells. While increasing the amount of tumour cells
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proved to be unsuccessful, treatment with anti-CD8 monoclonal antibodies caused robust
B16hPSMA tumour growth in mice. Mice that received 2x10° or 5x10° B16hPSMA tumour cells
along with anti-CD8 depletion antibody reached endpoint by 17-20 dpi. This data suggests that a
CD8+ T cell response could be present against hPSMA post tumour cell implantation. While
CD8+ T cell depletion solved the issue of tumour growth, this results in a lack of cytotoxic T cell
function in tumour bearing mice treated with cARM/ARM. This limitation would result in less
efficacious anti-tumour effects as we would expect some T cell involvement mediated by innate
immune cells recruited by ARM/cARM. While mPSMA was a consideration for use instead of
hPSMA, there were a few limitations with this approach. Firstly, ;cARM and ARM contain GUL
on the TBD as the binding partner of hPSMA. GUL competitively binds to the enzymatic active
site and is strengthened by a specific arene-binding cleft within hPSMA and this interaction has
been validated in literature using crystal structures and modeling’®. mPSMA currently has no
published crystal structure available, consequently, it was not possible to confirm cARM/ARM
binding to mPSMA through modelling. While hPSMA protein expression patterns are varied
between human and mouse, enzymatic function remains largely the same®'. As such, conserved
sequences at the active site could allow for cARM/ARM binding. However, hPSMA expressing
B16 cells had been developed and validated for use. Additionally, the final goal of ARM/cARMs
is the treatment of human disease with human proteins. As such, hPSMA optimization was
prioritized. Thus, while we decided to utilize hPSMA expressing cells, it is important to note that
data will not reflect fully intact immune responses as CD8+ T cells were depleted to allow for
tumour growth. Nevertheless, future work may focus on utilizing mPSMA to view fully intact
immune responses mediated by ARM/cARM as the lab is currently developing BI6mPSMA

cells for binding validation and use. Conversely, transgenic adenocarcinoma mouse prostate
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(TRAMP)-C2 cells have demonstrated endogenous mPSMA expression and is a possible
alternative mouse model to test PSMA targeting ARM/cARM®2.

Following CD8+ T cell and CD20+ B cell depletion, NK cell population increased in
peripheral blood. NK1.1+/CD27+ NK cell populations were shown to increase in mice that were
depleted of CD8+ T cells by 2%. Furthermore, NK cell populations increased by 8% in mice that
were depleted of both CD8+ T cells and B cells. Previous work highlighted that NK cell
populations significantly increased following CD8+ T cell depletion by utilizing the immune
space previously taken by CD8+ T cells®. Specifically, CD27+ populations were examined as
murine CD27"#" NK cells have been shown to exhibit powerful cytokine production, increased
migratory abilities and higher cytotoxic function!”. This data suggests that by depleting mice of
CD8+ T cells, lymphocyte repopulation results in the increase of CD27"eh cytotoxic NK cells. As
such, this effect could inadvertently play a role in enhancing the ADCC effects mediated by
cARM/ARM.

Alongside hPSMA, there are many tumour-specific antigens that cCARMs/ARMSs can be
designed to bind to. Multiple cancers including breast, ovarian, colon etc. display up-regulated
folate receptors (FOLR)**. As such, FOLR makes a promising tumour target. The lab has
produced molecules that contain folic acid on the TBD to target folate receptor. To test these
molecules, a mouse model needs to be developed. Development of this mouse model may
involve enhancing FOLR expression on mouse tumour cells however, an important consideration
is immunogenicity. As seen with the hPSMA mouse model, immune responses prevented
hPSMA tumour growth in mice. As such, confirming that folate binding ARM/cARMs can bind
to mFOLR would be an important step. To identify a cell line that endogenously expresses

mFOLR, we tested 4T1 murine breast cancer cells. These cells were examined for mFOLR
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expression alongside two known FOLR expressing human cell lines (Supplementary Figure
5.6). Future work using alternative tumour antigens could provide a robust profile of ARM and

cARM efficacy.
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3.2 Examine c(ARM/ARM efficacy in reducing/delaying tumour growth in mouse
model

3.2.1 ARM Efficacy against BI6hPSMA Tumours
ARM treated mice demonstrated significantly improved survival compared to PBS controls.

Once the mouse model was developed with the use of anti-CD8 depletion antibody, we
tested ARM function against BI6hPSMA tumours (Figure 3.9). ARMs were used in this
preliminary study as they have been publishing in previous literature and serves as a method to
test our mouse model. Four groups (n=5) were used in this study — 2 groups were vaccinated to
boost anti-DNP antibody levels and 2 groups were non-vaccinated/naive groups. All mice
following the same treatment regimen (Figure 3.9A). The first vaccinated group acted as the
negative control and received 200uL of PBS every other day (Figure 3.9B). All mice within the
PBS group displayed exponential tumour growth and all mice reached endpoint (1000mm?)
within 22 days (Figure 3.9G) . The second vaccinated group was treated with injections of
200uL of 10uM ARM every other day (Figure 3.9C). Individual tumour volumes were varied
among the mice but when compared to PBS mice, showed a slight delay in growth. This group
displayed significantly improved survival when compared to PBS control mice.

The first naive group received injections of 200uL of 10uM ARM every other day (Figure
3.9D). This group displayed similar tumour growth patterns as the PBS control mice and
displayed no improved survival. The second naive group received treatments of 200uL of 10uM
pre-formed ARM/antibody complex every other day (Figure 3.9E). ARM was pre-incubated
overnight with serum from vaccinated mice to allow for saturated anti-DNP antibody binding.
This group showed a slight delay in tumour growth when compared to PBS control mice. These

mice also displayed significantly improved survival when compared to PBS mice.
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Figure 3.9. ARM anti-tumour effects on BI6hPSMA tumours. (A) Treatment regimen &
dosing. (B-E) Individual BI6GhPSMA tumour volumes (mm?®) of mice (n=5) were assessed on the
indicated days post implantation (dpi) (B) Tumour growth in DNP vaccinated mice treated with
PBS. (C) Tumour growth in DNP vaccinated mice treated with 200uL of 10uM ARM for in vivo
concentration of ~1puM. (D) Tumour growth in naive mice treated with 200uL of 10uM ARM for
in vivo concentration of ~1uM. (E) Tumour growth in naive mice treated with anti-DNP
vaccinated mouse serum incubated with 10uM ARM prior to injection. (F) Average tumour
volumes in each treatment group measured on the days indicated. (G) Survival of B-E. Endpoint
was measured at tumour ulceration or growth reaching 1000mm?. *P<0.05 by log-rank (Mantel-

Cox) test.
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ARMSs function in an antibody dependent manner.

To confirm the antibody dependent functionality of ARMs, naive mice were depleted of B
cells, tumour challenged and then treated with ARM alone (n=5). All mice followed the same
treatment regimen (Figure 3.10A). The first group was depleted of all B cells and treated with
200uL of PBS every other day (Figure 3.10B); this group acted as the negative control. The
second group underwent B cell depletion and was treated with 200uL of 10uM ARM every other
day (Figure 3.10C) The final group was not depleted of B cells and was treated with 200uL of
10uM ARM every other day (Figure 3.10D). All groups contained unvaccinated mice and no
passive antibody transfer was used to confirm that ARMs do not function independently of anti-
DNP antibodies. There was no apparent difference in tumour volume or growth between any of
the groups. All mice within the groups reached endpoint by day 21 and none displayed improved

survival (Figure 3.10F).
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Figure 3.10. B cell depletion effects on ARM efficacy. (A) Treatment regimen and dosing. (B-
D) Individual B1I6hPSMA tumour volumes (mm?) of mice (n=5) were assessed on the indicated
days post implantation (dpi). (B) Individual tumour volumes in mice that were depleted of B
cells with anti-CD20 antibodies treated with PBS. (C) Individual tumour volumes in B cell
depleted mice treated with 200uL of 10uM ARM. (D) Individual tumour volumes treated with
200uL of 10uM ARM. (E) Average tumour volumes in each treatment group. (F) Survival of B-
D.
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3.2.2 cARM & ARM Efficacy against BI6hPSMA Tumours
cARM and ARM treated mice showed significantly improved survival.

Following the analysis of ARM function and efficacy against BI6hPSMA tumours, we
next tested the effects of covalency by using cARM alongside ARM. None of the groups
underwent prior DNP vaccination and all treatments used passive antibody transfer (n=2-4). All
mice followed the same treatment regimen but varied in treatment dosing concentration (Figure
3.11A). The first group received 200uL of PBS every other day and acted as the negative control
(Figure 3.11B). These mice did not survive past 14 dpi — all mice in the group had severe
tumour ulceration and had reached endpoint.

There were two ARM treated groups — these were dosed with different concentrations of
ARM. The first group received 200uL of 10uM pre-formed ARM/DNP boosted serum (in vivo
concentration of ~1uM) every other day (Figure 3.11C). This group displayed a slight delay in
tumour growth when compared to PBS control mice however did not display improved survival.
The second group received 200uL of 1uM pre-formed ARM/DNP boosted serum (in vivo
concentration of ~0.1uM) (Figure 3.11D). There was a slight delay in tumour growth within this
group compared to PBS mice. Importantly, this group displayed significant improved survival
compared to negative control mice.

The two cARM treated groups received two different concentrations of cARM every other
day (Figure 3.11E-F). The first group received 200uL of 10uM cARM labeled DNP boosted
serum (in vivo concentration of 1uM cARM) displayed significantly improved survival when
compared to PBS mice (Figure 3.11H). Conversely, the second cARM treatment group received
200uL of 1uM cARM labeled DNP boosted serum (in vivo concentration of 0.1uM cARM) and

displayed no improvement in survival.
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Figure 3.11. cARM vs. ARM effects on BIohPSMA tumours. (A) Treatment regimen and
dosing. (B-F) Individual B16hPSMA tumour volumes (mm?) of mice (n=2-4) were assessed on
the indicated days post implantation (dpi) (B) Tumour growth in mice treated with PBS. (C)
Tumour growth in mice treated with pre-incubated complex of 200puL of 10uM ARM +
vaccinated DNP serum for in vivo concentration of ~1uM. (D) Tumour growth in mice treated
with pre-incubated complex of 200uL of 1uM ARM + vaccinated DNP serum for in vivo
concentration of ~0.1uM. (E) Tumour growth in mice treated with pre-labeled complex of 10uM
cARM + vaccinated DNP serum for in vivo concentration of ~1uM. (F) Tumour growth in mice
treated with pre-labeled complex 1uM cARM + vaccinated DNP serum for in vivo concentration
of ~0.1uM. (G) Average tumour volumes in each treatment group measured on the days
indicated. (H) Survival of B-F. Endpoint was measured at tumour ulceration or growth reaching
1000mm?. *P<0.05 by log-rank (Mantel-Cox) test.
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3.2.3 ARM/cARM Efficacy — Discussion

Following the development of the BIGhPSMA mouse model, we examined the efficacy of
hPSMA binding ARM. Initial in vivo attempts utilized ARM as the treatment platform as it has
been extensively studied in literature and provided a basis in which to test treatment conditions,
dosing, and concentrations. Two groups of mice were DNP vaccinated to produce anti-DNP IgG
antibodies while two groups remained unvaccinated. Following B16hPSMA tumour cell
transplantation, mice received treatment starting on the day of transplant and continued every
other day until mice reached endpoint. Tumour bearing mice treated with ARM and sufficient
anti-DNP antibody levels displayed significantly improved survival. Specifically, DNP
vaccinated mice treated with ARM displayed a slight delay in tumour growth and significantly
improved survival (median survival = 30 days) when compared to PBS controls (median survival
= 22 days). Conversely, naive mice treated with ARM displayed no improvement in survival
(medial survival = 26 days). This implies that sufficient anti-DNP antibody titers are required for
an ARM mediated response. The data also suggests that ARM function is dependent on specific
antibodies wherein ARMs require circulating anti-DNP antibodies. Naive mice that were treated
with ARM and DNP boosted serum displayed a slight delay in tumour growth and significantly
improved survival (median survival = 28 days). As this group displayed similar results to the
vaccinated/ARM treatment group, this suggests that mice can be treated using passive antibody
transfer. This approach offers a therapeutic advantage. As DNP boosted serum was pre-incubated
with ARM, this allowed for the formation of ARM-antibody complexes ex vivo. Treatments
using pre-bound or pre-labeled antibodies permitted mechanistic simplification of immune
complexes and controlled dosing. This work represents the preliminary in vivo examination of
hPSMA targeting ARMs developed in the lab. Importantly, the survival we observed in

vaccinated mice treated with ARM and naive mice treated with ARM + passive antibody
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transfer are comparable to previous work in literature that examined uPAR targeting ARMs®’.
Specifically, uPAR-ARM treated mice displayed a median survival of 28-30 days, correlating
with the median survival seen in hPSMA targeting ARMs®®. Furthermore, uPAR-ARMs were
used in vaccinated mice and passive antibody transfer was not used to mediate pre-formed
complex formation. As such, these results demonstrated the efficacy of ARMs in recruiting anti-
DNP antibodies in vivo to hPSMA expressing tumour cells and validated the efficiency in
utilizing pre-formed complexes.

Further investigation into ARM mediated effects revealed that ARMs function in an
antibody dependent manner. When naive mice were depleted of B cells and treated with ARM,
there was no decrease in tumour volume and no improvement in survival. Similarly, naive mice
that were not B cell depleted and treated with ARM displayed no improvement in survival or
reduced tumour growth. Previous work demonstrated that B cell depletion decreased humoral
immune responses, decreased memory B cell levels and reduced antibody development to recall
antigens®. It was observed that all naive mice treated with ARM alone did not display any anti-
tumour effects in the absence of sufficient anti-DNP antibody presence. This implies that ARMs
may not function independent of anti-DNP antibodies.

Following the testing of our BI6hPSMA mouse model with ARM, we examined the
effects of covalency in limiting tumour growth and enhancing survival with the use of cARM.
Mice were treated with either ARM or cARM every other day and both constructs were
incubated with DNP boosted serum prior to injection to allow for ARM binding and cARM
labeling of anti-DNP IgG. While ARM and cARM treated mice displayed delays in tumour
growth as well as significantly improved survival, it was observed that only certain

concentrations of constructs mediate beneficial effects. Interestingly, mice treated with 0.1uM
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ARM demonstrated improved survival (median survival = 23 days) compared to PBS controls
(median survival = 14 days). On the other hand, mice treated with 1uM ARM displayed no
significant change in survival (median survival = 17 days) however, did display some reduced
tumour growth. Seemingly, lower concentrations of ARM mediate enhanced anti-cancer effects
leading to improved survival. This could imply autoinhibition effects are present with higher
concentrations of ARM wherein ARM binds to tumour cell surfaces prior to antibody binding.
As such, ternary complex formation is inhibited due to the formation of binary complexes thus,
inhibiting quaternary immune active complex formation. Similarly, lower ARM concentrations
could allow for stronger antibody binding that is not disrupted by excess ARM leading to
improved immune activation and function. Conversely, mice treated with 1uM cARM
demonstrated significantly improved survival (median survival = 18 days) whereas 0.1uM
cARM treated mice displayed no improvement in survival (median survival = 14 days) compared
to control mice. This indicates that the effects of covalency can circumvent possible
autoinhibitory limitations seen in the |uM ARM treated mice. As ARM and anti-DNP antibody
binding is reversible, autoinhibitory effects could be resolved with cARM mediated covalent
labeling of antibodies wherein ternary and immune complexes are stabilized. Furthermore, this
data suggests that perhaps a higher cARM concentration is required to sufficiently label anti-
DNP antibodies within DNP boosted serum as the 0.1uM cARM treatment group demonstrated
no improvement in survival. Increased recruitment of labeled antibodies in the 1uM cARM
treatment group could then allow for more pronounced ADCC/ADCP in vivo, thus improving
survival. Interestingly, the 0.1uM ARM treatment group demonstrated improved survival
whereas the 0.1uM cARM treatment group did not. This could mean that ARM, at lower

concentrations, can function uninhibited whereas cARM requires a higher concentration to
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induce immune function. As this is preliminary work, in vivo tumour studies need to be repeated
to confirm these findings. This data represents the first examination of cARMs in vivo and
treatment dosing and regimen were designed from previous in vivo studies utilizing uPAR
binding ARMs®. However, as cARMs differ from ARM, treatment dosing would likely vary.
Unfortunately, we only successfully quantified specific anti-DNP antibody concentrations with
DNP boosted serum and DNP vaccinated mice following in vivo studies. As such, we could not
determine optimal cARM concentrations for maximal anti-DNP antibody labeling in serum at the
time. More experiments to analyze optimal cARM concentration and conditions likely need to be
completed. As such, future in vivo work can contain more informed cARM concentration dosing

to improve the treatment platform.
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3.3 Study ARM/cARM - Anti-DNP Antibody Binding Kinetics & Selectivity

3.3.1 Ex vivo Binding/Labeling

cARM binds more monoclonal anti-DNP antibodies ex vivo.
To examine ARM vs. cARM ex vivo antibody binding, 500nM monoclonal anti-DNP IgG

was incubated with 1uM of each molecule and analyzed on ELISA (Figure 3.12). ARM was
able to bind to anti-DNP IgG antibodies and displayed a low absorbance reading. Conversely,

cARM/anti-DNP antibody binding displayed significantly higher absorbance levels.
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Figure 3.12. ARM vs. cARM binding of anti-DNP monoclonal antibodies. ELISA results of
labeled monoclonal anti-DNP antibody. Binding/labeling mediated by ARM and cARM.

*P<0.05 by 2-tailed Student’s ¢ test.
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3.3.2 In vivo Binding/Labeling
Multiple doses of cARM show similar in vivo labeling and bind more anti-DNP antibodies

than analogous ARM. However, there could be possible auto-inhibitory effects reducing
cARM function and efficacy.

To study ARM binding and cARM labeling of anti-DNP antibodies in vivo, DNP
vaccinated mice (n=1) were injected with reporter ARM and cARM (biotin on the TBD) which
can bind to streptavidin coupled readouts. A modified sandwich ELISA was developed to study
levels/presence of bound/labeled antibodies within serum samples. A capture antibody is
immobilized onto the ELISA plate to capture all mouse antibodies. This capture step is followed
by the addition of streptavidin-horseradish peroxidase (HRP) that only binds to biotin molecules
on bound/labeled antibodies. As such, an increase in absorbance correlates to increased
bound/labeled antibodies within that sample.

Firstly, to view cARM labeling of antibodies at different timepoints, mice were injected
with 200puL of 10uM biotin cARM (in vivo concentration of ~1uM) and sampled at different
timepoints. When mice were injected with 1 dose of cARM and sampled at 24hrs, 48hrs and
72hrs, similar labeling of anti-DNP antibodies is observed within all three times (Figure 3.13A).
When mice were injected with 2 doses of cARM at Ohrs and 48hrs and sampled at 72hrs,
labeling remained the same as in the mice that received just 1 dose. Naive mice were also
injected with 200puL of 10uM biotin cARM and sampled at 24hrs. This sample acted as a control
to establish the specificity of cARM labeling to anti-DNP antibodies. This naive sample
displayed very low labeling levels. Similarly, to examine ARM and anti-DNP antibody binding,
mice were injected with 200pL of 10uM biotin ARM (in vivo concentration of ~1uM) and
sampled at different timepoints (Figure 3.13A). When mice were injected with 1 dose of ARM
and sampled at 24hrs, 48hrs and 72hrs, similar binding of anti-DNP antibodies is observed

within all three times. However, when mice were injected with 2 doses of ARM at Ohrs and
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48hrs and sampled at 72hrs, anti-DNP antibody binding decreased. All mice injected with ARM
displayed lower absorbance readings at every timepoint when compared to mice injected with
cARM. DNP boosted serum was incubated with ARM and cARM ex vivo for 24hrs to allow for
saturated binding/labeling. These samples were used as a positive control for binding/labeling.

To study the effect of different cARM concentrations on anti-DNP antibody labeling, mice
were injected 200uL of biotin cARM and sampled at 24hrs (Figure 3.13B). Three in vivo
concentrations of cARM were examined. Results show that the highest level of labeling occurred
with 0.1uM cARM however, this difference is not significant. Similar levels of labeling were
observed with 1uM and 5uM cARM.

While at 24hrs there may be similar labeling among differing cARM concentrations, this
does not hold true at 72hrs. When mice were dosed at Ohrs and 48hrs and sampled at 72hrs,
labeling results differ between 1uM and S5puM cARM. At SuM cARM, there is a decrease in
labeling of anti-DNP antibodies when compared to labeling results with IuM cARM (Figure

3.13C).
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Figure 3.13. ARM/cARM in vivo binding/labeling of anti-DNP antibodies. (A) Modified
sandwich ELISA results of bound/labeled anti-DNP antibodies in DNP vaccinated and naive
mice at the timepoints indicated. Mice were injected with 1 dose of 200uL of 10uM biotin ARM
and cARM for an in vivo concentration of 1uM and endpoint bled at the indicated timepoints. All
mice were injected at Ohrs. Timepoint 72hrs — 2 doses show results from mice that were injected
at Ohrs and 48hrs and bled at 72hrs. Naive - 24hrs point shows results from non-vaccinated mice
that were injected at Ohrs and bled at 24hrs. Ex vivo serum samples were incubated with ARM
and cARM and used as a positive control (B) Anti-DNP antibody labeling results following
cARM injections. Mice were injected with varying cARM concentrations and endpoint bled at
24hrs. (C) Anti-DNP antibody labeling of DNP vaccinated mice at both 24hrs and 72hrs at
different concentrations. 72hrs timepoint were mice that were injected with two doses (Ohrs and
48hrs). (A-C) Each point represents one mouse.
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3.3.3 ARM & cARM Binding/Labeling — Discussion

ELISA results displayed increased absorbance in monoclonal anti-DNP antibodies
incubated with cARM when compared to ARM. This means that cARM displayed increased
binding of anti-DNP antibodies. As the same concentrations of construct and antibody were
used, the difference in antibody binding is a result of covalent effects. cARMs employ labeling
via acyl imidazole chemistry to instigate an irreversible covalent bond between antibody and
cARM. Comparatively, ARMs reversibly bind antibodies and this interaction can be disturbed by
excess ARM and ARM degradation®®. This data confirms that cARM induced covalent effects
mitigate some of the limitations posed by ARMs. The enhancement in antibody binding allows
for augmented antibody recruitment to tumour cell surfaces and increased quaternary immune
active complex formation.

To examine construct and anti-DNP IgG binding and labeling in vivo, DNP vaccinated
mice were injected with 1 dose of the same concentration of construct and sampled at different
time points. cARM mediated in vivo labeling of anti-DNP antibodies was observed at 24hrs post
cARM injection and labeled antibodies remain in circulation for at least 72hrs. The level of
labeling remained consistent between 24hrs, 48hrs and 72hrs with 1 dose of cARM. This data
implies maximal labeling could be reached by 24hrs and labeled antibodies remain in circulation
at a stabilized level. However, the latest timepoint that was analyzed was 72hrs, as such, labeled
antibodies could remain in circulation for longer. Further analysis needs to be completed in the
future to confirm this. As labeled antibodies remain in circulation for at least 72hrs, cARMs are
able to stay in circulation much longer than ARMs, which are rapidly cleared in vivo (ti2 = 1-
2hrs) when not bound to antibodies®. This is supported by the results of ARM mediated anti-

DNP antibody binding in vivo. At all sampled timepoints, cARM outperformed ARM in anti-

56



Master’s Thesis — A. Raajkumar McMaster University — Medical Sciences

DNP antibody binding. This is most likely due to labeling chemistry that allows for irreversible
covalent bond formation between cARM and anti-DNP IgG in serum. As such, this stabilizes the
cARM-anti-DNP IgG complex and allows for increased amounts of labeled antibodies to remain
in circulation longer. Furthermore, as all mice were given the same concentration of construct,
the reduction in signaling observed in ARM injected mice could be a result of rapid ARM
clearance. While ARM-antibody binding is reversible, unbound ARM can be cleared promptly
thus resulting in lower levels of ARM that can induce anti-DNP IgG binding. Unvaccinated mice
were injected with the same concentration of cARM and sampled at 24hrs. This sample was used
as a control for anti-DNP IgG labeling and displayed low absorbance readings which confirmed
selective labeling by cARM. Furthermore, DNP boosted serum was incubated with cARM and
ARM ex vivo to allow for saturated binding/labeling and was used as a positive control. The
positive control samples yielded the highest absorbance readings for cARM and ARM
respectively — confirming experimental set-up and validity. This analysis represents the first
attempt in viewing ARM and cARM mediated antibody binding and labeling in vivo as well as
the first examination into the longevity of labeled antibodies in vivo. This is vital as it provides
validation of cARM function in vivo as well as provides key details on the pharmacokinetic
profile of these novel molecules.

cARM mediated labeling of anti-DNP antibodies in vivo remains consistent between
dosing whereas ARM binding decreases. Mice that received 1 or 2 doses of 1uM cARM yielded
similar antibody labeling. This implies that 1 dose of cARM could be sufficient to label
circulating anti-DNP antibodies and an extra dose of cARM does not reduce labeling levels.
Conversely, while 1 dose of ARM displayed similar low circulating ARM-anti-DNP IgG levels

at all timepoints, this is not observed when excess ARM is in circulation. When mice were given
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2 doses of ARM and sampled at 72hrs, the level of bound anti-DNP IgG decreases when
compared to mice given 1 dose. This implies excess ARM disrupts ARM-antibody binding and
can compete for antibody binding. As such, covalent effects can stabilize cARM-antibody
binding and dosing does not interrupt this interaction. This could then correlate to stabilized
ternary and immune complexes wherein excess cARM, at this concentration, do not disrupt
immune activation and function against target cells.

To study the effects of cARM concentration on anti-DNP IgG labeling in vivo, mice were
given varying amounts of cARM and sampled at 24hrs. Similar anti-DNP IgG labeling was
observed with all cAARM concentrations. While 0.1uM cARM displayed slightly higher antibody
labeling compared to 1uM or 5SuM cARM, this was not a significant difference.

While 1 dose of different cARM concentrations mediated similar labeling at 24hrs, this
does not hold true when mice were given multiple doses of higher concentrations. Reduced
antibody labeling was observed at 72hrs with SuM cARM. Comparatively, higher levels of
labeling were observed with 1uM cARM. This data implies that there could be autoinhibition of
cARM preventing labeling of antibodies and these effects are more pronounced at higher cARM
concentrations. A possible reason for autoinhibition could be acyl imidazole hydrolysis. Acyl
imidazoles are more reactive than typical esters and are susceptible to nucleophilic attack such as
hydrolysis®®. The ALD contains acyl imidazole chemistry which results in ejection of the ABD
group from the cARM as a result of anti-DNP antibody labeling. However, if chemical
hydrolysis were to occur, inhibitory fragments containing the TBD and ABD can form. This
could result in autoinhibition wherein ABD fragments prevents fully intact cCARM from binding
and then subsequently labeling antibodies. Similarly, fragments containing the TBD can compete

with labeled antibody for target binding sites. Inadvertently, the ALD, which is meant to enhance
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cARM function, poses an autoinhibitory issue itself. To circumvent this issue, new non-ejection
cARMs were developed (Supplementary Figure 5.3). This cARM functions similar to the
previous ejection cARM however, acyl imidazole chemistry does not result in the ejection of the
ABD from the cARM following antibody labeling. As this acyl imidazole group is not found
directly in the linker of the cARM, hydrolysis would not result in inhibitory fragment formation.
We hypothesized that hydrolysis of this new non-ejection molecule will not result in
autoinhibition. In fact, as there are no ejected ABD fragments, this molecule should not have any
impaired function. The non-ejection cARM would then allow for further enhanced antibody
labeling and subsequent ternary and quaternary complex formation. Furthermore, new cARMs
developed in the lab utilize alternate labeling chemistries that are less susceptible to hydrolysis.
It would be vital to test new chemistries to view if labeling increases thereby resulting in

enhanced anti-tumour effects.
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3.4 Enhance & optimize cARM treatment platform utilizing results from previous
aims

3.4.1 Monoclonal Antibody Development
Varying heavy: light antibody chain ratios result in differing amounts of antibodies produced.

To optimize cARM labeling of anti-DNP antibodies, we developed mouse monoclonal
anti-DNP antibodies as an alternative to DNP boosted serum. The use of monoclonal antibodies
will mitigate serum albumin sequestering of small hydrophobic molecules such as DNP. Two
expression vectors incorporating the antibody heavy and light chains were developed and
transfected into HEK293T cells for antibody production. To examine which heavy: light chain
vector ratio is optimal for producing antibodies in cell culture, HEK293T cells were transfected
with varying ratios. Following transfection, cell culture supernatant was collected, purified, and
concentrated. A variety of heavy: light chain plasmid ratios were analyzed via ELISA to view
optimal anti-DNP antibody production (Figure 3.14). Based on ELISA results, there was
successful production of anti-DNP antibodies in all transfected cells. While all the plasmid ratios
yielded anti-DNP antibody production, the highest antibody levels were seen in samples using

the 2:1 heavy: light chain plasmid ratio.
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Figure 3.14. Mouse monoclonal anti-DNP antibody expression. (A) DNP-immobilized
ELISA results with purified and concentrated cell supernatant samples at varying plasmid ratios.
Sample mean is shown along with duplicate readings. Supernatant sample is cell culture
supernatant prior to ProteinG purification and concentration.
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3.4.2 ARM vs. Ejection cARM vs. Non-Ejection cARM
Non-ejection cARM recruits more hPSMA compared to ejection cARM.

To optimize cARM efficacy and labeling, a non-ejection cARM was developed to mitigate
hydrolyzation issues posed by the ejection cARM. To evaluate the function of the non-ejection
cARM vs. the ejection cARM, we examined both versions using biolayer interferometry. Both
constructs were incubated with monoclonal anti-DNP antibodies overnight to allow for labeling.
ProteinG probes were used to allow for antibody binding — including labeled antibodies. This
was followed by hPSMA association. As such, increased nm shifts correlate to increased
amounts of hPSMA associating onto labeled antibodies. Samples using both cARM versions
showed increased shift (nm) when compared to the negative control of mAb only (Figure 3.15).
This confirms that any hPSMA association is due to the presence of labeled antibody and the
GUL group within the cARM. It was observed that both concentrations of ejection cARM
recruited hPSMA to the probe. However, compared to the ejection cARM, both concentrations of

the non-ejection cARM showed a higher increase in nm shift.
1.5

—— Ejection cARM (250nM)

— Ejection cARM (500nM)

Non-Ejection cARM (250nM)

Non-Ejection cARM (500nM)

—— mADb only

-
o
1

Shift (nm)
o
o
]

o
o
|
E
[
| -
| -

200 400 ~600
-0.5- Time (secs)

Figure 3.15. hPSMA recruitment to cARM labeled anti-DNP antibody. Biolayer
interferometry results of cARM labeled monoclonal anti-DNP antibody. Antibody was labeled
with ejection cARM and the non-ejection cARM to confirm the function of non-ejection cARM.
Shift (nm) correlates to the amount of hPSMA associating onto the labeled antibody which is
bound to ProteinG probes.
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Non-ejection cARM labels more anti-DNP antibodies within DNP boosted serum compared to
ARM and ejection cARM.

To examine labeling efficiency of ARM, ejection cARM and non-ejection cARM, a
comparative ex vivo analysis was completed. DNP boosted serum was incubated with 1uM of
each molecule and analyzed on ELISA (Figure 3.16). ARM was able to bind to anti-DNP
antibodies within boosted serum and displayed a low absorbance reading. Similarly, ejection
cARM successfully labeled anti-DNP antibodies found in boosted serum, however also displayed
a lower absorbance reading. Conversely, it was observed that DNP boosted serum that was
labeled with non-ejection cARM displayed the highest absorbance reading. Non-ejection was
able to mediate the highest level of anti-DNP antibody labeling within boosted serum compared
to ARM and ejection cARM. A non-boosted serum control was used to confirm the selectivity of

these molecules - this sample displayed no absorbance.
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Figure 3.16. Ex vivo labeling of anti-DNP antibodies by ARM, ejection & non-ejection
cARMs. Modified sandwich ELISA results of labeled anti-DNP antibodies in DNP boosted
serum. Binding/labeling mediated by ARM, ejection cARM and non-ejection cARM. Non-
boosted serum was labeled with ejection cARM to show labeling selectivity towards anti-DNP
antibodies.
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Non-ejection cARM mitigates autoinhibitory effects that are seen in higher concentrations of
ejection cARM.

To study the in vivo labeling profile of the non-ejection cARM, in vivo labeling studies
were repeated. DNP vaccinated mice (n=1) were injected with 200uL of either 10uM or S50uM
non-ejection cARM (in vivo concentrations of ~1uM and ~5uM respectively) and sampled at
various times. These samples were run on a modified sandwich ELISA wherein absorbance
correlates to labeling. While ejection cARM labeled less antibodies at higher concentrations, it
was observed that higher concentrations of non-ejection cARM was able to successfully label
increased amounts of anti-DNP antibodies in vivo (Figure 3.17A). Compared to an in vivo
concentration of 1uM, 5uM non-ejection cARM displayed increased labeling of antibodies.

When mice are sampled at 24hrs and 72hrs, non-ejection cARM displayed the same
labeling profile. SuM of circulating non-ejection cARM, at both 24hrs and 72hrs, displayed

higher labeling than 1uM at those same times (Figure 3.17B).
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Figure 3.17. Mouse in vivo labeling with ejection and non-ejection cARMs in vaccinated
mice. Modified sandwich ELISA results of labeled anti-DNP antibodies in DNP vaccinated
mice. (A) Anti-DNP antibody labeling of DNP vaccinated mice at 72hrs at different
concentrations of both cARMs. (B) Anti-DNP antibody labeling with non-ejection cARM of
DNP vaccinated mice at indicated timepoints and concentrations. (A-B) Each point represents
one mouse.
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3.4.3 ARM vs. cARMS in vivo

Tumour bearing mice treated with non-ejection cARM every 4 days display significantly
improved survival compared to ejection cARM and traditional ARM.

Following the confirmation of non-ejection cARM’s enhanced labeling capacity, we
sought to evaluate the construct in vivo against BI6hPSMA tumours. We aimed to optimize the
treatment platform by increasing labeling through a new ALD as well as using isolated
monoclonal anti-DNP antibodies. In conjunction, we wanted to evaluate different treatment
regimens by altering treatment days. Thus, we studied the effects of pre-formed monoclonal anti-
DNP antibody and ARM/ejection cARM/non-ejection cARM complex when given to tumour
bearing mice every other day as well as every 4 days. All mice were given 200uL of 1uM
construct and 500nM monoclonal anti-DNP antibody (n=4). Mice groups varied in treatment
regimen but dosing concentrations remained constant (Figure 3.18A).

We observed that ARM treated groups, regardless of treatment day, had no significant
delay in tumour growth or survival when compared to PBS control mice (Figure 3.18C-D).
Similarly, ejection cARM treated groups, regardless of treatment day, also had no significant
delay in tumour growth or survival compared to PBS control mice (Figure 3.18E-F). Likewise,
the non-ejection cARM group (every other day) had no significant delay in tumour growth or
survival when compared to PBS control mice. Interestingly, the non-ejection cARM treatment
group (every 4 days) had a delay in tumour growth as well as significantly improved survival
when compared to PBS control mice and multiple other treatment groups (Figure 3.18H). We
observed significantly improved survival between the non-ejection cARM treatment group
(every 4 days) and PBS, ARM (every other day), ejection cARM (every other day) and ejection

cARM (every 4 days) groups (Figure 3.18J).
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Figure 3.18. ARM vs. Ejection vs. Non-ejection cARM effects on BI6hPSMA tumours. (A)
Treatment regimen and dosing. (B-H) Individual B16hPSMA tumour volumes (mm?) of mice
(n=4) were assessed on the indicated days post implantation (dpi) (B) Tumour growth in mice
treated with PBS. (C-D) Tumour growth in mice treated every other day (C) and every 4 days
(D) with pre-incubated complex of 200uL of IuM ARM + 500nM monoclonal anti-DNP
antibody. (E-F) Tumour growth in mice treated every other day (E) and every 4 days (F) with
pre-labeled complex of 200uL of 1uM ejection cARM + 500nM monoclonal anti-DNP antibody.
(G-H) Tumour growth in mice treated every other day with (G) and every 4 days (H) with pre-
labeled complex of 200uL of 1uM non-ejection cARM + 500nM monoclonal anti-DNP
antibody. (I) Average tumour volumes in each treatment group measured on the days indicated.
(J) Survival of B-H. Endpoint was measured at tumour ulceration or growth reaching 1000mm?.
*P<0.05 by log-rank (Mantel-Cox) test.
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3.4.4 Immune Cell Presence in Tumour Bearing Mice

Tumour bearing mice treated with ARM and ejection cARM results in increased circulating
macrophages and NK cells within peripheral blood.

Following examination of tumour growth and survival of ARM, ejection cARM and non-
ejection cARM treatment groups, we sought to analyze innate immune cell presence in
peripheral blood of tumour bearing mice during treatment. All mice (n=3) were injected with the
appropriate molecule every 4 days. We observed no significant increase in circulating
CD11c+/F4/80+ macrophages in mice that were treated with ARM in comparison to PBS control
mice (Figure 3.19A). Similarly, there was no apparent increase in macrophages within
peripheral blood of mice that were treated with non-ejection cARM. However, there was an
increase in peripheral blood macrophages in mice that were treated with ejection cARM.

Concurrently, we sought to identify NK1.1+/CD27+ NK cell populations within peripheral
blood samples of tumour bearing mice during treatment. We observed a significant increase in
NK cell populations within mice treated with ARM every 4 days (Figure 3.19B). Similarly, mice
treated with ejection cARM also displayed increased NK cell levels within peripheral blood.
Conversely, there was no change in NK cell levels in the blood of mice treated with non-ejection

cARM.
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Figure 3.19. Immune cell presence in peripheral blood of tumour bearing mice treated with
constructs. All mice were sampled at 17 dpi (A) CD11c+/F4/80+ Macrophage (%) in blood
samples of tumour bearing mice treated with PBS, ARM, ejection cARM and non-ejection
cARM every 4 days. (B) NK 1.1+ CD27+ NK cells (%) (%) in blood samples of tumour bearing
mice treated with PBS, ARM, ejection cARM and non-ejection cARM every 4 days. Data in A-B
represent each mouse as individual values and are shown with the mean. **P<0.01 by 2-tailed
Student’s ¢ test.
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3.4.5 Treatment Platform Optimization - Discussion

In an effort to optimize anti-DNP antibody labeling, DNP boosted serum was no longer
used in ARM/cARM treatments. While DNP boosted serum provided a supply of anti-DNP IgG
antibodies, it posed antibody labeling limitations. DNP is a small hydrophobic molecule and can
interact with various other molecules, specifically serum albumin. This poses an issue in terms of
selectivity with ARMs and cARMs bearing a DNP group in the ABD. Previous work established
serum albumin labeling via cARMs®’. Problematically, treatments using DNP boosted serum
contained high natural levels of serum albumin. To mitigate albumin sequestering of cARMs,
plasmids were designed to express and produce mouse monoclonal IgG2a anti-DNP antibodies.
This antibody subtype was selected as murine IgG2a was observed to be most successful in
directing ADCC by effector cells through activation of mFcyRIV®"%. As such, the use of IgG2a
monoclonal antibodies was hypothesized to result in isolated labeling of antibodies by cARM as
well as facilitate potent ADCC function. Furthermore, this would ensure that all available
cARM/ARM interacted with antibodies instead of other serum proteins. Thus, mouse
monoclonal anti-DNP antibodies were successfully produced, purified, and concentrated. To
confirm increased IgG labeling, cARM was incubated with both monoclonal anti-DNP IgG and
DNP boosted serum. ELISA results demonstrated that cARM was able to label significantly
more monoclonal anti-DNP IgG antibodies when compared to antibodies found in DNP boosted
serum (Supplementary Figure 5.2).

To resolve possible cARM autoinhibition, a new non-ejection cARM was developed. The
development of this molecule aimed to reduce the detrimental effects of cARM hydrolysis. Non-
ejection cARMs displayed increased hPSMA recruitment in biolayer interferometry studies when

compared to ejection cARM. As both cARMs were incubated with the same concentration of
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mAb, this suggests that there is increased labeling of antibody with the non-ejection cARM.
Additionally, we observed enhanced labeling of anti-DNP antibodies within DNP boosted serum
by non-ejection cARM compared to ARM and ejection cARM. Similarly, in vivo labeling was
enhanced with the non-ejection cARM. Where previous in vivo labeling studies demonstrated
decreasing labeling with SuM ejection cARM, in vivo labeling utilizing SuM non-ejection
cARM displayed more antibody labeling than 1uM non-ejection cARM. Furthermore, non-
ejection cARM displayed similar antibody labeling in vivo at 24hrs and 72hrs wherein increased
antibody labeling was observed with increased cARM concentration in vivo. This data confirms
that autoinhibition reduced the labeling capacity of ejection cARM due to ALD hydrolysis.
Furthermore, this demonstrates the superior labeling capacity of non-ejection cARMs while
circumnavigating autoinhibitory effects posed by the ejection cARM. Future work should focus
on the quantification of cARM labeling in vivo and in vitro. The quantification of labeling could
then be correlated to anti-DNP antibody IgG titers to view % labeling by both cARMs. This
would offer vital information on cARM functionality and hydrolysis effects. Furthermore, this
approach would provide a method to study and optimize cARM treatment dosing and
concentration.

Following examination of in vivo efficacy of ARM and ejection cARM on tumour growth
and survival, we next sought to optimize the treatment platform further. Firstly, we analyzed the
in vivo efficacy of non-ejection cARM when compared to ejection cARM and ARM. Next, we
examined the treatment regimen by analyzing the effects of treatments given every other day
compared to every 4 days. For this, all construct concentrations remained the same at 1uM.
Simultaneously, we attempted to optimize cARM labeling by utilizing purified monoclonal anti-

DNP IgG2a antibodies to allow for more potent immune effector function in vivo and reduce
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albumin labeling. 1uM construct and 500nM monoclonal anti-DNP IgG was incubated overnight
to allow for ARM binding and cARM labeling. A 1:2 antibody to construct ratio was used as
anti-DNP IgG have two locations of possible ARM binding and cARM labeling. Upon analysis,
non-ejection cARM treatment reduced tumour volume and significantly improved survival
(median survival = 26 days) in tumour bearing mice when injected every 4 days as compared to
PBS controls (median survival = 21 days). In fact, when compared to multiple treatment groups,
non-ejection cARM treated mice displayed significantly improved survival. Interestingly, we
observed that only mice treated with non-ejection cARM labeled anti-DNP IgG antibodies every
4 days displayed any anti-cancer effects. In comparison, mice treated with non-ejection cARM
every other day displayed no improved survival (median survival = 18 days). While non-ejection
cARM proved to be successful in improving the survival of tumour bearing mice, less frequent
dosing of non-ejection cARM could mediate enhanced anti-tumour effects. Conversely, literature
review of ARM treatment regimen revealed that more frequent dosing of molecules resulted in
improved in vivo efficacy®*%+%, The difference in optimal treatment regimen could be a result of
covalency wherein less cCARM is required to stimulate a response. These in vivo results are
varied from previous attempts wherein ARM and ejection cARM displayed anti-cancer effects
and modulated improved survival in tumour bearing mice. This could be due to the use of DNP
boosted serum in previous studies or because of the high variance in vivo. Thus, in vivo tumour
studies need to be repeated to confirm these findings.

To examine construct effects on immune cell presence, we analyzed peripheral blood of
tumour bearing mice treated with ARM, ejection cARM and non-gjection cARM. An increase in
CD11c+/F4/80+ macrophages was observed in mice treated with ejection cARM. Interestingly,

there was no increase in macrophage populations in mice treated with ARM or non-ejection
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cARM. Conversely, we observed an increase in CD27+/NK1.1+ NK cells in mice treated with
ARM and ejection cARM. This data conflicts with tumour studies as only non-ejection cARM
treated mice displayed significantly improved survival and no apparent increase in macrophages
and NK cells were found in peripheral blood of these mice. However, as we were unsuccessful in
analyzing immune cell recruitment and activation in the TME of tumour bearing mice, we could
not compare immune cell levels between the tumour, blood, and spleen. As such, more analysis
needs to be completed on immune cell recruitment to the TME as well as immune cell activation
in treatment mice compared to PBS control mice. This approach offers a mechanistic view into
cARM/ARM mediated anti-tumour effects as well as a readout alongside survival. This would
allow for more detailed analysis into anticancer effects, examination of dosing regimen,
molecule concentrations, and overall optimization of the treatment platform.

To continue the optimization of cARM/ARM efficacy, it may be beneficial to recruit
alternative antibodies. ARMs and cARMs can differ in their ABD and can be synthesized to
selectively recruit other populations of antibodies. While anti-DNP antibodies are found in
human serum, other studies have indicated that there is a large subset of antibodies found in
humans directed against L-rhamnose®. These antibodies could pose for an advantageous target
as they mitigate the hydrophobic effects of DNP. The lab has synthesized ARMs and analogous
cARMs that successfully recruit anti-rhamnose antibodies. For future in vivo studies, we have
developed both mouse rhamnose monoclonal IgG antibodies as well as a rhamnose antibody
vaccination platform (Supplementary Figures 5.4 & 5.5). The rhamnose mouse model offers a
platform to test cARM/ARMs that recruit anti-rhamnose antibodies in comparison to anti-DNP

antibody recruiting molecules.
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3.5 Fc Dependent Target Cell Killing via cARM in in vitro Assays

3.5.1 Mouse Effector Cells for use in ADCC Assays
HEK?293T expresses mCD16 following successful transduction.

To assess mouse Fc dependent target cell killing via ARM and cARMs, we aimed to
develop mouse effector cells to use in ADCC assays. To this end, we attempted to develop a NK-
92 cell line that expresses mCD16. To develop this cell line, we developed a lentivirus to
transduce NK-92 cells. While NK-92 transduction was repeatedly unsuccessful, we transduced
HEK293T cells as an alternative cell line for use in Fc binding assays. Transduced and parental
HEK293T cells were analyzed via flow cytometry to view mCD16 expression levels (Figure

3.20). We observed an increase in fluorescence in transduced HEK293T cells.

mCD16 =

Sample Name

Specimen_001_HEK mCD16 - 2.fcs
[[]| Specimen_001_HEK P - 1.fcs

Figure 3.20. mCD16 expression in HEK293T cells. HEK293T-mCD16 transduced cell
fluorescence compared to HEK293T parental cells. mCD16 expression is shown as PE
fluorescence.
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3.5.2 Antibody Dependent Cellular Phagocytosis
Sufficient hPSMA expression is required for ADCP mediated by RAW macrophages.

Following attempts to develop NK cells for ADCC assays, we sought to identify
alternative Fc dependent in vitro assays to study ARM and cARM mediated function. We
identified a mouse macrophage line (RAW 264.7) to utilize in ADCP in vitro assays. To conduct
ADCEP assays, constructs were pre-incubated with DNP boosted serum and mouse monoclonal
anti-DNP antibody to allow for binding and labeling. ARM bound antibodies and cARM labeled
antibodies were added to target BIGhPSMA cells and effector RAW264.7 cells and incubated
together to allow for phagocytosis. Anti-PSMA antibody was used as a positive control whereas
effector + target only, monoclonal antibody alone and serum alone samples were used as
negative controls.

Basal phagocytosis was observed at around ~12% and positive control samples yielded
~16% phagocytosis (Figure 3.21). ARM, ejection cARM and non-ejection cARM incubated
with monoclonal antibody displayed similar phagocytosis levels at ~12% for all constructs.
Constructs incubated with DNP boosted serum resulted in slightly higher phagocytosis at ~16%.
There was no significant increase in phagocytosis among the positive control or experimental

samples when compared to basal level phagocytosis.
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Figure 3.21. RAW264.7 induced antibody dependent cellular phagocytosis against
B16hPSMA cells. Phagocytosis (%) is shown in different conditions using both DNP boosted
serum as well as mouse monoclonal mAb. Negative controls are shown as effector + target only,
mAb only and serum only. Positive control shown as anti-PSMA antibody. ARM, ejection

cARM and non-ejection cARM were incubated with DNP boosted serum and mAb overnight to
allow for saturated labeling.
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3.5.3 In vitro Approaches - Discussion

Previous in vitro work in analyzing ARM and cARM function utilized human effector and
target cells. To develop an ADCC assay to complement in vivo studies, we aimed to develop a
mouse NK cell line to use as effector cells. We initially attempted to use in vivo derived mouse
NK cells. However, these cells were not sustainable in cell culture or available in large amounts.
To circumnavigate the issues posed by in vivo derived NK cells, we attempted to produce our
own NK cell line. We identified that the human NK-92 cell line could be a viable option for use
in vitro assays'?. These cells, once armed with mCD16 displayed specific and potent ADCC
function against target cells'?. Thus, we intended to develop our own mCD16 expressing NK-92
line. However, this proved to be difficult as NK-92 cells would rapidly die following lentiviral
transduction and antibiotic selection. This is likely due to NK cell resistance to transduction as
well as inefficient transduction of NK cells by lentiviral vectors'"-192, Studies have identified
robust NK cell transduction by specific pseudotyped viral vectors and future work in developing

this line should focus on the use of alternate transduction pathways'%

. Alternatively, we
developed mCD16 expressing HEK293 cells. These cells, while not being able to mediate
effector function, can still be used in future binding assays to test mCD16 recruitment to cARM
labeled antibodies, target cells and quaternary complex formation.

As a complementary approach to ADCC assays, mouse ADCP assays were developed to
examine ARM, ejection cARM and non-ejection cARM mediated effects. RAW264.7 mouse
macrophages displayed no significant increase in phagocytosis in conditions using ARM,
ejection cARM and non-ejection cARM. Interestingly, all construct conditions resulted in basal

level phagocytosis (%) that was observed in negative control samples. In fact, there was no

discernable difference between ARM, ejection cARM and non-ejection cARM incubated
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samples. Likewise, there was no difference in ADCP with the use of anti-DNP IgG boosted
serum or mouse monoclonal anti-DNP IgG. To examine this further, we attempted to alter
construct/antibody concentrations, effector:target ratios and experimental procedure steps.
However, all attempts proved to be unsuccessful. Interestingly, when anti-hPSMA IgG antibody
was utilized as the positive control, there was no increase in phagocytosis (%) from basal levels.
Previous work demonstrated robust ADCP functionality by RAW 264.7 macrophages against
high antigen expressing target cells'%. The lack of effector function in our attempts indicates that
hPSMA expression on BI6hPSMA cell surfaces was not sufficient to mediate ADCP. As such,
results from this ADCP experiment are not indicative of ARM or cARM functionality. Future
work should utilize higher antigen expressing cells to view ADCP directed by ARM and cARM

constructs.
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Chapter 4: Conclusion

Synthetic immunology allows for the manipulation and modulation of the immune system
by synthetic compounds. ARMs have shown efficacy in the past however, is limited by ternary
complex instability. This led to the development of cARMs to stabilize ternary and quaternary
complexes. While cARM function has been demonstrated in vitro, these molecules had yet to be
tested in vivo. Thus, this thesis has revealed the in vivo and in vitro efficacy of first-generation
cARMs in comparison to reversible binding ARMs. In this work, a mouse model to evaluate and
examine ARM/cARM function was developed. ARMs were shown to successfully mediate anti-
tumour effects in an antibody dependent manner in DNP vaccinated and in naive mice with the
use of passive antibody transfer. In a novel study, cARMs were shown to be efficacious in
reducing tumour growth and improving survival. /n vitro binding studies demonstrated the
advantage of covalent labeling in binding significantly more anti-DNP IgG than analogous
ARM. This enhanced antibody binding can then be correlated to improved recruitment to tumour
cell surfaces, increased ternary complex and subsequent quaternary complex formation. Studies
into antibody binding/labeling in vivo revealed the presence of circulating cARM labeled
antibodies for at least 72hrs at stable and considerably higher levels compared to ARM bound
anti-DNP IgG. However, autoinhibition effects of cARM caused by ALD hydrolysis were shown
to hinder labeling capacity. To resolve this, a new non-ejection cARM was developed. The non-
ejection cARM exhibited increased labeling at higher cARM concentrations in vivo, increased
selective antibody labeling in serum, and improved survival in tumour bearing mice. Analysis of
peripheral blood of tumour bearing mice revealed increased macrophages in cARM treated mice
and increased NK cell populations in ARM and cARM treated mice. This proof-of-concept work
can lay the groundwork for the future in vivo testing of cARM s that utilize alternative novel
labeling chemistries and recruit various immune machinery to different tumour antigens.
Ultimately, cARMs have potential as a novel immunotherapeutic that labels specific antibody
populations, mediates immune effector function and circumnavigates limitations posed by

traditional ARMs.
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Chapter 5: Supplementary Figures

5.1 Anti-DNP Antibodies

(A) (B)
= =
B 10 - @ 10+
£ — Neg 13 Neg
o 8- — 1 = 8 — 1
E 6 — 2 2 6 — 2
= — 3 = — 3
B S =
5 2 R —s
z z
(=) o
L O TrrTrTTTTTTT Ty L O T T Ty TrrTTTTTY
< O 200 400 £ 0 200 400

Time (secs) Time (secs)

© (D)
= =)
@ 10 . @
5 €9 £ — Neg
> 8 — 1 o —_1
$ 2 £ 2
@ 6 @
> - 3 2 — 3
24 — 4 8 4
5 > — 5 5 — 5
z z
RS -
;E I L T E
& 0 200 400 g

Time (secs) Time (secs)

Figure 5.1. Anti-DNP antibody presence in boosted mouse sera. Biolayer interferometry
results of anti-DNP antibody presence in DNP-KLH vaccinated mice. Streptavidin probes were
loaded with biotin ARM and associated with mouse sera samples. Shift (nm) correlates to the
amount of anti-DNP antibodies associating onto loaded probes. All boosted sera samples were
compared with serum from non-vaccinated mice (negative). (A) Mice from Figure 3.9A. (B)
Mice from Figure 3.9B. (C) DNP boosted serum donor mice. (D) DNP boosted serum donor
mice.
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Figure 5.2. Anti-DNP antibody labeling by ejection cARM. Anti-DNP antibody labeling
mediated by ejection cARM of DNP boosted serum and monoclonal anti-DNP IgG. 1uM cARM
was incubated with 500nM anti-DNP antibodies. *P<0.05 by 2-tailed Student’s ¢ test.
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5.2 Non-Ejection cARM Structures
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Figure 5.3. Chemical structures of non-ejection cARMs. Non-¢ejection cARMs developed to
mitigate autoinhibition caused by ALD hydrolysis. (A) Chemical structure of hPSMA binding
non-ejection cARM. TBD contains GUL to bind to hPSMA expressing cells. ABD contains a
DNP group to bind to anti-DNP antibodies. ALD acyl imidazole group is found on the side of
linker. (B) Chemical structure of streptavidin binding non-ejection cARM. TBD contains biotin
moiety to bind to streptavidin. ABD contains DNP group to bind to anti-DNP antibodies. ALD
acyl imidazole group is found on the side of linker.
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5.3 Rhamnose Mouse Model
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Figure 5.4. Mouse monoclonal anti-rhamnose antibody expression. Rhamnose-immobilized
ELISA results with purified and concentrated cell supernatant samples at varying plasmid ratios
(heavy:light chain). Sample mean is shown along with duplicate readings. Supernatant sample is
HEK293T cell culture supernatant from transfected cells prior to ProteinG purification and
concentration.
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Figure 5.5. In vivo boosting of anti-rhamnose antibodies. Rhamnose-immobilized ELISA
results with serum from boosted mice. Mice were boosted with a lab synthesized rhamnose-

ovalbumin (OVA) conjugate as well as with rhamnose-BSA. Non-boosted mouse serum was
used as a negative control.
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5.4 Folate Mouse Model
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Figure 5.6. Endogenous folate receptor expression on human and mouse cancer cell lines.
Flow cytometry results of surface FOLRa expression on MDA-231 human breast cancer cells,

McMaster University — Medical Sciences

4T1 mouse breast cancer cells and KB human epithelial cells. Both MDA-MD-231 and KB cells
were used as a positive control for FOLR expression. A primary antibody against human/mouse

FOLRa was used in conjugation with a secondary antibody conjugated with AlexaFluor647.
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Chapter 6: Materials & Methods

Cell Culture

All cells were maintained at 37°C and 5% CO.. B16 cell lines were maintained with Minimum
Essential Medium (MEM) with Earle’s salts supplemented with 1% sodium pyruvate, 1%
HEPES, 1% L-glutamine, 1% MEM vitamin solution and 10% fetal bovine serum (FBS). B16
hPSMA transduced cell lines were selected with Spg/mL blasticidin. HEK293T cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and
1% L- glutamine. RAW264.7 mouse macrophages were cultured in DMEM supplemented with
10% FBS and 5% L-glutamine and activated prior to ADCP with 30pL (0.1mg/mL) of
interferon-gamma (IFN-y).

Transfection of HEK293T Cells

HEK?293T cells were transfected to produce virus to create stable cell lines or to produce
monoclonal antibodies. 24hrs prior to transfection, HEK293T cells were plated in a 10cm dish.
Appropriate plasmids (Table 1) were added to a tube with 2mL basal DMEM and added into
another tube containing 2mL basal DMEM and Lipofectamine 2000 (ThermoFisher). Following
incubation of plasmids and Lipofectamine for 20min at RT, mixture is added on top of
HEK293T cells. 12hrs post transfection, the media was changed. Supernatant containing
antibodies are harvested once a day for 4 days. Supernatant containing virus is harvested 24 to

48hrs post media change.

Plasmid Amount
pMD2.G 3ug
pRSV-REV lug
pMDLg-pRRE 10ug
Plasmid of interest | 10ug

Table 6.1. Transfection plasmids & amounts. Plasmids used for transfection of HEK293T
cells to develop lentiviral vectors.
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Transduction of Cell Lines

Following virus harvest from HEK293T cells, supernatant containing virus was centrifuged at
3000rpm for Smin to sediment any collected cells. Supernatant was filtered through a 0.45pum
syringe filter. Virus was added directly to cells to be transduced in increasing doses. 24hrs post
transduction, cells were split into a new 10cm dish with new media containing a selection marker
to generate a polyclonal cell line with varied expression levels. Monoclones were generated by
limited dilution cloning. Cells were trypsinized and suspended in selection containing media at 5
cells/mL. Cells were placed into a flat bottom 96-well plate at 200uL per well. Monoclones were
grown to be screened for expression levels.

In vitro Antibody Production

Following antibody harvest from transfected HEK293T cells, supernatant was collected every
24hrs for 3-4 days post transfection. Supernatant containing antibodies were spun down at
1500rpm for Smins to sediment any collected cells. Supernatant was added to Protein G beads or
antigen linked cyanogen bromide (CNBr) for incubation in a roller overnight at 4°C.

Antibody Purification & Concentration

Supernatant containing antibodies and beads were placed into a Polypropylene column following
incubation. Supernatant was collected as flow through for analysis. Columns containing beads
were washed 2x column amounts with PBS. Antibodies were eluted with 10mL of 0.1M glycine-
HCI (pH 2.3) into 15mL falcon tubes containing 1mL of 2M Tris-HCI (pH 10). Eluate was

concentrated using 30kDa Amicon Ultra Centrifugal Filters.
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Cell Staining & Flow Cytometry

cARM Binding

Antibodies used for flow cytometry were purchased from ThermoFisher and R&D systems.
For labeled antibodies, 1uM cARM and 500nM anti-DNP antibody (Alexa fluor 488) were
incubated at 4°C approximately 24hrs prior to flow analysis to allow for binding to create a
prebound cARM-Ab mixture. Isotype controls were used. Cells were trypsinized, pelleted and
resuspended in flow cytometry staining buffer (FACS) buffer in a 96- well plate at 1.5x10s
cells/200uL. After the plate was spun down, cells were resuspended in 50uL of FVS780 (1:1000
dilution), covered from light and incubated for 20min at RT. The plate was washed and
resuspended in 75ul of FACS buffer along with 25uL of antibody (1:100) or prebound cARM-
DNP Ab mixture. The cells were incubated with antibody for 30mins. Wells were washed and
resuspended in 200uL of FACS buffer. Samples were filtered into FACS tubes. cARM-Ab
mixtures were not washed from the plate and filtered into FACS tubes and analyzed by LSRII
flow cytometry machine. Plots were further analyzed using FlowJo11 software.

Extracellular Staining

The cells were pelleted in a 96-well plate and incubated with Fc block for 20min at 4°C. Surface
antibodies and isotype controls were added (25uL in FACS buffer) and incubated at 4°C for
30mins. The cells were washed in FACS buffer and resuspended in 100uL. All cells were filtered
into FACS tubes and analyzed by LSRII flow cytometry. Data was further analyzed using

FlowJol1 software.
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Antibody Catalog # Fluorophore | Company Dilution/Conc.
Polyclonal anti- | A-11097 Alexa fluor ThermoFisher 500nM
DNP 488
Anti-PSMA FAB4234R Alexa fluor R&D Systems 1:100

647
Anti-CD8 BE0061 N/A BioxCell 100ug
(depletion)
Anti-CDS8 11-0081-82 FITC ThermoFisher 1:100
Anti-CD20 MB20-11 N/A BioxCell 200pg
(depletion)
Anti-NK1.1 108708 PE BioLegend 1:100
Anti-CD27 124212 APC BioLegend 1:100
Anti-CD19 115555 BV711 BioLegend 1:100
Anti- F4/80 743282 BV650 BD Biosciences 1:100
Anti- CDll1c 117318 PECy7 BioLegend 1:100
Anti-mouse IgG | 115-005-003 | N/A Jackson Sug/well

Immunoresearch
Labs

Anti-mouse IgG - | 62-6520 HRP ThermoFisher 1:3000
HRP conjugated
Anti-CD16 156606 PE BioLegend 1:100
Anti-FOLR PAS5-116453 | N/A ThermoFisher 1:100
Anti-rabbit IgG A-21245 Alexa fluor ThermoFisher 1:100

647

Table 6.2. Flow cytometry antibodies. All antibodies & dilutions/concentrations used in flow
cytometry and ELISA experiments.

Antibody-Dependent Cellular Phagocytosis

Concentrated saturated antibodies and small molecules were prepared to ensure antibody
binding/labeling. RAW264.7 mouse macrophage cells were activated with IFN-y (0.1mg/mL)
24hrs prior to assay. RAW264.7 cells were suspended with TRYPLE Express, counted, washed,
and suspended to a concentration of 1million cells/mL and stained with 1.9uM Vybrant DiD
Cell-Labeling solution for 30mins at 4°C. Target cell cells were suspended with TRYPLE
Express, washed, and resuspended to a concentration of Imillion cells/mL. Target cells were
stained with 5.79uM Vybrant DiO Cell-Labeling solution for 30mins at 4°C. Cells were washed

and plated into a 96-well U-bottom plate prior to phagocytosis. Effector cells were allowed to
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bind to the plate for 2hrs prior to adding target cells and appropriate treatments. Plate was softly
pelleted for 2mins at 800rpm and incubated for 2hrs at 37°C. Plate was then put onto ice for
15mins before all wells were washed, resuspended in 100uL FACS buffer prior to filtering. All
samples were analyzed using the LSRII machine and plots were analyzed with FlowJo11
software.

Mice

Female C57BL/6 mice (aged 6-8 weeks) were purchased from Charles River Laboratories and
housed in a level-2 clean room in the Central Animal Facility at McMaster University. All the
animal studies were approved by the Animal Research Ethics Board and regulations set by the
Canadian Council on Animal Care were followed. All animal work was completed under AUP
#20-01-05.

Blood Collection & Processing

For serum collection, blood was collected from anesthetized mice from the retro-orbital vein
with non-heparinized capillary tubes. The blood was collected into Eppendorf tubes and left to
clot for 45 minutes at RT. Following clotting, the tubes were centrifuged at 1500rpm, and serum
was carefully transferred into new tubes for analysis. For flow analysis, blood was collected from
the retro-orbital vein with heparinized capillary tubes. The blood was collected into Eppendorf
tubes containing S0uL of heparin. Once the blood was transferred into FACS tubes, 2mL
Ammonium-Chloride-Potassium (ACK) lysis buffer was added to the tubes. Tubes were
vortexed gently following incubation for Smins at RT, Hank’s buffered salt solution was added.
The tubes were centrifuged for Smins at 1500rpm. The supernatant was poured off and cells were
resuspended in ImL of ACK lysing buffer, vortexed and incubated for Smins. Hank’s buffer was

added and centrifuged for Smins at 1500rpm. Supernatant was poured off once again and cells
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were resuspended in complete media. Resuspended cells were plated into 96-well plates for
staining and further analysis. Mice that were not endpoint bleeds received replenishing amounts
of saline subcutaneously. Gauze was used to stop bleeding and drops of eye lubricant were

added.

Mouse Vaccination

All mice were subcutaneously injected at the base of the tail with the designated doses of DNP-
keyhole limpet hemocyanin (KLH) and monophosphoryl lipid A (MPLA) in 100puL PBS on the

specified days. Mice were also injected with Rham-OV A and Rham-BSA constructs.

Day 0 (Day2 |Day4 [Day6 |Day8 | Day 10 | Day 12 | Day 14

Antigen (pg) 0.04 (0.1 026 [0.676 [1.76 |4.56 11.88 30.8
Total S0pg

MPLA (pg) 0.02 0.052 [0.135 [0.352 |0.91 2.37 6.17 16.1
Total 25 pg

Table 6.3. Vaccination dosing profile. Antigen/MPLA dosing amounts and days. A total of
50ug antigen and 25ug MPLA was injected into mice over the course of two weeks. This
vaccination protocol was adapted from Tam et al®®.

Biolayer Interferometry — Serum

Streptavidin probes were soaked in PBS for 20mins prior to the experiment. Following a baseline
of PBS for 240secs, 500nM of biotin ARM analog (consisting of a biotin moiety and a DNP
group) was loaded onto the probes for 180secs. 5% w/v milk powder in PBS was added as a
quencher to block non-specific binding for 150secs. After 300secs in PBS, mouse sera (1:2
dilution in PBS) was associated onto the probes for 600secs.

Biolayer Interferometry — cARM Labeling

125nM anti-DNP monoclonal antibody was incubated with 250nM cARM and 250nM non-

ejection cARM for 24hrs at 4°C to allow for labeling. ProteinG probes were soaked in PBS for
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20mins prior to experiment. Following a baseline of PBS for 240secs, 200uL of labeled
antibody was loaded onto the probes for 180secs. 5% w/v milk powder in PBS was added as a
quencher to block non-specific binding for 150secs. Following a wash in PBS, 500nM PSMA
was associated onto the probes for 600secs.

Biolayer Interferometry — Anti-DNP Antibody Presence

Streptavidin probes were soaked in PBS for 20mins prior to the experiment. Following a baseline
of PBS for 240secs, 500nM of non-reactive cARM analog (consisting of a biotin moiety and a
DNP group) was loaded onto the probes for 180secs. 5% w/v milk powder in PBS was added as
a quencher to block non-specific binding for 150secs. After 300secs in PBS, mouse sera (1:2
dilution in PBS) was associated onto the probes for 600secs.

In vivo Tumour Study

2x10° BI6hPSMA cells in 30uL PBS was intradermally injected in the back of all mice.
Treatments began on the day of tumour cell transplant and were injected every other day till the
mice reached endpoint. For CD8+ T cell depletion, mice were injected interperitoneally with one
dose of 100pug of anti-CDS8 depletion antibody on the day of tumour cell transplant and were
given another dose on day 10. For B cell depletion, mice received one dose of 200ug of anti-
CD20 depletion antibody 6 days prior to start of treatment and were dosed once a week
intraperitoneally. Initial in vivo study utilized intravenous injections. For PBS/negative control
mice, 200pL of PBS was intraperitoneally injected into the mice. For the treatment groups,
200uL of cARM/ARM (molecule alone or pre-labeled antibody) was intraperitoneally injected
into the mice on the indicated days. cARMs/ARM were incubated with DNP boosted serum or
mouse monoclonal anti-DNP antibody overnight at 4°C to allow for labeling. Tumours were

measured every other day with a caliper following injections.
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Indirect & Modified Sandwich ELISAs

200ng of antigen/well in PBS was immobilized onto a 96-well ELISA plate overnight at 4°C.
Following washing (3x) with 0.05% Tween in PBS, plates were blocked with normal goat serum
(5% v/v solution) for 2hrs at 37°C. 50uL of samples were added to corresponding wells along
with appropriate controls and incubated for 2hrs at 37°C. Plates were washed, and a secondary
antibody conjugated with HRP (ThermoFisher, 1:3000 dilution) was added and left to incubate
for 1hr at 37°C. For sandwich ELISAs, Sug/mL of capture antibody (ThermoFisher) in PBS was
immobilized onto an ELISA plate overnight at 4°C. Following washing (3x) with 0.05% Tween
in PBS, plates were blocked with normal goat serum (5% v/v solution) for 2hrs at 37°C. 50 pL of
samples were added to corresponding wells along with appropriate controls and incubated for
2hrs at 37°C. Plates were then washed, and 50puL of 1:5000 streptavidin-HRP (ThermoFisher)
was added to plates and left to incubate for 1hr at 37°C. For all ELISAs, 50uL of 1:1 HRP
substrate and H,O» was added to wells and left until a colour gradient is formed. S50uL of H>2SO4
was then used to quench the reaction. Absorbance was read at 450nm on the plate reader.

In vivo Labeling

DNP boosted mice were injected with 200uL of cARM constructs of varying concentrations.
Mice were retro-orbitally bled at various timepoints using non-heparinized capillary tubes into
1.5mL Eppendorf tubes. Blood samples were left at RT for 50mins to clot. Samples were spun
down at 4°C at 10,000rpm for 15mins. Serum supernatant was carefully pipetted out and used for

further analysis.
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