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ABSTRACT

Development and characterization of novel a TCRm antibody and its

application as an immune checkpoint blocker

Soroush Ghaffari.
The University of Texas at Arlington, 2021

Supervising Professor: Dr. Jon Weidanz, MPH, Ph.D.

Immunotherapy, the treatment of diseases via targeted immune system activation, has recently
shown extraordinary success in clinical trials for multiple malignancies. In contrast to a routine
therapeutic regimen for cancer, effective immunotherapies can stimulate the innate and adaptive
immune system to marsh specific and durable responses against tumors. Immunotherapies come
in many shapes and forms. Immune checkpoint blockade (ICB) is an example of immunotherapy
that revolutionized the field of immuno-oncology. Considering the recent success of ICB
therapies, the scientific community tried to discover new inhibitory molecules and pathways as a

new target for cancer immunotherapy.

Indeed, CD94/NKG2A receptor is an inhibitory checkpoint molecule with a high affinity for its
ligand non-classical MHC-I, Qa-1° (mouse), or HLAE (human). The result of this interaction is
often a suppression of activated lymphocytes, natural kills cells, and antigen-presenting cells,
along with the up-regulation of inhibitory T cells. Thus, this dissertation's general goal is to

better understand the nature of this interaction and develop a new therapeutic agent to unleash

1Y%



the suppressed immune system as a means of eliciting a more robust response. In other to reach

out to this goal:

First, we developed a single domain (Vi,H) TCR-like monoclonal antibody named EXX-1 with
high affinity and selectivity for Qa-1°/Qdm complex. We evaluated the specificity and avidity
effect of our monoclonal antibodies in an in-vitro assay. We used a commercially available
monoclonal antibody to Qa-1° complex (clone 6a8.6f10.1a6) developed by Dr. Soloski's group
(Johns Hopkins University, Baltimore, MD) as a positive control for our antibody. During this
phase, we noticed that our commercial antibody (clone 6A8) only recognizes the Qa-1° molecule
regardless of the presence or absence of the Qdm peptide. Thus, interaction NKG2A to its ligand
couldn't be blocked as the presence of the QDM peptide is crucial for this interaction. However,
EXX-1 can recognize a Qdm peptide expressed by the Qa-1° protein. We found that in the
presence of EXX-1, Qa-1°/ Qdm interaction with CD94/NKG2A will be interrupted. This
blockade caused higher immune cell (NK and CD8+ T cell) proliferation and increased tumor

kill rates.

Second, we tried to develop an in vivo model for this concept. Thus, we evaluated several mouse
tumor models for the expression level of the Qal®/Qdm complex. During this phase, we realized
that this expression is highly dependent on the cytokines such as IFN-y. We also observed tumor
regression and therefore extended life span of the mice treated with EXX-1 (ES) compared to its

isotype control.

Third, we tried to enhance the efficacy of our therapy through. 1- Combination of EXX-1 with
tumor vaccination, 2- Antibody dependent cellular cytotoxicity (ADCC). We observed tumor

clearance in 40-45% of the mice treated with EXX-1 compared to its isotype. Moreover, we



noticed that EXX-1 treated mice were develop a tumor specific immunity compared to isotype

control treated groups.
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CHAPTER 1: INTRODUCTION

What we know about Cancer and its cure?

Cancer is known to be a disease of non-regulated cell growth due to some genetic mutation. Edwin
Smith has recorded the first case of cancer in 3000 B.C, although it was Hippocrates in 400 B.C
who scientifically described the cancer. Cancer cells can spread to adjacent or distant organs,
which known as metastasis (1). Multiple metastases; ultimate failure of the affected organ resulting
death in late-stage cancers. Indeed, cancer has no geographical boundaries and consider as second
cause of death worldwide. According to the American Cancer Society, the number of death due to
cancer is exciding tuberculosis, HIV/AIDS, and malaria. In fact, it is predicted by 2040, the global
cancer burden would face an upsurge in the new cases (around 29.5 million new cases), resulting
16.4 million deaths annually.

Healthy tissue requires a mitogen signal (ex: the pRB, p53) for replication and growth, while
cancer cells grow even without these signals. As a matter of fact, the tumor suppressor genes are
expressed to cease cell division. In contrast, cancer cells have mutated forms of the suppressor
gene resulting in skipped apoptosis and aberrant progression through the cell cycle. Moreover,
cancer cells prevent normal aerobic respiration in mitochondria, reducing ATP production and
reducing the ATP: ADP conversion ratio. Thus, mitochondria are getting deactivate and avoiding
the triggering of apoptosis.

Apoptosis or program cell death is a standard feature of the nucleated cells and is considered a
vital component for normal cell turnover, proper development, and functioning of the immune

system (6). Normal cells have a limited number of divisions until they cannot divide, known as



senescence. Cancerous cells skip this capacity by maintaining telomerase and mislabeling the
suppressor genes. The rapid growth of cancer cells and malignancy of tumors will only be achieved
by a massive amount of vascularization (angiogenesis). Angiogenesis is typically present in tissue
during the wound healing process or development of the embryo. While tumors are using
angiogenesis to supply materials, they need for their rapid such as transportation of oxygen,
nutrient. Moreover, they gain access to other healthy tissue for possible metastasis through
angiogenesis.

When we talk about tumors, it includes not only malignant cells but also surrounding stromal cells
such as epithelial cells, fibroblasts, and even more critical tumor-infiltrating immune cells, which
are known as the tumor microenvironment (TME).

The standard cure for cancer includes tumor resection via surgery, systemic chemotherapy, and
radiotherapy. Systemic chemotherapy was discovered by German chemist Paul Ehrlich in the
1900s and then became part of a routine anti-cancer therapy at the beginning of the 20th century
(9). Tumor resection via surgery and radiotherapy dominated the field of cancer therapy up until
1960 which it became clear that combination therapy had an advantage over radical local treatment
in some advanced tumors such as advanced Hodgkin lymphoma (9). Moreover, these methods are
successful when a malignant tumor is solid, localized, and detected early (2).

Hanahan and his colleagues in 2000 defined six factors that have a direct impact on tumor biology,
including limitless replication, insensitivity to anti-growth signal, evading apoptosis, invasion of
healthy tissue or metastasis and sustained angiogenesis (1). Further studies lead to a better
understanding of tumor biology at the molecular level and what can control cancer growth and its
malignancy. This information helped scientists to discover the new generation of therapies such as

targeted therapies and immunotherapy. In targeted therapy, therapeutic agents interact with the



specific protein in cancer and inhibit its crucial role in tumor propagation and survival, instead of
being generally toxic to tumor cells like chemotherapies (10). Clinicians were able to use the
benefit of this druggable protein to target the tumor cells proliferation directly; lead to better results
in a patient with certain cancer such as BRAF driven melanoma, HER-2 positive breast cancer,
and BCR-ABL driven leukemia. However, not all the tumors express these required proteins to be
targeted, and even sometimes those who have these proteins can develop some compensatory
mutation in protein’ structure that renders the effectiveness of the targeted therapeutics.

The limited efficacy of exogenous therapies and modest benefits that they carried against
metastatic cancers made scientists look for a new therapeutic approach to target the tumors. The
Idea of using a patient’s immune system to fight the disease has been around for about a decade,
though with multiple false starts along the way. Cancer immunotherapy primarily focused on
activating the T-cells with the implementation of stimulants such as antigenic vaccination and
cytokines. However, future research showed that the communication between the immune system
and cancer is a dynamic process. As a matter of fact, the immune system has a role of double-
edged sword. It can promote tumor progression by targeting aggressive immune evasive subclones
and modulating the tumor microenvironment to facilitate tumor propagation. It can also suppress
tumors by destroying cancer cells and inhibiting outgrowth (11, 12). Thus, it is remains very
important to understand the underlying mechanism of cancer outgrowth and their resistance to our

immune system for the design and development of more effective therapies.

Immune system and its function

The idea of targeting tumors by a patient's immune system was proposed by Burnet and Thomas.

They raise the points that the immune system should detect self from non-self, such as malignant



tumor (5). Initially, their hypothesis was rejected by the scientific community due to the
development of new therapeutic agents such as chemo or radiation. Nowadays, innate immune
cells such as natural killer cells (NK cells), macrophages and granulocytes, and adaptive immune

systems such as lymphocytes have been shown to perform a significant role in tumor elimination.

The roles of innate and adaptive immune system in tumor microenvironment (TME)

The immune system has an important job to recognize and distinguish normal healthy cells from
abnormalities such as a tumor. Innate and adaptive immune cells interact with tumor cells in the
tumor microenvironment (TME). TME plays a vital role in the behavior of our immune system
when they encounter different tumors. TME determines the migration and proliferation rate of the
immune cells population at the tumor site (18, 19). TME cells also have some detrimental roles in
tumor angiogenesis and its malignancy (20,21).

Innate immune cells are the first line of defense, and they create a rapid and non-specific response
to the tumor. Antigen-presenting cells (APC) are one of the essential members of this family. APCs
can get activated by binding to intra or extracellular receptors such as NOD-like receptors (NLR)
or toll-like receptors (TLR) (22). Natural Killer cells (NK cells) are another important member of
the innate immune system. NK cells directly kill their target by producing lytic protein such as
perforin, granzyme, or cytokine like tumor necrosis factor alpha (TNF-a). Moreover, innate
immune system can activate adaptive immune system in a specific manner.

During the tumor elimination phase, the release of the tumor antigens is a triggering signal to the
innate immune system. Tumor-associated antigens are normal (unmutated) proteins that are either
overexpressed or abnormally expressed on the surface of the tumors after embryonic development.

A random mutation in the tumor genome also alters these typical tumor markers' protein sequence



or structure, and it forms new antigens known as neoantigens that are foreign to the immune system
(30,31). Tumor antigens are released in the TME and captured by APC, primarily dendritic cells
(DC). APCs phagocytize these proteins and process them into the small 9 to 10 amino acid
peptides. Processed peptides loaded onto the major histocompatibility (MHC) molecule and
expressed on their surface. Peptide/MHC complexes are then recognized by the adaptive immune
system, such as CD8+ and CD4+ T cells. This recognition cause activation, proliferation, and
differentiation of antigen-specific T cells. However, T cells need two additional signals for their
activation including 1- co-stimulation of the T cell via interaction of the APC' ligand CD80/86 to
T cell receptor CD28, 2- stimulation of the T cells with APC' cytokine (23). These stimulants are
extremely important in the T cell's behavior toward anti-tumor response via T helper type I (Thl)
or tumorigenic T regulatory cell (Treg) response (24). Activated CD4+ T cells and APCs then
interact with B cells and activate them with cytokine production such as interleukin 21 (IL21)
and/or CD40. Activated B cells then promote the production of the memory B cells as well as the
production of the high avidity antibodies in plasma cells (25,26). Activated CD8+ T cells can
produce cytolytic granules containing pore-forming protein (perforin) and granzyme (mediate
apoptosis in their target) (27). Plus, activated T cells enhance the function of the tumor-specific T

cells via the cytokine that shapes the pro-inflammatory environment in TME.

Suppressive mechanisms of the TME to inhibit the anti-tumor immune response

Previous research has shown that cellular, metabolic, and pathway changes associated with the
immunosuppressive response in TME are the main reason for tumor-associated chronic
inflammation (32, 33). In TME, anti-tumor effector and inhibitory immune cells must be balanced

to prevent tumor progression and metastasis. One of the critical characters of cancer progression



is their ability to evade or resist immune surveillance (27). Some of the TME immune cells have
an inhibitory role to paralyze immune cells to not perform their duties. Suppressive innate and
adaptive immune cells modify TME and create an anti-inflammatory environment that abrogates
the tumor-infiltrating immune cells and their anti-tumor effect (28,29). Recent studies showed that
in TME, MHC expression was reduced in DCs. Also, DCs downregulate the expression of
CD80/86 and thus cannot prime the T cells. Finally, DCs won't produce cytokines necessary to
support the activity of the T cells. A sub-population of the T cells and B cells suppresses the
immune system response to tumors named Tregs or B regs.

In 1995, a subpopulation of CD4+ T cells discovered that has a high IL-2 and CD25 receptor which
is necessary for the immunologic self-tolerance process (53). They are known as regulatory T
cells (Treg). Tregs are usually designed to stop the expansion of the T cells, which escaped the
central deletion process in the thymus. They stopped the T cells propagation by binding to their
priming signal, such as APC (34- 36).

Tregs express forkhead box transcription factor (FoxP3) and B regs expressing IL-10 and/or IL-
35 receptor (28, 29). Foxp3 was also known as a master gene to regulate Treg cell function and
development (54-56). In addition to the presence or absence of FoxP3 on T cells, the expression
level of this molecule plays a crucial role in Treg function. In other words, when they have more
FoxP3, they have more suppressive power (57).

CTLA-4, 11-2 receptor CD25, TGFp, IL-10, IL35 are other means that help Tregs perform their
function (58). Generally, with activation of the effector T-cells, expression of the CTLA-4 ligand
will increase. In contrast, Tregs upregulate this ligand only during the resting condition. CTLA-4
competes with CD28, the co-stimulatory (activating signal) for the T-cell to bind to the CD80/86

on APCs.



CD25 is another suppressor marker that expresses by Tregs and has a high affinity for IL-2. IL-2
is a cytokine that considers as a critical mediator for the activation and proliferation of the T-cells.
Recently, scientists found that Tregs expressed a high level of the Glucocorticoid-induced TNF
receptor (GITR), which contributes to their suppressive behavior (59).

Tregs, alongside the tumor and stromal cells, cause immature myeloid cells recruited to the TEM
(37- 39). These cells also suppress the T cells and are known as myeloid-derived suppressor cells
(MDSCs). MDSCs are closely related to neutrophils and monocyte while they are only generate
and differentiate during chronic inflammation of bone marrow. Generally, whenever a pathogen
gets recognized by the immune system, we should expect expansion and activation of the
neutrophile and monocyte. This incident caused a series of events such as robust phagocytosis,
respiratory burst, and production of pro-inflammatory cytokines that led to the inflammation.
Additionally, we can see an elevation of MDSCs’s number with tumor progression (42). Generally,
the high number of the MDSC:s is a sign of the malignancy and poor prognosis of cancer such as
melanoma. In general, MDSCs are considered an obstacle for immunotherapeutic agents.
Tumor-associated macrophages (TAMs) can also inhibit T cell activities and thus suppress the
immune system. TAMs can exist in the form of the M1- like and can generate IL-12 and IFN-y
that suppress tumor growth , or M2-Like that produce IL-10 and have increased scavenger
mannose, galactose E, and C-type receptor which facilitate the tumor growth. In other word, TAMs
can either suppress the immune system or activate it.

The tumor-infiltrating dendritic cells (DCs) are another group of cells that reside in TME and
influence tumor growth. It is known that CD103+ myeloid dendritic cell, creates a robust anti-
tumor effect in TME. However, these cells are extremely rare, and tumor can find a way to reverse

their impact (46). Tumor cells can produce vascular endothelial growth factor (VEGF), to prohibit



DCs maturation (50) since immature DCs can suppress the innate or adaptive immune system. For
example, immature DCs degrade the arginine by arginase I receptor which is a requirement for T

cell activation (51, 52).

Immunotherapy

The field of cancer immunotherapy, also known as immuno-oncology, created in the late 19th
century, when a physician in New York treated his patient for the first time with immunotherapy.
Dr. William B. Coley injected a mixture of the killed bacteria at the tumor site and named it Coley’s
toxin (43). Although Dr. Coley’s method was successful in some of his patients, immunotherapy
did not become popular for the next several decades due to the discovery of other forms of therapy
such as chemotherapy.

In 2013 cancer immunotherapy was nominated by science magazine as the breakthrough in the
field of cancer. In recent years, immuno-oncology has found its way as a most promising
therapeutic technique that provides a paradigm shift for cancer treatment. Unlike traditional cancer
interventions such as surgery, chemotherapy, and radiation, immunotherapy works with an
individual’s immune system. Also, it has the potential for generating long-term responses against
the primary, metastatic, and recurring tumor after initial therapy. This effect of immunotherapy is
possible only if 1) tumor-associated antigen released in the TME, 2) APCs take up this neo-antigen,
3) naive lymphocytes get activated by primed APCs and migrate to TME, and finally 4) activated
the lymphocyte that can recognize and destroy the tumor (60). If this process is interrupted or not
executed accordingly tumor can evade the immune system and continue to grow.

In general, the immune system will react against tumors in three sequential steps: elimination,

equilibration, and escape (Fig 1). In the elimination step, both innate and adaptive immune systems



such as Natural killer cells (NK), macrophages, lymphocytes are engaged to destroy cancer before
it gets clinical. These steps required cytotoxic mechanisms such as perforin, TNF-2 related
apoptosis-inducing ligands, and reactive oxygen species. However, some cancers can skip this
phase and enter the next stage, “equilibrium,” in which they become dormant due to the presence
of immune cells such as T cells. During this phase, the tumor starts to edit its genome and change
its immunogenicity. As a result, tumors cannot be recognized by the force of adaptive immunity.
So, they become insensitive to immune effectors and create an immunosuppressive environment
in the tumor microenvironment. Next, these immune-insensitive cells can enter the skip phase and
form a new tumor that immune system cannot maintain (13,14,15). Based on this finding,
immunotherapies need to re-induce the anti-tumor immunity to eliminate these insensitive immune
cells. Thus, most of these treatments attempt to activate the tumor-infiltrating T cells that become
nonfunctional in the TME (44). These days immunotherapies consider as 5th pillar of cancer
therapy due to their effect. Immunotherapy comes in many shapes and forms. Immunotherapies
can be proteins, such as aforementioned cytokine therapies IL2 and IFN-o, adoptive cellular
therapies like CAR-T cells, cancer vaccines, or the checkpoint blockade such as PD-1 or

CTLA-4.

Cytokine therapy

One of the first cytokine that got approved by U.S Food and Drug Administration (FDA) in 1995
was IFN-a (2b). Physician used cytokine as an adjuvant therapy for resected stage IIB/III
melanoma, due to its stimulatory roles on various immune cells such as lymphocytes and dendritic
cells. Later in 1998, FDA recognized and approved usage of the IL-2 for the treatment of the

metastatic melanoma. IL-2 is an anchor cytokine and is used as T cells’ growth stimulant.



Adoptive cellular therapies

Adoptive cell transfer is another method to stimulate patient immune system. Example of this
method is isolation, ex-vivo modification and re-infusion of the T cell for each individual known
as adaptive T cell transfer. One of the famous examples of this category is chimeric antigen
receptor T cell therapy know as CAR- T cells therapy. In this method immune cells can be
extracted from either tumor cells or from patient’s blood. One of the advantages of tumor
infiltrating lymphocytes (TIL) in compare to patient’s blood mono nuclear cells (PBMC) is that
they already being primed with tumor neo-antigens so they can act more specific against tumor.
However, we won’t be able to isolate many TIL cells from TME (61, 62, 63).

Dr. Zelig Eshhar designed and used CAR-T cells for the first time to treat invitro tumor and
named the cells “T-bodies” (64). Dr. Eshhar’s CAR-T cells incorporated with intracellular motif
from CD3 zeta chain to simulate the phosphorylation signals from the TCR complex that initiates
T cell activation. Later, scientist advanced this technology and developed other generation of the
CAR-T cells (65). Although CAR-T cell therapy has shown enormous success for treatment of

some cancers such as hematopoietic cancers, they have limited efficacy in solid tumors (66).

Cancer vaccines

Cancer vaccine is another format of the immunotherapy. Rational behind this method is that in
addition to boosting immune system via vaccine’s adjuvant, inoculation with tumor neo-antigens
will allow patient’s adaptive immune system to develop a response against them which can end up
to tumor clearance. cancer vaccines can be classified into three groups including 1- cellular, 2-

viral, 3-molecular.
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Sipuleucel-T is an example of the cellular vaccine that got FDA approval and has improved
patient’ survival time up to 4.5 months. In this method patient’ dendritic cells utilize with
granulocyte-macrophage colony-stimulating factor (GM-CSF) and prostatic acid phosphatase, and
then reinfused back into the patient (67).

Viral vaccine takes advantage of the nature of patient’s immune response to virus. In this method
Viral vector is engineered to express tumor antigen and thus its prime the innate and adaptive
immune system against these proteins (68, 69). One of the limitation factors for this method is that
when adaptive immune system got stimulated against the viral vector, they produce neutralizing
antibody. In this case viral vector don’t have enough time to reach and infect the cells and reach
out to their purpose, depositing tumor antigens. TroVax vaccine is an example for this method that
is under trial for treatment of the metastatic renal carcinoma.

Molecular base vaccines use the peptide, RNA or DNA that encode the tumor antigens as a
triggering point for immune system. This protein can be natural protein that tissue express in
abnormal way or can be neo-antigens. One of the main challenges of this method is that TIL that
strongly react to antigen and remove it during central and peripheral tolerance. Therefore, presence
of the adjuvant is necessary to stimulate the low affinity T cells (70, 71). Other downfall of the
molecular based vaccine is antigen expression in non-cancerous cells can lead to on-target off-

tumor toxicity (72).

Immune Check-point Blockade (ICB) mechanism of effect

The idea of using immune system to fight the cancer has been around for more than a decade and
faced a lot of ups and downs along the way. Late19'" century was the first time that the concept of

using patient’s own immune system to fight the cancer was used in medicine and immuno-
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oncology was mostly focused on the way to activate the T cells. Since then, advancement in science
allows us to better understand how this system operates. Based on these studies, scientists were
able to revolutionize the immune checkpoint modulators and field of immuno-oncology and
transform immunotherapy as a 5 pillar in cancer therapy regimen. These fundamental studies also
revealed that inhibitory pathways can be modulated to generate powerful T cell responses with
subsequent tumor elimination. That led to the successful development of immune checkpoint
blockade (ICB) as a potential curative cancer therapy.

Immune checkpoints (IC) are the co-inhibitory target or ligands on the surface of immune cells or
tumors that disable the innate or adaptive immune system. Upon engagement of these proteins,
immune cells are generally suppressed, either at the tumor killing stage or the activation stage in
the case of T cell checkpoint pathways. Thus, by blocking these immunomodulatory complexes
(checkpoint pathways), we can harness the immune power to wipe out the tumors and create a
long-term immunity (16,17).

Cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4) discovered by Dr. James P Allison in late
1990 and programmed death-1 (PD-1)/programed death ligand-1 (PD-L1) discovered by Dr.
Tasuku Honjo 1991, are some of the examples of the known ICB. Their discoveries led to a Nobel
prize in field of physiology in 2018.

Monoclonal antibodies that block these co-inhibitory receptors can reactivate T cells and destroy
cancer cells. Many of these antibodies have shown unprecedented success in the clinical trials of
wide range of advanced stage malignancies. To date, FDA has approved some of these antibodies
such as Lipilimumab (CTLA-4 blockade) and Pembrolizumab and Nivolumab (PD-1 blockade)
for melanoma cancer treatment. FDA even designate the “breakthrough therapy” title for PD-1

blockade antibodies. These therapeutic agents create an exceptional improvement in the field of
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cancer therapy and often were able to create a durable response with low toxicity in most patients.
However, only a small fraction of the cancer patients’ tumors are responding to this therapy.
Therefore, one of the big challenges in the field of immuno-oncology is to understand the
mechanisms of resistance to ICI and learn how to increase the proportion of patients benefiting
from it, while controlling the treatment toxicity (73). One way to overcome this challenge is to
evaluate tumor genomics and discover another immune-modulator pathway that trigger and boost
anti-tumor immunity. Hence, other inhibitory effectors such as T cells or NK cells and the roles

they play to suppress the immune system is attracting considerable research interest.

NK cells

In early 1970 a new subset of lymphocyte had been discovered in mice and it got famous because
of its spontaneous cytotoxic capacity against tumor without the help of other cells such APCs.
These cells are known as natural killer cells (NK cells) (74). 5-20% of the circulating lymphocytes
consist of NK cells. NK cells are like granular lymphocytes, they can produce memory cells
without having random mutation capability in their germline. (75). They will be abundant in
lymphoid tissue such as lymph node, spleen, and tonsils (76). NK cell can be differentiated from
lymphocyte through some phenotypic features like presence of CD56 or absence of T cell marker
(CD3). CD56 is an isoform of the neural cell adhesion molecule (N-CAM) that express by NK
cells, some T cells and cancer cells (Lanier et al., 1989). NK cells are also expressing low-affinity
receptor for the Fc portion of IgG known as CD16 (FcyRIIIA).

Natural killer cells can kill the virus-infected and transformed cells without any priming signal
through secretion of cytokines like [IFN-y, Tumor necrosis factor-a (TNF-a). NK cell activation is

tightly regulated by the balance between signals (activation or inhibition) they received. They
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particularly get activated when they recognize stress induces ligand, and as a result, they can
eliminate the potential threat. NK cells can bind to their ligands via two mains mechanistic: 1-the

Antibody Dependent Cell Cytotoxicity (ADCC) and 2- the Natural Cytotoxicity.

Antibody Dependent Cell Cytotoxicity (ADCC)

Complete activation NK cells require a combined signal of two or more activation receptor on NK
cells. CD16 (FcyRIIIA) is one of these receptors that normally present by mice and sub population
of the human (CD56P™) NK cells. CD16 is a low affinity receptor for the Fc portion of the mouse
or human IgG class antibodies. This interaction activates NK cells and enable them to exert ADCC
against their antibody coated targets (81, 82). In the presented research, I conducted an experiment
to demonstrate the importance of CD16-mediated ADCC in anti-cancer immunity and innate

memory formation (83).

Natural Killer cell Group 2

Natural killer cell group 2 (NKG2) receptors are considered as C-type lectin-like family receptor
and they can activate or inhibit the NK cells (84, 85). NKG2A has inhibitory roll while NKG2C
and NKG2D have activating functions. NKG2A and NKG2C are forming a heterodimer via
disulfide bond with CD94 receptors whereas NKG2D does not associated with CD94. In healthy
individual (under the normal condition), NKG2A receptor has higher affinity to bind to is ligand
compared to NKG2C/D. Thus, inhibitory condition always dominates the activation signals.
Although NKG2A consider as extra-cellular receptor but transmit its signal through cytoplasmic

immune tyrosine-based activating motif (ITAM) (86, 87). NKG2A complex has two ITIMs which helps to
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relay inhibitory signal of NKG2A by recruiting the phosphatases SHP-1 and SHP-2 (88- 90). SHP-1 and
SHP-2 are dephosphorylated and thus deactivate the activation signaling cascade of NK cells.
NKG2A/CD94 heterodimer binds to non-classical MHC-I (HLAE/Human or Qal/mouse). HLA-E and Qa-
1° normally present short (9 amino acid) proteins (peptides) on their surface. These peptides are derived
from the leader segments of other MHC-I proteins. Since HLA-E and Qa-1° are consider as surface marker,
and their peptide derived from MHC-I molecules, we can monitor the total expression of MHC-I on tissues.
This is often gotten impaired upon viral infection or malignant transformation of cells.

MHC-I is expressed on all nucleated cells, preventing the normal cell from being lysed by NK
cells. When cells get infected by a virus, MHC-I expression will down-regulate, and CD8+ T cells
can no longer recognize the abnormal cells. However, this downregulation can initiate NK cell
activation. MHC-I alone is not sufficient to activate the NK cell. Thus, co-expression of the other
ligand such as Killer Immunoglobulin-like Receptor (KIR) is necessary for NK cell activation.
CDY94/NKG2C/E/H and NKG2D are members of the KIR ligand.

KIR are type-I transmembrane glycoprotein and they composed of multiple Ig-like D domain in
their structure as KIR2D/KIR3D (91, 92). They also expressed a cytoplasmic tail for their roles in
inhibition or activation signal transduction (93). Inhibitory KIR normally have the long tail which
include ITAM and suppress NK effectors upon their binding to their ligand. The importance of
NK cells in anti-tumoral immunity exploited in clinical application of new therapeutic such as NK

mediated ICB antibodies.

NK cell-based immune checkpoint blockade

By development of numerus ICB such as a-PD1 or a-CTLA-4, field of immuno-oncology have
seen substantial advances. However, due to some intrinsic resistance, only a small proportion of

patients have benefited from ICB. Recent studies demonstrated that NK cells as innate lymphoid
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cells play an important role in tumor surveillance and prevention of the malignancy recurrence.
According to these researches, NK cell based immuno-therapies showed great potential against
solid and hematologic tumors. KIRs, LIRs, and NKG2A are classical NK cell receptors that can
hinder the efficacy of the NK cells in TME. Thus, blocking of other inhibitory pathways create a
significant research success in the field of ICB.

CD94/NKG2A interaction with its ligand non-classical MHC-I (HLAE/Human or Qal/mouse), is
one the mechanistic for tumor to evade the immune system. Thus, by blocking this interaction, we
can aid our patients in their battle with tumors through unleashing the power of NK cells. In the
presented research, we discovered a single domain monoclonal antibody (mAb) that recognizes
the non-classical peptide MHC-I complex of the mouse (Qa-1°/Qdm). With the help of this

antibody, we tried to block the axis points mentioned above and answer a lot of unknown questions.

Monoclonal antibody (mAb) therapy

Monoclonal antibody (mAb) is considered as established modality for cancer immunotherapy due
to their selectivity and specificity. Antibodies can be used to inhibit growth of tumor cells via
targeting moieties of effector domains. Many mAbs are designed to recognize the tumor cell
markers and interfere with the function of these targeted proteins, e.g., blocking growth factor
receptor or inducing apoptosis. mAbs can also opsonize the tumor cell and the mark them to be
attacked by the Macrophages, NK cells and complement system. Since the approval of Rituximab
in 1997, more than a dozen mAbs have been approved for cancer treatment. Ipilimumab mAb
which binds to CTLA-4 protein was the first mAb that got FDA’ approval as an ICB.

Monoclonal antibodies depend to their mode of action, can be classified into 4 different groups:

1- antibody make their target more susceptible to be recognized and attacked by immune system
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(94, 95). For example, Rituximab can bind to its target CD20 protein on B cell lymphoma and
make it more susceptible to immune attacks. 2- antibodies that slow and eventually stop the tumor
growth upon binding to their target. Cetuximab is binding to epidermal growth factor on head and
neck tumor and slow tumor growth. 3- anti-angiogenic mAb that reduce the oxygen and nutrient
supply in tumor such as Bevacizumab targets the vascular endothelial growth factor (VEGF) on
tumor. 4- mAb that can transfer the drug payload to the tumor. ibritumomab, approved for non-
Hodgkin's lymphoma, and trastuzumab-emtansine, which is approved for treatment of HER2-
positive breast cancer is example of this group.

mADbs can also be classified based on their structure: naked, conjugated, and bi-specific categories.
Bi-specific particularly has the capability to recognize two different targets at the same time, even
on two different cells. For example, blinatumomab can binds to CD3 on T cells and CD19 on
tumor to enhance the immune mediated tumor destruction.

Naked antibodies have a capability to bind to their target and activate tumor destruction via

immune-mediated mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) (96).

Single domain monoclonal antibody (Nano body/VyH)

Monoclonal antibodies have changed the field of cancer therapy with impressive achievements in
the treatment of both hematological malignancies and solid tumors (3). However, their delivery
path to tumor in vivo is hampered by the large size (150 kDa) of conventional antibodies.

In 1989, Professor Raymond Hamers team at the Vrije Universiteit Brussel (VUB) changed the
perspective of canonical antibody. His team analyzed total and fractionated immunoglobulin G
(IgG) molecules in the serum of a dromedary camel and concluded that their antibodies lack the

light chain. There is unforeseen discovery of antibodies with only heavy chain (HCAbs) was the
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result of a student’s project in Dr. Hamer’s groups. He tried to develop a diagnostic assay for
trypanosomiasis infection in water buffalos and camel. Hamer’ groups later introduce the ViH
terminology for the first time to the word. VyH means a VH domain derived from camelid heavy
chain antibody.

With this new finding it become essential for the scientist to evaluate and characterize this newly
found IgG in the sera of new word camel (Lama pacos and Lama glama). Their first aim was to
understand and compare the binding capability of these newly found IgG with their counterpart
conventional IgG.

The presence of the truncated form of heavy chain antibody with no light chain so called heavy
chain only antibody previously been reported in human (97-99). However, due to the massive
mutation and deletion in heavy chain’s framework (VH) and constant region-1(CH-1), these
antibodies have no functional activity in human (100, 101). By contrast, llama’ antibodies
showed to have strong affinity for their target antigens. Therefore, possibility of being able to
isolate stable and soluble VyH antibody with nanomolar affinities against their target, creates a
very early-on promise of these molecules as high-affinity binding moieties.

Camelid antibodies have a unique anatomical structure compared to the so-called conventional
antibodies. Single domains mAbs are considered as homodimer by their nature and have only
variable domains of heavy chain (VnH). Also, they don’t have a first constant region (CH1), as
they don’t process the light chain. Published data on genomic and cDNA of camelid antibody
(VrH genes) have shown that they have homology to the human VH3 family of clan III.
However, there are several key amino acids substituted in their FR2, namely, Val37 — Phe/Tyr,
Gly44 — Glu, Leud5 — Arg, and Trp47 — Gly (Kabat numbering), and they are encoded by a

distinct subset of germline V genes (102, 103). Furthermore, recent published studies showed the
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presence of genes belonging to IGHV families 1, 3, and 4 (human clan I and III) in alpaca and
llama. They uncovered new camelid genes (V gene) which are highly homologous to the human
IGHVS and IGHV7 families (human clan II). Although, they couldn’t find any similarity
between human clan I and camelid antibody (104), V genes in camelids identified to have close
relation to the human VH4 family (clan I). These VH4 homology contribute a lot to the
solubilizing VhH residues in FR2 and classical antibody repertoire structure in camelid family.
Like these published data, several structural studies have suggested that due to the loss of light
chain (VL region), ViH have gained complexity in their structure through involving more
residues in antigen binding compared to classical VHs that create some new features for them
(105).

Some of these unique feature carries by VhH mAbs makes them a novel candidate for
immunotherapy. Compared to conventional antibody, they are very small (2.5 nm in diameter and
about 4 nm in length, ~15 kDa) and for that reason they named nanobody (Fig. 2). They have
longer complimentary determining region-3 (CDR-3) compared to conventional antibodies (106).
Because of this feature, they would be able to interact with broad range of the protein target that
normally are not antigenic to canonical antibodies (107-109). Camelid antibodies have high
affinity and specificity (equivalent to conventional antibodies), high thermostability, relatively low
production cost, ease of genetic engineering, format flexibility or modularity, low
immunogenicity, and a higher penetration rate into tissues (110-112). Good solubility and strictly
monomeric behavior are another characteristic of single domain antibodies. This is due to
replacement of the large, bulky, and hydrophobic residue of their frameworks with small,
hydrophilic amino acids (113, 114). They also have more disulfide bond between their CDR

regions. These bonds stabilize the CDR regions and counteracts the destabilization by the
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framework region-2 hallmark amino acids. Second, they rigidify the long third antigen-binding
loop, leading to a stronger antigen interaction.

ViHs have short half-life in blood circulation which makes them suitable candidate to certain
applications such as delivery of radioisotopes or drug payload to tumor or tumor imagining where
rapid clearance is required. However, the pharmacokinetic behavior of ViHs can improved and
extend their half-lives via using different techniques, including fusion to serum albumin or
PEGylation or an anti-serum albumin moiety (115-117).

ViHs antibodies can also undergo certain modification to reduce their immunogenicity such as
humanization while maintaining their affinity and specificity (118-119). However, like any other
antibodies that has non-human origin (even though fully humanized), immunogenicity and toxicity
of these antibodies still must be investigated empirically.

Since 2016, more than 120 different VyH antibodies have been developed against important
therapeutic targets relevant to in vivo imaging, hematology, oncology, infectious diseases,
neurological, and inflammatory disorders which with some of them being successful in their
clinical trials (104).

One of the unique characteristics of VuHs is their ability to target antigenic epitopes at locations
which are difficult to access by large molecules such as conventional monoclonal antibodies
(mAbs). For example, intracellular targets or epitopes concealed from mAbs in protein structures
such as G protein-coupled receptors (120-124).

ViHs can be very useful for the generation of the bispecific antibodies due to their simple design
and relatively small size compared to other antibody fragments. This will result in better
penetration rates in solid tumor, ease of fusion to a heterodimerization motif and avoid issues

related to some linker peptides such as aggregation and immunogenicity (127-130). Based on
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recent research published by Li T et al, some VyH antibodies, can pass through human brain
endothelial cell layers “blood brain barrier” (105, 131). Therefore, VyH antibodies can be
engineered to carries a payload (e.g., chemotherapy drug or radioisotope) to deliver their cargo to
the brain malignancy (132).

Although the vast majority of engineered ViH domains were obtained using phage display as
platform technology (104,105), it has been shown that such antigen-specific single-domain

antibodies can readily be isolated using yeast surface display (YSD) (133).

Expression and selection of the VyH antibody using yeast display technologies

Antibody display on the surface of the yeast is known as an established method in discovery of the
new therapeutic agent. In particular, yeast display has been effective tools in expression and
development of single domain antibody (VnH) against various targets such as single chain T-cell
receptor (134), carcinoembryonic antigen (135) and calmodulin (136). Moreover, yeast display is
a robust system for development of the antibodies with some advantages compere to other types
of display technologies such as Phage display, Ribosome display and E-coli periplasmic display.
Simultaneous screening against multiple antigens (protein, peptide or hapten) and stable
propagation without expression bias are some of yeast display benefit.

Yeasts have a secretory pathway like the higher eukaryotes, and they have post translational
modification which is needed for most of eukaryotic function proteins. This capability enables
them to produce proteins that are folded in their endoplasmic reticulum, where chaperones,
foldases and a quality-control mechanism ensure that only properly folded proteins are secreted

by yeast display.
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Particularly selection of high affinity antibodies in phage display system is often hindered by
different variables that selection procedures is dependent on such as antibody expression levels.
However, yeast display system can overcome this issue because their antibody repertoires
expressed on them can be screened by both affinity and display level using fluorescent-activated
cell sorting “FACS” (137). Also, by using FACS selection in the antibody discovery procedure,
we can determine the affinity of antibodies, their stability and their extracellular expression
directly in one display format without relying on the time-consuming procedure of subcloning,
expression and purification of phage display system (138).

Saccharomyces cerevisiae, Pichia pastoris, Yarrowia lipolitica and Hansenula polymorpha are
some of the yeast strains that can be used as display system for antibody discovery system. In this
work, we used S. cerevisiae to display our nanobodies. The alpha agglutinin proteins (Aga-1 and
Aga-2) are complementary cell adhesion glycoproteins in the Saccharomyces cerevisiae that is
anchored to the cell wall. We fused display nanobodies to the C-terminus of the Aga-2 protein
which bound via two disulfide bond Agal (parts of yeast genome). Aga-1then serves as an anchor

for expressed nanobodies to the yeast cell wall (Fig. 3).
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Chapter 1 1: The cancer immunoediting concept.

Three sequential steps of cancer development: phase 1: elimination: control of cell growth
associated with induction of tumor-specific immune responses; phase 2: equilibrium: latency
where cancer growth is prevented by several immunologic mechanisms; and phase 3: escape:
uncontrolled tumor growth, due to genetic instability related to cancer. (DC dendritic cell, NK
natural killer cell, M$ macrophage, NKT natural killer T cell, CTL cytotoxic T lymphocyte, Thl
T helper 1, PD-L1 programmed death-ligand 1, IDO indoleamine 2,3-dioxygenase, IL

interleukin, IFN interferon, TGF transforming growth factor)

23



Conventional antibody Camelid antibody Nano bodies (ViH)
150 kDa 90 kDa 15 kDa

S
il
il

Chapter 1 2: Schematic comparison of the conventional, heavy chain only (HcAbs) and

ViH antibodies

Schematics represent the structural difference of the (right) conventional immunoglobulin,
(middle) camelid heavy chain immunoglobulin, and (left) VhH derivative of camelid antibody

(Nanobody). The molecular weights for each antibody (in kDa) are also featured.
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Chapter 1 3: The principle of using a-agglutinin in the yeast surface display.

The ViH (pink) is displayed as an Aga-2 (green) fusion protein on the surface of yeast.
Expression can be detected by using fluorescent antibodies binding to the epitope tags (blue),
and binding of the VH to a biotinylated antigen can be detected using fluorescent avidin (red).

HA, hemagglutinin; VyH, variable heavy chain; GPI, glycosylphosphatidylinositol linker.
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One Sentence Summary: A high affinity TCR-like antibody with binding selectivity for the
non-classical MHC Qa-1%/Qdm peptide complex enhances NK lysis of tumor cells by blocking
the NKG2A: Qa-1° (HLAE) axis

39



ABSTRACT

The NKG2A/HLA-E axis is an immune checkpoint that suppresses immune effector activity in
the tumor microenvironment. In mice, the ligand for the NKG2A/CD94 inhibitory receptor is the
non-classical MHC molecule Qa-1°, the HLA-E ortholog, which presents the peptide
AMAPRTLLL, referred to as Qdm (for Qa-1 determinant modifier). This dominant peptide is
derived from the leader sequences of murine classical MHC class I encoded by the H-2D and -L
loci. To investigate Qa-1%/Qdm expression and its tumor protective role, we identified a T-cell
receptor-like (TCRL) antibody from a single domain VHH library using yeast surface display. The
TCRL antibody (EXX-1) binds to the Qa-1%/Qdm complex and not to Qa-1° alone or Qa-1° loaded
with control peptides. Flow cytometric results revealed EXX-1 selectively bound to Qa-1%/Qdm
positive B16F10 and TC-1 tumor cells; no binding was observed following genetic knockdown of
Qa-1° or Qdm peptide. Furthermore, EXX-1 antibody blockade promoted NK-mediated tumor cell
lysis in vitro. Our findings show that EXX-1 has exquisite binding specificity for the Qa-1%/Qdm
peptide complex making it a valuable tool for further investigation of Qa-1°/Qdm biology and for

evaluation as an immune checkpoint blocking antibody in syngeneic mouse tumor models.

Keywords: Qdm peptide, Qa-1°, HLA-E VL9 peptide, immune checkpoint inhibitor, cancer,

tumor, B16, TC-1, NKG2A, CD94, NK cells, CD8" T-cells, Effector cells
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INTRODUCTION

The NKG2A axis is a novel immune checkpoint believed to control the cytolytic activity of
effector cells in the tumor microenvironment (1, 2). Blocking this inhibitory pathway has been
shown to promote anti-tumor immunity in cancer patients and in murine tumor models by
enhancing the lysis activity of NK and CD8" T-cells (3, 4). Findings from a recent phase II study
showed clinical benefit in head and neck cancer patients treated with anti-NKG2A antibody,
Monalizumab, in combination with Cetuximab (anti-EGFR mAb) (3). Additionally, a monoclonal
antibody targeting mouse NKG2A receptor has shown efficacy in murine tumor models when used
in combination with PD-L1 therapy or cancer vaccines (3, 4). The ligand for the NKG2A/CD9%4
heterodimeric receptor in mice is Qa-1°, the HLA-E ortholog.

The non-classical MHC molecule (MHC class Ib), Qa-1° is an essentially monomorphic protein
with similar tissue expression as classical MHC class I molecules (MHC class Ia), albeit at lower
levels (5, 6). The Qa-1° molecule presents the dominant nonameric peptidle AMAPRTLLL,
referred to as Qdm (for Qa-1 determinant modifier) that is derived from the leader sequence of
murine MHC class la from the H-2D and -L loci (7-9)). In human cells, HLA-E presents dominant
peptides (‘VL9’ peptides) having sequences nearly identical to AMAPRTLLL that are derived
from leader sequences of MHC class la antigens and the non-classical MHC, HLA-G (1). These
leader peptides are even conserved among the larger mammalian family (10). When cellular
conditions change (i.e., a defect in the antigen processing machinery (APM) such as during
infection or cellular transformation) the diversity of peptides presented by Qa-1° can expand
markedly (11, 12). For example, peptides derived from viruses and bacteria have been reported to
be presented by Qa-1° in infected cells (13, 14) In cancer cells with a defective APM, Qa-1° has

been shown to present immunogenic alternative peptides (9, 15) for recognition by CTLs. Since
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Qdm peptide presentation by Qa-1° directly correlates with MHC Ia expression and APM integrity,
loss of either one results in reduction or even absence of Qdm peptide, indicating that the display
of Qa-1°/Qdm complexes at the surface of cells can act as a barometer for MHC Ia and APM
integrity (16).

More than two decades ago Qa-1%/Qdm (HLA-E/VL9) was found to be the ligand for the NKG2A
receptor (17, 18). The inhibitory NKG2A receptor belongs to the NKG2 family of C-type lectin-
like receptors that also includes two activating variants, NKG2C and NKG2E. NKG2 molecules
pair with CD94 to form functional heterodimeric receptors that interact with Qa-1° (HLA-E) when
complexed with Qdm and VL9 peptides, respectively (19). Interaction of the NKG2A/CD9%4
heterodimeric inhibitory receptor to Qa-1° or HLA-E molecules recruits SHP-1 (protein tyrosine
phosphatase, non-receptor type 6 (PTPN6)) that promotes an inhibitory signaling cascade in the
effector cells to suppress immune activities.(2, 7, 20-22) In addition to NK cells, recent reports
have shown tissue resident and tumor localized CD8" T-cells express NKG2A/CD94 receptor at
markedly higher frequencies compared to circulating CD8" T-cells (23, 24). The currently held
belief is that Qa-1° or HLA-E engage with the NKG2A/CD94 inhibitory receptor when presenting
peptides Qdm or VL9 peptides, respectively, to protect cells from lysis by NK and CD8" T-cells
(25, 26).

Even though healthy cells are expected to express Qa-1° loaded with Qdm peptide, during
infections or in tumor cells alternative peptides can be presented by Qa-1° molecules (9, 27).
Currently, no distinction can be made between the different peptides, including Qdm, that are
presented by Qa-1® complexes in healthy and diseased cells. Novel research tools that could
directly recognize the Qa-1°/Qdm complex or Qa-1° loaded with other peptides, in normal or tumor

tissue would be particularly useful. Such tools would be invaluable in furthering our understanding
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of Qa-1°/Qdm expression and regulation in normal and tumor cells. Additionally, because of the
growing importance of the NKG2A immune checkpoint in cancer immunity, an antibody that
selectively bound to Qa-1%/Qdm complex could be used to explore the potential therapeutic effect
of blocking the ligand side of the NKG2A axis.

To address these points, we generated a T-cell receptor-like (TCRL) or TCR mimicking (TCRm)
antibody to the Qa-1°/Qdm complex. TCRL antibodies have been made to many different
HLA/peptide complexes (28-30), however, to the best of our knowledge, none exist to peptides
presented by non-classical MHC, including the Qa-1°/Qdm complex. To this end, we constructed
a single-domain antibody library for yeast surface display after immunizing a llama with
recombinant Qa-1°/Qdm protein. Screening of the single-domain antibody library for binders to
Qa-1%Qdm yielded a unique clone, EXX-1. Here we characterize EXX-1 and show this TCRL
antibody staining of cancer cells is Qa-1° dependent and Qdm peptide specific and displays
functional activity in vitro by disrupting the NKG2A/Qa-1° axis to unleash NK cytolysis of tumor

cells.

METHODS and MATERIALS
Library Generation and Yeast Library Construction

Immunization of a Lama glama with Qa-1%/Qdm was performed by Capralogics Inc. as described
previously (32) and followed by the construction of a phage display library by Creative BioLabs.
(The immunization protocol was reviewed and approved by the TACUC committee at
Capralogics, and all work was performed under veterinary oversight with strict adherence to
standard operating procedures). To convert from a phage display library to a yeast display

library, an appropriate amount of phagemid was used to cover at least 10x excess of the expected
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diversity. The VHH genes were amplified from phagemid using the forward primers Lla_04,
Lla 05 and Lla_06 and the reverse primer Lla 07 (primer sequence shown in Table I). The
primers were modified to allow for cloning into the yeast display vector. The yeast strain

EBY 100 (ATCC) was transformed with pYES3/Aga2 vector (modified from pYES3/CT,
ThermoFisher) containing cloned ViwH genes according to the protocol of Van Deventer and
Wittrup (33). Multiple electroporations were pooled, with 200 ng of vector and 2 pg of ViH used
in each electroporation. Dilution plates indicated the number of transformants, and colony PCR

was used to quantify inserted sequence quality.

Screening for binders to Qa-1/Qdm complex

For staining and selection purposes, the ViH single-domain antibody library was incubated
overnight in galactose rich media at 30°C to induce expression of antibody molecules for display
on the surface of yeast. Yeasts were resuspended in blocking buffer (5% BSA, 0.05% Tween-20
in PBS) for 30 to 60 min at RT with rotation. Yeasts were then incubated with biotinylated
antigen (Qa-1° /QDM, Qa-1° /GroEL, Qa-1° /DDX35, Qa-1" /Q001 and Qa-1%/Q002) followed by
incubation for 30 to 90 min at 4°C, with incubation time dependent on 1 antigen concentration.
Yeasts were washed with staining buffer (0.5% BSA, 0.05% Tween-20 in PBS) and resuspended
in staining buffer containing anti-flag tag (DYKDDDDK) antibody conjugated with fluorescein
isothiocyanate (FITC) and streptavidin (SA) conjugated to R-phycoerythrin (PE). After a 30 min
incubation at 4°C yeasts were washed 3x and resuspended in staining buffer. Yeasts were
analyzed on a Beckman Coulter CytoFLEX S. Data were analyzed using FlowJo software
version 10. Yeasts were first gated based on FSC and SSC to remove debris, followed by

selection of singlets before analyzing antigen binding (PE) vs VhH expression (FITC). For
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MACS selection, after blocking, yeasts were resuspended in 0.5-1 mL of Qa-1°/Qdm at 1 uM
and incubated for 30 min at 4°C. After washing, yeasts were resuspended in 5 mL of staining
buffer with 400 pL of SA microbeads (Miltenyi Biotec, cat#130-048-101) for 20 min at 4°C.
Yeast were selected for binding to SA microbeads using LS columns (Miltenyi Biotec, cat#130-
042-401). MACS selection was performed once, followed by two rounds of sorting on a FACS

Aria IT (BD Biosciences). For sorting, yeasts were stained as described above.

Mouse tumor cell lines and reagents

The tumor cell lines B16F10, B16F10 Qa-1**, TC-1, TC-1 Qa-1°%°, RMA, RMA Qa-1°% have
been described previously (4). 4T1 and EL-4 were purchased from ATCC. The C1498 cell line
was purchased from Imanis Life Sciences. B16F10.D®knock out cells were described before
(22). Tumor cells were cultured in recommended medium. Cell lines were authenticated and

confirmed free of rodent viruses and Mycoplasma by routine testing by IDEXX.

Antibodies for flow cytometry and peptides

Antibodies specific for anti-mouse NKp46-1 BV421 (29A1.4; cat#137612), SA-APC (405204),
Zombie Aqua Fixable Viability Kit (cat#423101/423102) and calcein-AM (cat#425201),
TrueStain FcX plus (cat#156604), FluoroFix buffer (cat#422101) were purchased from
BioLegend. SA-PE (cat#12-4317-87) was purchased from eBioscience. Anti-Flag-AF488
(cat#IC8529G), anti-mFcg RI/CD64 (cat#290322) were purchased from R&D Systems. Anti-
mouse NKG2A/C/E-PE (20d5; cat#130-105-620) was purchased from Miltenyi Biotech. Anti-
mouse H2DP-PE (28-14-8; cat#A15443), CellTrace CFSE Cell Proliferation kit (cat#C34554)

were purchased from Thermofisher. Antibodies specific for anti-mouse CD3-BV421 (17A2;
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cat#555276), biotin-labeled anti-mouse Qa-1° (6A8.6F10.1A6; cat#559829) were purchased
from BD Pharmingen. AffiniPure Goat Anti-Human (GAH) IgG, Fcy fragment specific
(cat#109-115-098) and AffiniPure Goat Anti-Mouse (GAM) IgG subclasses 1+2a+2b+3
(cat#115-115-164), GAM-APC (cat#115-135-164), GAM-PE (cat#115-115-164), GAH-APC
(cat#109-135-098), GAH-PE (cat#1150098) were purchased from Jackson ImmunoResearch.
InVivoMADb anti-mouse NKG2A/C/E (20d5; cat#BE0321) was purchased from Bio X cell.
CytoFLEX S V4-B2-Y4-R3 Flow Cytometer (Beckman Coulter) was used, and flow cytometry
data were analyzed with FlowJo software version 10.

Peptide Qdm (AMAPRTLLL) was synthesized by MBL International. Peptides D*
(AMVPRTLLL), K¢ MAPCTLLLL), K®(MVPCTLLLL), Q001 (AQAERTPEL, DENN domain
containing protein 3), Q002 (IINTHTLLL, IQ motif containing GTPase activating protein 1),
GroEL (GMQFDRGYL, heat shock protein 60), EPH (TLADFDPRYV, erythropoietin-producing
human hepatocellular receptor), DDX5 (ATPGRKDFL, DEAD box protein 5), glycine/alanine
substituted Qdm peptides (plA—G, p3A—G, p4dP—1 A, pSR—A, p6T—A, p7L—A, and
p8L—A), and lysine-substituted Qdm peptides (Lys-P5 and Lys-P8) were synthesized by

GenScript USA.

Production of Qa-1” peptide monomers

The extracellular domain of mouse Qa-1° containing a C-terminus BirA peptide sequence for
biotinylation and human 2M genes were cloned in pET21(+) vector purchased from Sigma-
Aldrich and transformed into BL21(DE3) Escherichia coli (New England Biolabs). Proteins were
produced, purified from inclusion bodies, and used in refolding reactions with synthesized

peptides to produce Qa-1/peptide complex as described previously (34). The Qa-1%/peptide
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mixture was concentrated, and correctly folded complex was isolated from impurities using size
exclusion chromatography (SEC) and a Superdex 75 (S75) column (GE Healthcare Bio-Sciences
AB). A portion of the purified refolded complex, designated as active monomer, was biotinylated
using the BirA biotin ligase enzyme (Avidity) and purified a second time on the S75 column.
Purified material (unbiotinylated and biotinylated) was analyzed by mass spectrometry to detect
Qa-1° heavy chain, B2M, peptide (indicating peptide loading) and the percentage of material that
was biotinylated (for biotin-labeled molecules). All mass spectrometry work was performed at

the Proteomics Core Lab at the University of Texas Southwestern Medical Center.

Antibody production

The expression tests in mammalian cells were performed in Expi293Fcells (Thermo Fisher,
cat#A14527). The VHH region of EXX-1 or its isotype control, anti-hCD3e VHH, was cloned
into either human pFUSE- hlgG1-Fc2 (cat#pfuse-hglfc2) or mouse pFUSE-mlIgG2a-Fc2
(cat#pfuse-mg2afc2) vector purchased from InvivoGen. Cells were transfected transiently with
expression vectors according to the manufacturer's instruction. Five days 1 post-transfection,
antibody containing supernatants were harvested. The antibodies were captured and purified
using protein-A beads (Genscript Inc cat#L00210.). After buffer exchange into PBS using
Amicon Ultra-4 Centrifugal Filters (EMD Millipore), antibodies were analyzed for correct size
and purity. SDS PAGE was performed under either reducing or non-reducing conditions using
mini-protein TGX stain-free polyacrylamide gels and the mini-protein tetra system purchased
from Bio-Rad. SDS PAGE gels were stained with Coomassie blue for visualization. Additional
purified samples were run on an analytical-grade Superdex-200 column (GE Healthcare

BioSciences AB) for size and purity determination. Larger scale production of EXX-1 mFc and
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associated controls and production of EXX-1 hFc (ES) and EXX-1 mFc (ES) and associated

controls were done by ATUM.

Elisa

High protein binding flat-bottom 96-well plates (Nunc MaxiSorp) were coated with 50 pl of
neutravidin (50 mg/mL in PBS) in each well and incubated overnight at 4°C. Plates were washed
3x with wash/assay buffer (0.1% BSA, 0.05% Tween-20 in PBS). Available protein binding sites
were blocked with 100 pL/well of blocking buffer (5% BSA, 0.05% Tween-20 in PBS) and
incubated for 1 hr at RT. Buffer was discarded, plate washed 3x in wash buffer, and 50 pL of
biotinylated monomer (Qa-1%/peptide complex) was diluted in wash/assay buffer with final
concentrations of 5, 2.5, 1.25 and 0.625 pg/mL and incubated for 1 hr at RT. Plates were washed
4x with assay buffer (200 pL/well) and allowed to soak for 1-2 min before the addition of
antibodies. Antibodies were diluted in the assay buffer with the concentrations of 2.5, 1.25 and
0.625 pg/mL and 50 pL of diluted antibodies (anti-B2m (Thermofisher, clone B2M-01 cat#MA1-
23 19141) and anti-mouse Qa-1° (BD Biosciences, clone 6A8.6F10.1A6 cat#744390) (positive
controls) and isotype control hFc (negative control) and EXX-1 1 hFc (both antibodies were
produced in-house) were added to their designated wells and incubated for 1 hr at RT. Plates
were washed 5x (200 pL/well) before adding anti-human-horseradish peroxidase ((HRP)
cat#109-035-088) or anti-mouse-HRP conjugates (cat#115-035-003, Jackson ImmunoResearch
Laboratories) diluted 1:5000 in assay buffer to designated wells and allowed to incubate for 1 hr
at RT to detect bound antibody. The plate was washed 5x (200 uL/well), and 50 puL of 1-step

Ultra TMB-ELISA substrate solution (BD Biosciences) was added into each well, incubated for
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30 min at RT, followed by the addition of 50 pL of stop solution (1M Hydrochloric Acid) and

read at 450 nm on a Synergy 2 Multi-Mode Microplate Reader (Bio-Tek Instruments, Inc.).

Affinity and binding specificity determined using label-free bioassay system

The binding affinity of EXX-1 was determined using label-free technology (ResoSens
instrument, Resonant Sensors, Incorporated). The dissociation equilibrium constant (Kp) was
determined as follows. Thermofisher Capture Select™ Biotin anti-human-IgG-Fc
(cat#7103262100) diluted in PBS buffer) was immobilized on neutravidin coated Bionetic label-
free microarray plate at 5 pg/mL until binding reached equilibrium. The plate was subsequently
washed 3x with dilution/wash buffer (0.1% BSA, 0.05% Tween-20) in PBS). EXX-1 hFc (10
pg/mL in dilution/wash buffer) was captured by anti-human IgG-Fc until binding reached
equilibrium. The plate was subsequently washed 3x in dilution/wash buffer. The Qa-1%/Qdm
monomer complex (serial dilutions starting at 20 pg/mL in dilution/wash buffer) was added to
wells and allowed to incubate for 20 min to determine the binding association. Then excess
antigen was removed, replaced with fresh wash buffer, and immediately incubated on reader for
approximately 25 min to determine dissociation rate. Binding affinity calculated using
Tracedrawer 1 kinetic analysis software.

Binding specificity was also determined by ResoSens label-free bioassay system using Integrated
ResoVu software was used for data acquisition and statistical analysis (Resonant Sensors

Incorporated).
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Staining of tumor cells

When cultured target cells reached ~70-80% confluence, 20 ng/mL of recombinant mIFNg
(R&D System) was added to the cells and further incubated for 48 hr at 37°C. Adherent cells
were treated using Trypsin-EDTA Solution (Millipore Sigma) and recovered cells were washed
3x with FACS buffer (PBS supplemented with 2% FBS (Gibco) and 2mM EDTA (Invitrogen)).
100,000 to 200,000 cells/well were used for staining

Fc block (mouse TruStain FcX plus) was added to wells with cells and incubated for 15 min at
4°C before adding 50 pL of primary antibody and incubated for 30 min at 4°C. Cells were
washed with addition of 100-150 puL/well of FACS buffer before the addition of secondary
antibody conjugates. GAH-Fc/PE or GAM-Fc/PE was added to wells at 1:100 dilution in FACS
buffer. For detection of biotin-labeled antibodies, SA-PE was added at a 1:50 dilution in FACS
buffer. All samples were stained using zombie aqua viability stain and washed 3x with FACS
buffer. Cells were fixed by adding 100-200 pL/well of FluoroFix buffer before analysis. For
gating, cells were first selected based on FSC and SSC, followed by selection of singlets and live

cells.

Cytotoxic assays with mouse NK cells

The effector cells used were NK cells enriched (EasySep Mouse NK cell isolation kit, StemCell
Technologies) from spleens of na.ve C57B1/6 mice (The Jackson Laboratory, USA), with a
purity >90%. NK cells were incubated at 1x10%mL with recombinant mouse IL-2 (20 ng/mL)
for 24 hr. NK cells were co-cultured at a ratio of 3:1with target cell lines, B16 Qa-1*" or B16 Qa-
1°%° that had been previously incubated with mIFN-y for 48 hrs and which were labeled with

calcein AM. Antibodies were added at 10 ug/mL. Plates were incubated for 24 hrs at 37A3C and
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read at 490nm on a Synergy 2 Multi-Mode Microplate Reader (Bio-Tek Instruments, Inc.). Cell
lysis was calculated according to the formula: [(test release - spontaneous release)/(maximum
release - spontaneous release)] x 100. Spontaneous release represents calcein-AM release from
untreated target cells and maximum release represents calcein-AM release from target cells lysed

with 2%Triton X-100 (Millipore Sigma).

Statistical analysis

The data are expressed as the mean + SEM and were analyzed with unpaired Student’s t-tests
and one-way ANOVA Tukey's multiple comparisons test. Significance was assumed with

*p<0.05, **p<0.01, ***p<0.001 and ****p<(0.0001.

RESULTS

Identification of anti-Qa-1"/Qdm TCRL antibody EXX-1

To generate TCRL antibodies with specificity for Qa-1°/Qdm, a llama was first immunized with
complexes of recombinant Qa-1%/Qdm following the protocol described previously (31). One
week after the final immunization, blood was collected, B-cells enriched, mRNA isolated, and a
yeast display library was constructed and screened for binders. A MACS selection was done (R1
out) using target antigen (Qa-1°/Qdm) at 1uM. The R1 library was checked for binders recognizing
target, and a substantial enrichment was observed in the number of binders recognizing the Qa-
1%/Qdm complex compared to controls (Qa-1°:b2M not containing peptide (Qa-1° no peptide) and
Qa-1° loaded with one of the following control peptides: Q001, Q002, and DDXS5. To select for
binders with enhanced affinity through selective gating, the R1 library was sorted using FACS (R2

out). This was repeated a final time for a total of three selections (R3 out). The R3 library was
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then analyzed for unique binders specific for Qa-1°/Qdm. In total five unique binders were found
and tested for specificity using the panel of control peptides loaded into Qa-1°. One clone, termed
EXX-1 showed the best combination of binding sensitivity (1nM antigen) and specificity for Qa-

1°/Qdm (Fig. 1).

Characterization of the top clone, EXX-1

EXX-1 was cloned into the pFUSE-IgG-Fc expression vector containing either human IgG1
(hFc), human IgG1 with mutations at Leu234Ala and at Leu235Ala “LALA mutations” (hFc
Effector Silent; ES), mouse [gG2a (mFc) or mouse IgG2a with LALA mutations (mFc ES) and
produced in Chinese Hamster Ovary (CHO) cells or Expi293 cells using a transient transfection
protocol followed by purification by Protein-A affinity chromatography. An example of sample
purity was shown for the EXX-1 mFc molecule by SDS-PAGE under reduced (a single band at
41 kD representing monomer VHH-IgG) and non-reduced conditions (single band at ~100kD)
(Fig. 2A) and by observing a single peak by size exclusion chromatography (Fig. 2B). The
binding affinity of EXX-1 hFc was determined with a dissociation equilibrium constant (Kp) of

1.73 nM.

EXX-1 specifically recognizes the Qa-1°/Qdm complex

We next evaluated by ELISA the binding specificity of the EXX-1 hFc to recombinant mouse Qa-
1° loaded with specific peptide Qdm, control peptide Q001 or Qa-1° no peptide. The Qa-1°
monomer samples were coated at 0.25 mg/mL and EXX-1 hFc binding was evaluated at various
concentrations (0.125, 0.062 and 0.031 mg/mL) and shown to be selective for the Qa-1%/Qdm

complex in a dose dependent manner (Fig. 2C). In contrast, EXX-1 hFc displayed little to no
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binding to control antigens, Qa-1°/Q001 and Qa-1° no peptide. Anti-h32M antibody bound to Qa-
1°/Qdm, Qa-1%/Q001 and Qa-1® no peptide indicating the presence of B2M associated with Qa-1°.
In addition, anti-Qa-1° antibody (clone 6A8.6F10.1A6 or clone 6A8) demonstrated presence of
Qa-1° heavy chains in all complexes (Fig. 2C). Next, we assessed by ELISA the detection
sensitivity of EXX-1 hFc. Plates were coated with Qa-1%/Qdm, Qa-1%/Q001 or Qa-1° no peptide
starting at 0.25 mg/mL with 2-fold serial dilutions down to 0.0312 mg/mL. EXX-1 hFc added to
wells at 1 mg/mL showed detection of Qa-1%/Qdm complex, titrating down to background signal
(~0.1 OD450nm) at 0.0312 mg/mL. Only background signal was detected for EXX-1 hFc binding
to controls, Qa-1°/Q001 and Qa-1° no peptide, supporting the specificity of EXX-1 binding for
Qa-1%/Qdm peptide complex (Fig. 2D). Additionally, clone 6A8 and anti-b2M antibody
demonstrated the presence of Qa-1° heavy chain and b2m, respectively. The isotype control
antibody, a VHH single-domain specific for human CD3e containing hFc, did not bind to Qa-
1%/Qdm or control Qa-1° molecules, as anticipated. Taken together, our findings demonstrate that
EXX-1 antibody binding is highly specific even at low antigen concentration for the Qa-1%/Qdm

peptide complex.

We next modified the EXX-1 antibody by replacing the hFc domain with a mFc (ES) domain and
characterized its binding specificity. As expected, the EXX-1 mFc (ES) antibody bound to Qa-
1°/Qdm complex and not to Qa-1° no peptide (Fig. 2E). These data demonstrate that EXX-1
antibody binding is specific for Qa-1>/Qdm peptide complex and binding specificity is not altered
when mFc (ES) is used in place of hFc.

To further characterize EXX-1 mFc (ES), we assessed binding through flow cytometry using 293T

cells transfected with Qa-1° plasmid (293T Qa-1") and parent 293T cells. Cells were either not
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pulsed (unpulsed) or pulsed with 1 mM concentration of peptides Qdm, Q001, GroEL or EPH for
3 hrs at 37°C before staining with anti-Qa-1°-biotin (clone 6A8) plus streptavidin (SA)-PE or SA-
PE alone (control) or EXX-1 mFc (ES) plus goat-anti-mouse (GAM)-PE conjugate or GAM-PE
conjugate alone (control). High frequencies (45-56%) of 293T Qa-1°"* cells stained with the 6A8
antibody, irrespective of peptide pulsing (Fig. 3A), indicating that approximately half of the 293T
cells expressed the Qa-1° molecule. In contrast, the EXX-1 mFc (ES) antibody only stained 293T-
Qa-1%" cells following pulsing with the Qdm peptide, as shown in Fig. 3B. Moreover, EXX-1 mFc
(ES) showed high staining intensity (MFI ~2,000 after subtracting isotype) for Qdm-pulsed 293T
Qa-1%" cells, whereas staining of all control peptides was comparable to parent 293T (Fig. 3B). To
expand our investigation into the binding selectivity of EXX-1, 293T Qa-1°" cells were pulsed
with different concentrations of peptide (Qdm, Q00land Q002), stained with EXX-1 hFc and
assessed by flow cytometry. EXX-1 hFc exhibited significant dose-dependent binding to 293T
Qa-1°" cells pulsed with Qdm peptide at all concentrations (5.0 to 0.0097 mM) and only
background staining to cells pulsed with peptides Q001 and Q002 (Fig. 3C). These results indicate

that EXX-1 antibody retains binding selectivity even in the presence of low target density.

Interferon-y (IFN-y) is required for EXX-1 binding to mouse tumor cell lines in vitro

Next, clone 6A8 and EXX-1 antibodies were used to stain several in vitro cultured murine tumor
cell lines B16, TC-1, RMA, 4T1, EL-4, and C1489 for expression of Qa-1® and Qa-1°/Qdm,
respectively. The results, shown in Fig. 4 A and B, clearly demonstrate a lack of antibody staining,
indicating these mouse tumor cell lines do not constitutively express Qa-1° or Qa-1%/Qdm

molecules. This was not unexpected, as it was previously reported by van Montfoort et al.(4) that
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exposure of cells to recombinant IFNy was needed to induce expression of Qa-1° on tumor cells in
vitro. We thus treated this tumor panel and their Qa-1° knockdown variants (Qa-1° *°) with
recombinant mouse IFN-y (m-IFN-y) before flow cytometric analysis. Results shown in Fig. 4A
reveal that m-IFNy induced Qa-1° expression only in wild type (Qa-1°") tumor cells and not in Qa-
1° % tumor cells. Moreover, we observed EXX-1 mF¢ (ES) staining of wild type B16, TC-1, and
RMA tumor cells and not Qa-1°*° tumor cells after overnight treatment with m-IFN-y, indicating
that IFN-y regulates the expression of not only Qa-1° molecules but also the Qa-1>/Qdm complex
(Fig. 4B). Additionally, only after m- IFN-y treatment did we observed significant tumor cell
staining with EXX-1 hFc. Collectively, these data show that EXX-1 is Qa-1° dependent and Qa-

1°/Qdm complex expression in tumor cells in vitro is dependent on IFN-y.

EXX-1 mFc¢ (ES) binding is specific for the Qdm peptide presented by Qa-1°

To provide additional evidence of Qdm peptide specificity for EXX-1, murine tumor cell lines
B16F10 (wild type) and B16F10.Db X (MHC Db gene knockout) were treated overnight with

m-IFN-y and stained with either anti-Db, clone 6A8 or EXX-1 antibodies. BI6F10 tumor cells
were shown to express high levels of MHC class Ia Db, but genetic knockout of this gene indeed
led to absence of the Db protein (Fig. 5). Since H-2Db is the only classical MHC molecule
delivering the Qdm in C57BL/6 cells, BI6F10.Db ko cells are deficient for Qdm peptide
presentation by Qa-1° (10). Importantly, the B16F10.Db ko cells were not stained with EXX-1,
though staining was still observed with 6A8. Taken together, these data demonstrate that EXX-1
specifically recognizes Qdm peptide in Qa-1° and that B16F10.Db ko cells express Qa-1" alone or

potentially Qa-1° with other peptides in addition to expressing Qa-1%/Qdm peptide complex.

55



Alanine scan analysis to determine EXX-1 interaction with residues of Qdm peptide

To determine which residues of Qdm peptide are critical for EXX-1 interaction, seven mutated
forms of the peptide were synthesized. Each variant contained a single residue substitution with
either alanine or glycine (G1, G3, A4, A5, A6, A7, and A8) and was used to pulse 293T Qa-1""
cells. Peptides with alanine mutations in residues p2 and p9 were not used since these are
primary anchor residues for Qdm peptide binding to Qa-1°(35-37). EXX-1 staining of peptide-
pulsed 293T Qa-1"" cells revealed a marked reduction (>95%) in staining signal when cells were
pulsed with variant peptides G3, A6, A7 or A8 compared to Qdm peptide (Fig. 6A).
Additionally, a more modest reduction of 20% to 60% was observed for EXX-1 staining signal
when 293T Qa-1°" cells were pulsed with peptides G1, A4 or A5 compared to Qdm peptide (Fig.
6A). We concluded that the EXX-1 antibody has broad interaction across the Qdm peptide, but
making 1 particularly critical contact with residues p3, p6, p7, and pS.

Miller et al. (36) demonstrated that only residues p5 and p8 in the Qdm peptide serve as major
contact residues for NKG2/CD94 receptors using variant peptides substituted at p5 or p8 with
lysine. Though both lysine and arginine have basic sides chains, arginine has a bulkier side chain
that engages CD94 and to a lesser degree NKG2A. Leucine at p8 in the peptide is hydrophobic
and substituting lysine for leucine is not tolerated by the CD94/NKG2A receptor (36). To further
assess the mode of interaction for EXX-1 with Qdm peptide, residues p5 and p8 were
individually substituted with lysine and then used to pulse 293T Qa-1+ cells (Fig. 6B). Like the
observed total disruption of EXX-1 binding to Qdm peptide A8 (alanine substitution for leucine),
substitution of the hydrophobic leucine for positively charged lysine, resulted in clear reduction
in EXX-1 staining signal (p <0. 05) suggesting EXX-1 binding requires contact with the

sidechain of leucine. In contrast, substitution at p5 with either an alanine or lysine residue
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yielded an ~50% reduction in EXX-1 binding (p <0.05) compared to Qdm peptide (Fig. 6B). As
anticipated EXX-1 did not bind to unpulsed 293T Qa-1°" cells (Fig. 6B). In total, these results
show EXX-1 contacts multiple residues across the peptide reinforcing the notion that EXX-1

binding is highly selective for the Qdm peptide in Qa-1°.

Blockade of the NKG2A/Qa-1" axis using EXX-1 antibody unleashes NK cell mediated lysis
of tumor cells in vitro

Having established that EXX-1 binding was specific for the Qa-1°/Qdm complex, we attempted
to determine whether EXX-1 could unleash NK cell lysis of B16 tumor cells by disrupting the
NKG2A/Qa-1° axis. Enriched mouse NK cells cultured in the presence of recombinant mouse
interleukin-2 (r-mlIL-2) for 24hr were tested for cytolytic activity using m-IFN-y-stimulated B16
Qa-1°" or B16 Qa-1**° cells as targets. As shown in Fig. 7, NK cells with PBS control displayed
significantly greater killing (>30%) of B16 Qa-1°*°cells compared to B16 Qa-1°* cells,
exhibiting the inhibitory power of Qa-1°. When NK cells were treated with blocking NKG2A
antibody, target cell lysis was restored to the level of Qa-1 knockout B16F10 cells. Importantly,
EXX-1 mFc (ES) showed identical improvement in tumor cell killing (~30%) as compared with
NKG2A blockade. Because EXX-1 mFc (ES) was an Fc-inert variant, killing was not FcR-
mediated but rather the result of disrupting the NKG2A axis. Furthermore, the isotype control for
EXX-1 mFc (ES) did not restore target cell lysis. Collectively, these findings indicate that

EXX-1 is effective at enhancing NK cell cytolytic activity by blocking the NKGA2/Qa-1 axis.
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DISCUSION

In this report we describe a novel research tool, a single-domain TCRL antibody for
investigating the Qa-1%/Qdm complex. The antibody, EXX-1, was characterized for binding
affinity, specificity and blocking activity in vitro. EXX-1 antibody binding selectivity was
demonstrated using several methods, including genetic knockout approaches and alanine
scanning analysis. EXX-1 stained IFN-y treated wild-type B16, TC-1, and RMA tumor cells;
conversely IFN-y treated B16 and TC-1 cells lacking Qa-1° and B16 cells lacking D°, which is
the exclusive source of Qdm peptide, were not stained, demonstrating that EXX-1 is Qa-1°
dependent and Qdm peptide specific, respectively. Furthermore, several additional murine tumor
cells, 4T1, EL-4, and C1498, were stained with EXX-1 but only after overnight incubation with
IFN-y, suggesting that Qa-1%/Qdm expression is tightly regulated by IFN-y in tumor cells.
Results from alanine scanning analysis showed EXX-1 has broad interactions across the Qdm
peptide, providing further evidence that EXX-1 binding is associated with greater peptide
selectivity. Moreover, when the EXX-1 antibody was engineered with an inactive mFc, it was
found to be effective at blocking the NKG2A/Qa-1° inhibitory axis and promoting NK cytolysis
of tumor cells in vitro.

Multiple reports, including those from our laboratory, have described TCRL antibodies and their
use as novel research tools (30, 38-41). TCRL antibodies are generally endowed with high
affinity and target selectivity and because of this have been widely used to detect in real-time
specific peptide loaded Major Histocompatibility Complexes (pMHC) on the cell surface,
helping to further our understanding of antigen presentation and regulation of pMHC complex
expression (39, 42, 43). Though previous reports have described single-domain TCR-like

antibodies (44, 45), to the best of our knowledge the EXX-1 antibody is the first TCRL antibody
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identified that displays specificity for the Qdm peptide presented by Qa-1°. A major challenge of
TCRL antibodies is their tendency to exhibit binding modes focused towards hot spots on the
HLA surface that can lead to a greater degree of cross-reactivity (46). To overcome this potential
limitation, we constructed a single-domain VH library and screened for binders having broad
interactions across the peptide. ViH single-domain antibodies have the smallest antigen-binding
domain amongst antibodies and can have a unique convex paratope architecture that prefers to
associate with concave surfaces of the antigen compared to conventional antibodies (47). The
EXX-1 antibody identified using yeast surface display contacted multiple residues across the
peptide indicating a highly selective interaction with the Qdm peptide in the Qa-1® molecule.
Interestingly, our attempts to find binders from either immunized or naive mouse libraries were
unsuccessful since the binders identified exhibited cross-reactivity, indicating a binding mode
biased toward hotspots in the Qa-1° molecule. Further analysis of EXX-1’s antigen binding
domain is being pursued to determine whether the exquisite selectivity of EXX-1 is due to the
unique nature of the antigen binding pocket afforded by ViH single-domain antibodies. The
small size and unique features of VyH antibodies could be beneficial attributes for generating
highly selective TCRL antibodies. Regardless, EXX-1 provides a unique selective research tool
for pursuing studies into the biology and function of Qa-1°/Qdm complex in healthy and diseased
cells.

Early studies performed by the labs of Drs. Forman, Soloski, and others dissected the dominant
presence of Qdm peptide (AMAPRTLLL) in Qa-1° in mouse tumor cells using alloreactive CTL
clones specific for Qa-1b/Qdm complex and mass spectrometry (7, 21). They reported that CTL

clones specific for Qa-1b/Qdm recognized Qa-1°" /H-2¢" target cells but not Qa-1>*/H-2*" target
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cells (21). Using genetic analysis Forman et al showed that the Qdm peptide mapped to the
leader sequence of DY, D® and L¢ antigens (7). These same groups observed that cells deficient in
antigen processing machinery (e.g., deletion of transporter associated with antigen processing 1
(TAP1)) were not lysed (21). Taken together, these findings provided support for Qdm being the
single dominant peptide loaded in Qa-1° in cells having intact APM expressing MHC class Ia
antigens, H2-D.

Additionally, the Qa-1°/Qdm complex is a ligand for the NKG2A/CD94 inhibitory receptor (17)
expressed mainly on a subset of tissue resident or tumor trafficking CD8+ T cells and on NK
cells (48, 49). Antibodies recognizing Qa-1° have been used to show healthy cells and tissues
express Qa-1°, however, direct evidence for Qdm peptide loaded on Qa-1® in healthy cells has
not been conclusively confirmed. A recent study performed by our laboratory found Qa-1°
expression in resting C57BL/6 splenocytes; conversely, little if any EXX-1 staining of
splenocytes was observed suggesting that under homeostatic conditions Qdm peptide may not be
presented by Qa-1° or alternatively, its density could fall below the detection threshold of EXX-
1. This raises questions regarding Qa-1°/Qdm expression and its role in protecting cells against
lysis from NK cells or CD8+ T-cells.

The human ortholog, HLA-E, is loaded with VL9 peptides and serves as the ligand for the
NKG2A/CD94 inhibitory receptor. Like Qa-1°/Qdm complex, HLA-E/VL9 peptide expression
in healthy cells is speculated and hypothesized to protect against lysis from NK cells and a subset
of CD8+ T-cells (18, 50, 51). To test this hypothesis with human cells, our team recently
generated a TCRL antibody that recognizes HLA-E loaded with VL9 peptides (US Patent No.
10981996). Staining studies have shown this novel research tool is able to recognize most if not

all the leader sequence peptides derived from human MHC class Ia molecules presented by
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HLA-E. In a preliminary study surveying immune cells for HLA-E/1 VL9 peptide expression,
only human monocytes and monocyte-derived macrophages appeared to express the HLA-
E/VL9 peptide complex, though all immune cell populations express HLA-E as demonstrated by
staining cells with clone 3D 12, an antibody that binds to HLA-E independent of peptide loaded
(US Patent No.10981996). Though conclusion of these studies is pending, our early findings
have raised several important questions related to HLA-E/VL9 complex expression and the
biological relevance of HLA-E/VL9 complexes in healthy cells. Parallel studies are now
underway by our group using the EXX-1 antibody to survey murine immune and non-immune
cells as well as various tissues to determine Qa-1%Qdm expression levels in healthy mice. An
absence of EXX-1 antibody staining of immune and non-immune cells from healthy mice would
challenge the hypothesis that Qa-1>/Qdm complexes protect normal cells from lysis by NKG2A+
NK and CD8+ T cells and raise additional questions regarding the role of Qa-1>/Qdm in healthy
cells.

An equally important application for the EXX-1 antibody will be to characterize Qa-1%/Qdm
expression and its regulation during inflammation, infection, and cancer. It has been previously
described that Qa-1° (HLA-E) is upregulated under inflammatory conditions (52). It has been
shown that Qa-1° expression can be increased during viral infection, likely regulated by pro
inflammatory cytokines such as IFN-y and IFN-«a (53, 54). In fact, Zhou et al., showed that
Qa-1°*°mice infected with influenza were able to respond to the virus but were not able to
effectively terminate the CD8+ T-cell response leading to immunopathology (25). This study and
others suggest that Qa-1°/Qdm is upregulated during stress or inflammatory conditions to
downregulate the effector immune response mediated by CD8+ T-cells and NK cells to protect

uninfected cells from unwanted lysis. Recently it has been demonstrated that the regulation of
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Qa-1° expression in tumor cells is IFN-y dependent (4). However, in that study, it was 1 not
known whether Qa-1°/Qdm complexes were being expressed. In our study, we observed EXX-1
binding to all mouse tumor cells evaluated but only after overnight incubation with m-IFN-y,
suggesting this cytokine has an important role in regulating Qa-1%/Qdm complex expression. It
also raises questions regarding Qa-1%/Qdm regulation by IFN-y and perhaps other cytokines in
the tumor microenvironment. To this end, EXX-1 antibody may prove to be an invaluable tool
for detecting and quantifying Qa-1°/Qdm complexes and for elucidation of regulatory pathways
controlling its expression in tumor tissue.

An exciting translational application for the EXX-1 antibody will be to explore its potential as a
checkpoint blocking antibody. Several recent studies have shown that in tumor mouse models the
expression of NKG2A is associated with worse clinical outcome (3, 4). For example, van
Montfoort et al. (4) showed improved anti-tumor effects using B16, TC-1 and RMA tumor
models by combining cancer vaccines with a monoclonal antibody to the NKG2A receptor.
Andr. P et al. (3) reported that antibody blockade of mouse or human NKG2A combined with
anti-PD-(L)1 promotes anti-tumor immunity by unleashing both T and NK cells functions in
vivo as well as in vitro. We show here that EXX-1 mFc¢ (ES) can disrupt the NKG2A/Qa-1" axis
in vitro by binding to Qa-1°/Qdm to enhance NK cell-mediated killing of target cells. Our
findings support further evaluation of EXX-1 as an immune checkpoint blocking antibody in
tumor models. If healthy tissues do not express Qa-1°/Qdm complex, since Qdm is likely the
dominant peptide loaded in Qa-1°in tumor cells, these Qa-1°/Qdm peptide complexes appear to
be the primary ligands for NKG2A/CD9%4 heterodimeric receptors (17, 18), and because the
expression of Qa-1°/Qdm complex is inducible by IFN-y in tumor cells, Qa-1°/Qdm could be a

superior target over NKG2A.. One potential caveat to targeting Qa-1*/Qdm or HLE/VL9
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peptides, is that these molecules also serve as ligands for the related activating receptor, NKG2C.
Regardless, 1 there might be benefits to targeting tumor cells with TCRL antibodies to
Qa-1%/Qdm or HLA-E/VL9 peptide complexes to disrupt the NKG2A axis. TCRL blocking
antibodies could be modified into potentially more potent molecules by engineering enhanced Fc
binding affinity for CD16 (Fc receptor) to mediate antibody-dependent cellular cytotoxicity
(ADCC) or by developing antibodies to carry payloads (cytotoxic or immunomodulatory agents)
while still retaining blocking activity. To assess the potential therapeutic benefits of targeting
Qa-1°/Qdm, future studies will be aimed at evaluating NKG2A axis blockade with EXX-1
antibody or derivative forms of EXX-1 alone or in combination with cancer vaccines, oncolytic

viruses, or other checkpoint blocking antibodies in mouse syngeneic tumor models.
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Chapter 2 1: Yeast display of clone EXX-1.

Staining of the single clones EXX-1 in yeast. Antigen (Ag) binding is indicated in Q2, with

staining for both VHH expression and Ag binding. VHH expression was detected with an anti-

Flag epitope tag. Ag binding of biotinylated antigens was
detected with SA-PE.

64




A

0.0

= MW/Regression

Reduced Non reduced B
150 150
0o S o2 0
75 - 75 40 |
50 50 > 30
— 40.6 —— <
- € 201
37 - 37 -
10 -
0
25 - 25 - 0
20 . 20 .
C N Qa-1°/Qdm
1.5 B3 Qa-1°/Q001
B3 Qa-1° no peptide
£ 1.0
f=
2
<
(a)
o 0.5+
0.0~ $
0.125 0.031
L EXX-1 I
Peptide concentration (ug/ml)
-~ Qa-1°/Qdm
= Qa-1°/Q001 — 150~
-+~ Qa-1° no peptide g_
=
‘= 100
"
(V]
(¢)
% 50
(=
o
(]
_l_—,.lﬁl/. v
=N 2N

0.0 0.1

Peptide Concentration (ug/mL)

0.2

65

4 6 8 10 12

Time [min]
pel
o-B2M Clone 6A8
B Qa-1°/Qdm
=3 Qa-1” no peptide
= ﬁ . -
Isotype EXX-1



Chapter 2 2: EXX-1 binds to recombinant Qa-1°/Qdm complexes.

Characterization of purified EXX-1 mFc by (A) SDS-PAGE under reduced and non-reduced
conditions (A) and by size exclusion chromatography (B). (C) Assessment of EXX-1 hFc
specificity by ELISA. Plates were coated with EXX-1 hFc (0.125, 0.0625 and 0.03201 pg), anti-
B2m (0.5 pg) or anti-Qa-1° (clone 6A8, 0.5ug). Complexes of biotinylated Qa-1° monomers (Qa-
15/Qdm, Qa-1°/Q001 or Qa-1° no peptide) were added at 0.25 pg/mL. (D)Assessment of EXX-1
(1pg/ml) detection sensitivity by ELISA to Qa-1° complexes (Qdm, Q001, no peptide)
immobilized at 0.25, 0.125, 0.0625, and 0.0312 pg/ well. (E) Assessment of EXX-1 mFc
(1pg/mL) binding to immobilized Qa-1°/Qdm

or Qa-1°no peptide using the ResoSens label-free bioassay system. (C-D) Absorbance data are
shown as mean + SD in triplicate and are representative of at least three independent

experiments.
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Chapter 2 3: EXX-1 antibody recognizes Qdm on peptide-pulsed 293T Qa-1°* cells.

Qa-1° transfected 293T cells (293T Qa-1°") were left unpulsed or pulsed for 3 hours at 37°C
with ImM of Qdm, Q001, Q002, GroEL, D¥, K¢ or K® as indicated. Unpulsed 293T Qa-1°*, and
peptide pulsed-cells were stained with (A, top panel and B)1 pg/mL of 6A8-biotin (1° Ab) and
SA-PE (2° Ab) or (A, bottom panel and C) 1 ug/mL EXX-1 hFc (1° Ab) and GAM/PE (2° Ab).
Filled gray denote isotype and black solid line denotes staining with indicated antibody.

(D) 293T Qa-1°" cells were pulsed with a titration (5 to 0.00097 uM) of peptides (Qdm, Q001, or
Q002) and stained with EXX-1 hFc at 1ug/mL. All data are representative of at least three
independent experiments. Mean fluorescence intensity (MFI) = [(MFI of cells stained with 1° Ab
+ 2° Ab) — (MFI of cells stained only with 2° Ab)]. GeoMFI (gMFI) index = [(MFTI of cells stained
with 1° Ab + 2° Ab) + (MFI of cells stained only with 2° Ab)]. Error bars represent mean + SEM

of each data set’s group (triplicates samples).
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Chapter 2 4: Assessment of EXX-1 binding to mouse tumor cells in vitro.

(A) anti-Qa-1° clone 6AS8 (left panel) and EXX-1 (right panel) with (B) summarized data in in
IFN-y stimulated TC1, B16 and RMA parent cells (Qa-1*") and Qa-1°*° cells. Cells were
stimulated with recombinant mIFN-y (20 ng/mL) for 48 hours before staining. (C) anti-Qa-1°
clone 6A8 (left panel) and EXX-1 (right panel) with (D) summarized data in EL4, C1498, and
4T1 cells. Cells were stained with and without incubation with r-mIFN-y (20 ng/mL) for 48
hours. The data presented are the pooled results of three independent experiments. GeoMean
fluorescence intensity (gMFI) = [(MFTI of cells stained with 1°Ab + 2° Ab) - (MFTI of cells stained
only with 2° Ab)]. (A and C) Filled gray represents isotype, dashed black line represents (A)
staining in Qa-1°*° or (C) unstimulated cells, solid black line represents staining in IFN-y

stimulated cells.

70



Db

6A8

100 — 100 — 100 —
H 80 80 80
1 80 = 80 = 60 =
Y— 40— 40— 40 =
20 20 20
0 0 0
e vy oy P e o T — T
-10 10 10 105 -10 105 II:I3 0 II:I:4 ID4 105
100 = 100 = 100
o: 80 = 80 = 80 =
O 80 80 = 60 =
O 40— 40— 40—
— ]
m 20 o 20 = 204
0 0 ) 0
e vy T i e T Y T T T Y T
-10 103 104 105 -‘03 0 10 10 105 II]3 0 II]3 ID4 105

Chapter 2 5: EXX-1 binding is selective for Qdm peptide in Qa-1".

Staining 1 with anti-Db, EXX-1, or 6A8 in B16F10 wildtype (Top panel) or B16F10.Db
knockout cells (Bottom panel). Control reagent is plotted in grey. Indicated antibody is plotted
with a black line Cells were pre-treated with IFNy for 24 hr before staining with antibodies.
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Chapter 2 6: Alanine scan analysis reveals EXX-1 has broad interactions across the

peptide.

Qdm variant peptides were synthesized with (A) a single glycine or alanine residue substitution
at pl, p3, p4, p3, p6, p7, or p8 or with (B and C) substitution at p5 and p8 with lysine and stained
with (A) 1 ug/mL of EXX-1 and (B) 1 pg/mL of anti Qa-1° clone 6A8. 293T Qa-1°* cells were
left unpulsed or pulsed with Qdm, plA—G, p3A—G, p4P—A, pSR—A, p6T—A, p7L—A,
p8L—A, pSR—K, or p8L—L as indicated. (A and B) EXX-1 was detected with GAM/PE (2°
Ab) and (C) clone 6A8 was detected with SA-PE (2° Ab). % of binding to Qdm is calculated as
[(MFI of EXX-1 in cells pulsed with the indicated peptide) <~ (MFI of EXX-1 with Qdm) x100].
GeoMFI (gMFI) index is calculated as [(MFI of cells stained with 1° Ab + 2° Ab) + (MFI of cells
stained only with 2° Ab)]. Data are representative of at two independent experiments. Error bars
represent mean + SD of triplicates assays. The p values were determined with unpaired Student t

test. ****p<(0.0001, ***p<0.001, *p<0.05.
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Chapter 2 7: EXX-1 enhances NK cell cytolytic activity in vitro.

Enriched NK cells isolated from spleens of na.ve C57Bl/6 mice were incubated with rmIL-2 (20
ng/mL) for 24 hr. NK cells were then co-cultured with m-IFN-y -stimulated and calcein AM-
labeled B16 Qa-1°" or B16 Qa-1°*° tumor cells at a ratio of 3:1 (E:T) with or without antibodies
as indicated for 24 hr. Percent cell killing was assessed by measuring calcein-AM release. All
data are representative of at least three independent experiments (n= 3). Error bars represent
mean+SEM within each group. The p values were determined with one-way ANOVA test.
*HA%p<0.0001, ***p<0.0001, *p<0.01.
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TABELS

Table 1. Primers used for yeast display library construction.

Primer Sequence (5’ to 3°)

Lla 04 | ATAGCTCGACGATTGAAGGTAGAGCGGCCGCTTACCCATACGACGTTCCAGACT

ACGCTCAGGTGCAGCTGGTGCAGTCTGG

Lla 05 | ATAGCTCGACGATTGAAGGTAGAGCGGCCGCTTACCCATACGACGTTCCAGACT

ACGCTCAGGTCACCTTGAAGGAGTCTGG

Lla 06 | ATAGCTCGACGATTGAAGGTAGAGCGGCCGCTTACCCATACGACGTTCCAGACT

ACGCTCAGGTGCAGCTGCAGGAGTCGGG

Lla 07 | GATGCGGCCCTCTAGGATCAGCGGGTTTAAACTCACTTGTCGTCATCGTCTTTGT

AGTCTGAGGAGACRGTGACCTGGGTCC

*Bold represents sequence complementary to the V-gene segments.
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ABSTRACT

The importance of the immune checkpoint inhibitors in the field of immuno-oncology implied a
new era in cancer therapy. CD94/NKG2A is a heterodimer inhibitory complex that expressed on
NK cells, in addition to and sub population of the T cells. Mouse CD94/NKG2A receptors
specifically recognize Qa-1® bound to the MHC class I-a leader sequence-derived peptide Qdm.
Qdm is the dominant peptide loaded onto Qa-1° under physiological conditions. Upon this
interaction NKG2A positive cell will debilitate and won’t be able to fight the malignancy.
Therefore, inhibition of this immune checkpoints, which are the source of immune escape for
various cancers, is one such immunotherapeutic dimension. Here, we have undertaken a
comprehensive review to better understand the mode of action of our single domain antibody
(EXX-1) as a checkpoint blockade for Qa-1%/Qdm complex. Our results indicate that our
antibody EXX-1 can recognized properly folded Qa-1° complex only in the presence of the Qdm

peptide.
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INTRODUCTION

Field of cancer therapy has been revolutionized by the discovery of the immune checkpoint
agents. These agents give the physicians, ability, and power to control the rapid growth of
cancerous tissue. These agents known as immune checkpoint blockade (ICB).

Some of the examples of this therapeutic agents are monoclonal antibodies (mAbs) directed
against the PD-1 (programmed-cell death protein 1)/PD-L1 (programmed-cell death ligand 1)
that got FDA”’ approved for use in some tumor (1- 6). However, only proportion of the patient
treated with them develop a strong response against their tumor. Therefore, identification of
other potential biomarkers for development of new therapies is become many researcher goals
now a day. Emerging lines of evidence also suggest that in many tumors’ downregulation of the
classical HLA class I molecules (7), are among many other reasons that tumor specific cytotoxic
CD8" T lymphocytes are not able to attack the tumors. In the other word, loss of HLA class I
expression on tumors is associated with poor outcomes of the malignancies (7- 16).

While majority of study conducted in the field of ICB focus on how to activate and stimulate
CDS8' T cells and thus marsh the strongest anti-tumor response, we realized that this narrative
potentially underestimates the antitumor roles mediated by NK cells in response to ‘immuno-
edited’ tumors.

Some research recently reported that by targeting on blocking NKG2A, we can unleash the
suppressed naive immunity and eventually recruits CD8" T cell to the tumor microenvironment
(TME) (17, 18). NKG2A is an inhibiting receptor expressed on subsets of cytotoxic
lymphocytes and engages the non-classical molecule HLAE (human) or Qa-1° (mouse) (19, 20).
Quick review of the human proteomic revealed that majority of human cells normally keep low

level of HLAE expression. Although trophoblast cells in the placenta and ductal epithelial cells
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in the testis and epididymis are considers as exception since they display high levels of HLAE
expression. This will suggest that HLA-E might have a role in immune tolerance.

One the key factors in stabilization of the HLA-E protein on the cell surface are the availability
of peptide ligands which is related to proper function of the antigen processing machinery of
cells (12, 21). Moreover, these peptides are rather monomorphic and normally derive from the
leader sequences of non-classical MHC class I proteins (named ‘Qdm’ in the mouse and
‘VMAL’ in humans).

Lee N and his team in 1998 showed that maximal expression of the HLA-E expression on the
tumor cells through provision of Qdm or VMAL peptides (11), resulting inhibition of NKG2A-
expressing cells and causes to cancer cells skip and evade immune system. Therefore, to better
understand the mode of action of our antibody (EXX-1) we assessed the binding affinity in

different conditions.

MATERIALS AND METHODS

Peptide Qdm (AMAPRTLLL), Q001 (AQAERTPEL, DENN domain containing protein 3),

VMAL (VMAPRTLLL) and CMV (VMTPRTLVL) were synthesized by Genscript, USA.

Antibody specific for mouse Qa-1° (6A8.6F10.1A6; cat#559828) was purchased from BD

Pharmingen. Anti f2M (B2M-0; cat¥MA1-19141) was purchased from Invitrogen.

Purified anti-human HLAE antibody (3D12; cat#342602) was purchased from Biolegend.
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Binding specificity of EXX-1 was also determined by ResoSens label-free bioassay system using
Integrated ResoVu software was used for data acquisition and statistical analysis (Resonant

Sensors Incorporated).

Production of Qa-1” peptide monomers:

The extracellular domain of mouse Qa-1° containing a C-terminus BirA peptide sequence for
biotinylation and human 2M genes were cloned in pET21(+) vector purchased from Sigma-
Aldrich and transformed into BL21(DE3) Escherichia coli (New England Biolabs). Proteins were
produced, purified from inclusion bodies, and used in refolding reactions with synthesized
peptides to produce Qa-1/peptide complex as described previously (22). The Qa-1%/peptide
mixture was concentrated, and correctly folded complex was isolated from impurities using size
exclusion chromatography (SEC) and a Superdex 75 (S75) column (GE Healthcare Bio-Sciences
AB). A portion of the purified refolded complex, designated as active monomer, was biotinylated
using the BirA biotin ligase enzyme (Avidity) and purified a second time on the S75 column.
Purified material (unbiotinylated and biotinylated) was analyzed by mass spectrometry to detect
Qa-1° heavy chain, B2M, peptide (indicating peptide loading) and the percentage of material that
was biotinylated (for biotin-labeled molecules). All mass spectrometry work was performed at

the Proteomics Core Lab at the University of Texas Southwestern Medical Center.

Affinity and binding specificity determined using label-free bioassay system:

The binding specificity of EXX-1 was determined using label-free technology (ResoSens
instrument, Resonant Sensors, Incorporated).
Biotin label monomers with HLAE or Qa-1° peptide complexes including: HLAE with VMAL,

CMV, HLAE with no peptide and HLAE alone with no p2 microglobulin (B2M), Qa-1° with
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Qdm, Q-001, Qa-1" with no peptide and Qa-1° alone with no B2M diluted in dilution/wash buffer
(0.1% BSA, 0.05% Tween-20) was immobilized on neutravidin coated Bionetic label-free
microarray plate at 5 pg/mL until binding reached equilibrium. The plate was subsequently
washed 2x with dilution/wash buffer (0.1% BSA, 0.05% Tween-20) in PBS). EXX-1, anti 2M,
anti Qa-1° clone 6A8 and anti HLAE antibody (2.5 pg/mL in dilution/wash buffer) and was
loaded on immobilized biotinylated monomers until binding reached equilibrium. The plate was
subsequently washed 2x in dilution/wash buffer followed by immediately incubated on reader for
approximately 30 minutes. Binding specificity calculated using Tracedrawer kinetic analysis

software.

RESULTS
EXX-1 specifically recognizes the Qa-1°/Qdm complex

To understand the interaction mode between our antibody EXX-1 and its target antigen, we used
label-free technology. First, we assess the binding specificity of the EXX-1 to recombinant
mouse Qa-1° (peptide MHC) loaded with its specific peptide Qdm, control peptide Q001, Qa-1°
with no peptide, and Qa-1° heavy chain with no f2M. Based on the obtained data, EXX-1 is
shown to be selective for the Qa-1° /Qdm complex (Fig. 1C). In contrast, EXX-1 displayed little
to no binding to control antigens, including Qa-1%/Q001 and Qa-1° no peptide and Qa-1° heavy
chain. On the other hand, anti-b2M antibody bound to Qa-1° /Qdm, Qa-1° /Q001, and Qa-1° no
peptide indicating the presence of b2M associated with Qa-1° heavy chain. We used anti-Qa-1°
antibody (clone 6A8) as a positive control to demonstrate the presence of a Qa-1° heavy chain in
all complexes (Fig. 1A, 1B ). However, we observed that clone 6A8 only shows binding to Qa-1°

with no peptide and Qa-1° heavy chain while not showing any affinity for the other two antigens.

88



Next, to better dissect and compare the mode of action of EXX-1 and clone 6A8, we denatured
the Qa-1%/Qdm complex. For this purpose, we incubate the biotinylated monomer for 10 minutes
at 60 °C and 37 °C. Bionetic plates were then coated with 5 pg/mL of the denatured Qa-1° /Qdm
(60 °C and 37 °C). Then the affinity of the anti-2 M, EXX-1, and clone 6A8 antibody against
immobilized denatured monomers were measured. We observed anti f2M shows binding to Qa-
1°/Qdm sample heated at 37 °C while losing its affinity for the sample heated to 60 °C (Fig. 2C).
Lack of binding indicates, B2M and Qdm peptides were separated from the complex, and our
protein is completely denatured.

On the other hand, we observed EXX-1 recognize its target antigen at 37 °C while losing its
affinity for the samples heated at 60 °C (Fig. 2A). In contrast, clone 6A8 antibodies only
recognized the fully denatured protein (60 °C heated samples- Fig. 2B). Taken together, our
findings demonstrate that EXX-1 antibody binding is highly specific for folded Qa-1%/Qdm
monomer while clone 6A8 has an opposite mode of action and only recognizes the denatured
peptide MHC complex and Qa-1° heavy chain samples.

Anti-human HLAE clone 3D12 shows the same pattern as clone 6A8 and binds to HLAE protein

regardless of the presence or absence of the peptide (Fig. 3B).

DISCUSSION

Multiple reports, including research published previously by our team, have described TCRm
like antibodies and their potential as novel research tools or therapeutic modules (23- 27). TCRm
like antibodies are generally known for their high affinity and target selectivity. Due to this
characteristic, these antibodies have been widely used to detect peptide-loaded Major

Histocompatibility Complexes (pMHC) on the cell surface. Also, they have the potential to be
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used to further our understanding of antigen presentation and regulation of pMHC complex
expression (28- 30). However, one of the major challenges of these antibodies is their tendency
to exhibit binding modes focused towards hot spots on the HLA surface that can lead to a greater
degree of cross-reactivity (31).This short report unveiled the novel characteristics of our newly
discovered single domain antibody EXX-1 and its mode of action against target antigen Qa-
1°/Qdm peptide MHC complex.

Earlier research conducted by Drs. Forman, Soloski, and his team indicate that Qdm peptide
(AMAPRTLLL) is a dominant peptide expressed by the Qa-1° heavy chain in mouse tumor cells.
Therefore, to understand the roles of Qa-1°, they develop a CTL clone specific for Qa-1°/Qdm
complex known as anti-mouse Qa-1° clone 6A8 (7, 12). They reported that their antibody is
specific for Qa-1%/Qdm complex and able to recognize Qa-1°" /H-2d" target cells but not Qa-
1°*/H-2k" target cells (12).

We used clone 6AS to detect the presence or absence of the Qal® heavy chain in our assays.
Moreover, we used it to have a positive control for our newly discovered EXX-1.

Based on the data presented in this report regarding EXX-1 and its mode of action, we realized
that our antibody is specific for Qdm peptide presented by Qa-1° complex and has selectivity to
correctly folded protein. At the same time, clone 6A8 only binds to denatured protein and most
likely the Qa-1° heavy chain. This newly discovered feature makes EXX-1 a uniquely selective
research tool for pursuing studies into the biology and function of mouse non classical HLA (Qa-
1°/Qdm) complex.

The human ortholog of Qa-1°, known as HLAE, presents VL9 peptides (VMALPTRLLL) that
serve as the ligand for the NKG2A/CD94 inhibitory receptor. Like Qa-1%/Qdm complex, HLA-

E/VL9 peptide expression in healthy cells is speculated and hypothesized to protect against lysis
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from NK cells and a subset of CD8+ T-cells (9, 32, 33). Thus, to compare this common
checkpoint pathway between humans and mice, we evaluated the binding affinity of the
commercially available anti human HLAE (clone 3D12). Obtained data shows that 3D12
exhibits binding modes focused towards hot spots on the HLAE surface that can lead to a greater
degree of cross-reactivity. In other word, 3D12 antibody has an affinity for HLAE independent
of the presence or absence of the peptide in the complex. Therefore, our exciting discovery about
EXX-1 and its mode of action can potentially have a translational application in human HLAE

and the benefit that HLAE checkpoint blockade antibodies could bring to treat human cancers.
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Chapter 3 1: EXX-1 specifically recognizes the Qdm peptide present by the Qa-1° complex.

EXX-1 mAb affinity tested against immobilized Qa-1° loaded with specific peptide Qdm,

negative control peptide Q001, Qa-1° with no peptide, and Qa-1° heavy chain. Anti-p2M and

anti-Qa-1° were used for the detection of the p2M and Qa-1° associated with monomers,

respectively. Graphs shows (A) anti-B2M, (B) anti-Qa-1°, and (C) EXX-1 mAb affinity to

immobilized monomers. Each sample ran as triplicated. The data presented are the pooled results

of three independent experiments.

92



o-f,M

= 300~
E W 3 oc
£ 60°C
5 2004
]
[¢]
c
8 100-
0
([) ——
Q
7

0-

Qat®-,M-Qdm
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EXX-1 binding affinity was measured against the Qa-1%/Qdm protein complex incubated at 60°C

(denatured) and 37°C for 10 minutes. Anti-B2M and anti-Qa-1° were used for the detection of the

B2M and Qa-1° associated with monomers, respectively. Graphs show the binding affinity of (A)
anti B2M, (b) anti-Qa-1° clone 6A8, and (C) EXX-1 to the 37 °C and 60 °C heated Qal®/Qdm

complexes.
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Chapter 3 3: Anti Human HLAE (clone 3D12) affinity to the peptide loaded HLAE.

3D12 mAbD affinity tested against immobilized HLAE loaded with specific peptide V9, negative
control peptide CMV and HLAE heavy chain. Anti-B2M were used for the detection of the f2M
associated with monomers. Graphs shows (A) anti-p2M and (B) 3D12 mAb affinity to

immobilized monomers. Each sample ran as triplicated.
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ABSTRACT

Immune checkpoint blockade antibodies have revolutionized the field of immuno-oncology for
the last decade. Anti CTLA-4 and anti-PD-1 are among the first cancer checkpoint
immunotherapies that got FDA approval to treat certain malignancies. However, not everyone
can benefit from them due to the insufficient expression of the checkpoint marker on their cells.
Thus, the response generated against them is not enough, and cancer can skip the immune
system.

Since then, scientists have tried to identify new checkpoints modules that can be used by
themselves or in combination with other therapeutic regimens. CD94/NKG2A receptor is another
inhibitory marker expressed naturally by natural killer cells (NK) and sub-population of CD8+ T
cells (NKT). NKG2A will recognize and bind to specific peptide-loaded by Qa-1" (mouse) or
HLAE (human). On the other hand, Qa-1° can be expressed on the surface of tumor cells,
immune infiltrating lymphocytes, and myeloid cells. Interaction between NKG2A/Qa-1° or
HLAE will lead to suppression of the immune cells.

EXX-1 is a single domain TCR-like antibody designed by our team to be specific for Qdm
peptide-loaded in the Qa-1° complex. In this study, we used EXX-1 antibody fused with
engineered silenced Fc-fragment (LALA mutation). We evaluated its anti-tumor properties as a
single-agent therapy in A20 tumor models. Our findings show that treatment of A20 tumor-
bearing mice with EXX-1 Fc silenced (ES) antibody causes suppression in tumor growth while
didn’t lead to tumor regression.

To enhance the efficacy of our therapy, we combine cancer vaccine with EXX-1 in A20 and TC-
1 tumor models. Our results show that the vaccine combination with EXX-1 (ES) antibody in

A20 tumor-bearing mice reinvigorate tumor rejection response and eventually leads to tumor-
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free survival in 35% of mice. In contrast, isotype control-treated mice had 0% tumor-free
survival. These findings indicate that cancer vaccines might improve clinical responses to

therapeutic HLAE/Qa-1° blocking antibodies.

Key Words: Cancer vaccine, checkpoint blockade, TCR like antibody, Qa-1®/HLAE blockade.

Highlights:
o Qa-1%HLAE interaction with NKG2A, suppress both NK and T cell effector function.

o Combined blocking of Qa-1°/HLAE with cancer vaccine promote anti-tumor immunity.
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INTRODUCTION

The idea to deploy the immune system to eliminate tumor cells was first proposed in the 19th
century by Friedrich Fehleisen, Wilhelm Busch, and William B Coley (1). These three scientists
described a potential link between the host immune system and control of malignant cells and in
the case of Coley, used bacteria to induce inflammation to fight cancer (2). Since those early
days, remarkable advances have ensued using antibodies to block inhibitory immune checkpoint
pathways used by tumor cells to suppress immune cells. Best known and clinically relevant
inhibitory molecules targeted with blocking antibodies are Cytotoxic T lymphocyte antigen-4
(CTLA-4) and Programmed cell death protein 1 (PD-1) immune checkpoints. Use of blocking
antibodies to disrupt these inhibitory pathways have led to T-cell mediated anti-tumor responses
and to objective responses in some patients with certain types of malignancies including
metastatic melanoma, non-small-cell lung cancer, kidney cancer, bladder cancer, Hodgkin
lymphoma (3-7). However, widespread application of immune checkpoint blockade (ICB)
therapy for cancer patients has been limited and there is enormous need to understand the
mechanisms of acquired resistance (8, 9), optimal strategies for combination uses of ICBs (9)
and identifying additional inhibitory immune checkpoints that might be blocked to yield clinical
benefit (10).

A recently described new immune checkpoint is the CD94/NK group 2 member A (NKG2A)
axis. The ligand for the NKG2A axis is the non-classical Major Histocompatibility Complex
(MHC) class I molecule Qa-1° loaded with a leader sequence peptide, AMAPRTLLL derived
from MHC class I Db and Kb. The peptide is also known as Qa-1 determinant modifier (Qdm).
Several recent studies have shown blockade of the NKG2A axis using monoclonal antibodies to

either mouse or human NKG2A receptor resulted in tumor growth inhibition and survival benefit

104



(12). Our team previously reported discovery of a single-domain T-cell receptor-like (TCR-L)
antibody, EXX-1 that displayed high selectivity for the Qa-1°/Qdm peptide complex (12).
Additionally, our group showed EXX-1 antibody blockade of the NKG2A axis in vitro enhanced
NK lysis of cancer cells (12).

Therapeutic cancer vaccines represent another modality for immunotherapy (13, 14). The
rationale behind this modality is to boost the immune system via actively priming T-cells to
respond to tumor neo-antigens to mediate tumor clearance. Developing a therapeutic cancer
vaccine has faced many challenges with encouraging results observed in preclinical studies that
did not translate into the clinic (15). To date the Food and Drug Administration (FDA) has only
approved one therapeutic vaccine, sipuleucel-T, that is used to treat metastatic castration-
resistant prostate cancer in a limited group of nearly asymptomatic patients (16). The
disappointing results from vaccine trials has led to evaluating therapeutic vaccines in
combination with ICB’s to attempt induction of potent anti-tumor immune response (17).
Recently, van Montfoort et al., showed therapeutic benefit in murine tumor models of cancer
vaccines when used in combination with an anti-NKG2A blocking antibody. In contrast, the
cancer vaccine alone had little effect on tumor growth inhibition or improving survival time (18).
These findings suggest therapeutic cancer vaccines could potentially be made efficacious for
cancer patients when used in combination with an ICB and more specifically, blockade of the
NKG2A axis.

In the current study, we tested the hypothesis that blocking the NKG2A ligand, Qa-1>/Qdm
peptide complex using a TCR-like antibody would convert an ineffective therapeutic cancer
vaccine into one that is effective at inducing anti-tumor responses. We show therapeutic cancer

vaccine candidates are only efficacious when combined with EXX-1 antibody, or blockade of the
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NKG2A axis, in two different murine tumor models. Our results are consistent with previous
findings demonstrating antibody blockade of the NKG2A receptor resulted in converting
ineffective therapeutic cancer vaccine candidates into potent induces of anti-tumor immunity in

mouse tumor models (18).

METHOD AND MATERAILS

Antibodies and reagents

Antibodies specific for anti-mouse CD4-AF700 (RMA4-5 cat#100528), CD8-APC Cy7(53-6.7-
cat#110714), NKp46-PE Cy7 (29A1.4; cat#137617), SA-APC (405204), CD44-BV421(IM7-
103040), F4/80- PE Cy5 (BMS8-cat#123112), CD62L- FITC (MEL-14,cat#104406), IL10-APC
(JES5-16E3- cat# 505009), TNF-a-APC Cy7 (MP6-XT22- cat# 560658), granzyme B-PE Cy7
(QA16A02- cat# 372214), IFN-y- PE Dazzle™ 594 (XMG1.2- cat# 505846), Aqua Fixable
Viability Kit (cat#423101/423102), TrueStain FcX plus (cat#156604), FluoroFix buffer
(cat#422101) and RBC lysis buffer (cat#420302) were purchased from BioLegend. Anti-mouse
CD3-PerCP Cy5.5, (17A2, cat 65002) was purchased from Tonbo Bioscience. SA-PE (cat#12-
4317-87) was purchased from eBioscience. Anti-mouse Fc gamma RI/CD64 (cat#29741), mouse
recombinant M-CSF (cat# 416-ML-050/CF), mouse recombinant IL-4 (cat# 404-ML-050/CF),
recombinant mouse IFN-y (cat# 485-MI-100/CF) and mouse recombinant GM-CSF (cat# 415-
ML-020/CF) were purchased from R&D Systems. CpG ODN 1826 (cat#. tlrl-1826) was
purchased from Invivogen. Pre-separation filter,70 pm (cat#130-095-823) and anti-mouse
NKG2A/C/E-PE (20d5; cat#130-105-620) were purchased from Miltenyi Biotec. Antibodies
specific for anti-mouse CD3-BV421 (17A2; cat#555276), biotin-labeled anti-mouse Qa-1°

(6A8.6F10.1A6; cat#559829), anti-mouse Qa-1°-PE (6A8.6F10.1A6; cat#566640) ,GlogiPlug™
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(cat#555029), Incomplete Freunds Adjuvant (cat#263910), Perm/Wash buffer (Cat#554723) and
Perm/Fix buffer (cat#554714) were purchased from BD Pharmingen. AffiniPure Goat Anti-
Human (GAH) IgG, Fcy fragment specific-PE (cat#109-115-098) , AffiniPure Goat Anti-Mouse
(GAM) IgG (subclasses 1+2a+2b+3)-PE (cat#115-115-164), AffiniPure Goat Anti-Human
(GAH) IgG, Fcy fragment specific-APC (cat#115-135-164) and AffiniPure Goat Anti-Mouse
(GAM) IgG (subclasses 1+2a+2b+3)-APC (cat#115-135-164) were purchased from Jackson
Immuno Research. CellTrace CFSE Cell Proliferation kit (cat#C34554) was purchased from
Thermofisher. Matrigel matrix was purchased from Corning (cat#354248). Peptides Flucl
(GFQSMYTEFV), Fluc2 (VALPHRTAC), Fluc3 (VPFHHGFGM) were synthesized by GenScript
USA. Peptide HPV16 E743-77 (GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR) was

synthesized by IHB facility at the LUMC university.

Software and algorithms

GraphPad Prisem V9 (graphpad, http://www.graphpad.com/ scientific-software/prism;RRID:

SCR_002798), FlowJo v10.8.1(https://www.flowjo.com/solutions/ flowjo; RRID: SCR_008520)

were used for the analysis of data presented in this manuscript.

Mice

BALB/c mice were purchased from Jackson Laboratories. 57BL/6 mice were purchased from
Charles River Laboratories (L’ Arbresle, France). All mice were purchased under specific
pathogen-free conditions. Female mice were used at 6 to 18 weeks of age and were allowed to

acclimate to the housing facility for at least one week prior to experiments. All animal
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experiments were performed in accordance with the rules of the UTA or LUMC ethics and

animal welfare committees (IACUC).

Mouse tumor Cell lines

A20 murine lymphoma cell line was purchased from the Imanis Life Science Collection (Imanis-
CL152-STAN). Parental A20 cells were transduced with 1) LV-Fluc-P2A-Neo (Imanis
#LV067) encoding the enhanced green fluorescent (¢GFP) cDNA under the spleen focus-
forming virus (SFFV) promoter and linked to the neomycin resistance gene (Neo) via a P2A
cleavage peptide and 2) LV-Fluc-P2A-Puro (Imanis #L.V012) encoding the firefly luciferase
(Fluc) cDNA under the SFFV promoter and linked to the puromycin resistance gene (Puro) via a
P2A cleavage peptide.

A20 cells cultured in RPMI-1640 medium (RPMI-hyclone; GE biosience) supplemented with
10% heat inactivated FBS (GE-bioscience), 2% glutamine and penicillin/streptomycin (gibco),
and 50 uM B- mercaptoethanol (sigma) (complete medium) at 37°C in a humidified atmosphere
containing 5% CO.. To maintain the expression of the Fluc and GFP genes, 1 mg/mL geneticin
(G418) and 1 pg/mL puromycin were added to the culturing media one week after cell line
growth was stabilized.

The tumor cell line TC-1 expresses the HPV16-derived oncogenes E6 and E7 and activated Ras
oncogene and were a gift from T.C. Wu (John Hopkins University, Baltimore, USA). Cells were
culture in Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) supplemented with 8%
FBS (gibco), 2% glutamine and penicillin/streptomycin (gibco) (complete medium) at 37°C in a

humidified atmosphere containing 5% COsx.
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All cell lines were assured to be free of rodent viruses and Mycoplasma by regular PCR analysis.
TC-1 authentication was done by antigen-specific T cell recognition and cells of low passage

number were used for all experiments.

Generation of bone marrow derived DCs (BMDCs) and bone marrow derived macrophage
(BMDM)

Bone marrow derived DCs (BMDC) were generated from tibias and femurs of the mice under
the sterile conditions. Red blood cells were lysed after 5 min of incubation of harvested cells on
ice with RBC Lysis Buffer and then washed with RPMI 1640 medium. Cells were then cultured
in presence of recombinant mouse cytokine GM-CSF (20 ng/ml) in RPMI-Hyclone
supplemented with 10% heat-inactivated FBS, 2% glutamine and penicillin/streptomycin at 37°C
in a humidified atmosphere containing 5% CO». Half of the culture medium was replaced every
other day (day 2, 4, 6) to remove the unattached cells and cell debris, then replaced with the fresh
medium supplemented with 20 ng/ml GM-CSF. On day 6, culture medium was additionally
supplemented with 20 ng/mL of CpG ODN 1826 (InvivoGen). On day 7, CpG matured BMDCs
were pulsed with 50 pg of each fluc peptide (Flucl: GFQSMYTFV, Fluc2: VALPHRTAC,
Fluc3: VPFHHGFGM) (19) for 3 hours at 37°C in humidified atmosphere containing 5% CO».
After 3 hours, all peptide-pulsed BMDC were harvested, washed, and resuspended in
PBS+0.1%BSA to be injected in mice or used for in-vitro assays.

For generation of the BMDM, mice bone marrow harvested as explained before. Harvested
monocytes were then cultured in presence of recombinant mouse cytokine M-CSF (50 ng/ml) in
DMEM-F12 (gibco) supplemented with 10% heat-inactivated FBS, 2% glutamine and

penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO». Half of the
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culture medium was replaced every other day (day 2, 4, 6) to remove the unattached cells and
cell debris, then replaced with the fresh medium supplemented with 50 ng/ml M-CSF. On day 6,
culture medium was additionally supplemented with 20 ng/mL of IFN-y and 100 ng/mL of LPS
(sigma) for generation of M1 or 20 ng/mL of IL-4 for generation of M2. On day 7 matured M¢,
M1, and M2 cells were harvested, washed, and resuspended in PBS+0.1% BSA prior to FACS

staining.

Mouse tumor models

For tumor inoculation, 1x10° TC-1 and 5x10°% A20, tumor cells were injected subcutaneous (s.c.)
in the flank of C57BL6 and BalbC mice respectively. Tumor cells were resuspended in 100 pL.
PBS+0.1% BSA mixed with 100 pL Matrigel® matrix prior to inoculation. Tumors were
measured three times a week with a digital caliper and the size is expressed as a volume ((length
x width?)/2). When a palpable tumor was present, mice were split (randomized) into groups and
were treated with immunotherapy. Mice were sacrificed when tumors reached a volume of 1500
mm?. For the purposes of Kaplan-Meier curves, mice were considered dead when tumor volume
exceeded 1000 mm?.

EXX-1 blocking antibody and isotype control was produced by ATUM (Newark, California) and
is engineered with mouse IgG2a LALA mutation. Treatments with checkpoint blockade
antibodies in A20 model were initiated when tumor volumes were between 150 and 200 mm?.
Antibodies were administered intraperitoneal (i.p.) at a dose of 200 pg/mice (diluted in 1X PBS)
ondays 9, 11, 13, 15, 17 and 19 post-transplantations.

For the DC vaccination studies, mice bearing A20 tumors were treated with two vaccinations on

days 9 and 18 post-transplantations with peptide pulsed CpG matured BMDC. BMDCs were
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injected intravenous (i.v). and peritumoral (p.t.) in 200 pL per mice (100 pL i.v. and 100 pL
i.p.). Antibodies administered i.p. at 200 pg/mice (diluted in 1X PBS) on days 11, 13, 15, 17, 19
and 21 post-transplantations.

For TC-1 model, tumors bearing mice were treated by peptide vaccine on day 8 after tumor
inoculation. 150 mg of the HPV16 E743-77 peptide, emulsified at a 1:1 ratio with Incomplete
Freunds Adjuvant (IFA; Difco), injected s.c. in the contralateral flank (13). Antibodies were
administered at a dose of 200 pg/ mice (diluted in 1X PBS) i.p. on days 11, 14,18, 21, 24 and 29
post tumoral injection. Vaccine-induced T cell responses were measured by intracellular
cytokine staining (ICS) and flow cytometry. Peripheral blood lymphocyte (PBL) samples were
collected 6 days after vaccination and incubated overnight with the short HPV16 E749-57

peptide in the presence of 1 mg/ml GolgiPlug™.

Flow cytometry analysis of tumor-infiltrating mouse lymphocytes (TILs) & Tumor
associated macrophages (TAM)

Tumors were dissected into small pieces and digested with enzymes A and D from the Mouse
Tumor Dissociation Kit (Miltenyi Biotec) and program: m_implant tumor 2 of the
GentleMACS Dissociator (Miltenyi Biotec). Tumors were incubated at 37 °C for 30 minutes to
achieved enzymatic digestion. Digested tumors were then filtered through a 70 mm-pore size
MACS Smart Strainer (Miltenyi Biotec) and washed with RPMI 1640+10% FBS medium. For
A20 tumors, this step was followed by another purification using Dead Cell Removal Kit
(Miltenyi Biotec). 1x10° cells/well were used for staining and blocked with 2.5 pg mouse Fc
gamma RI/CD64 antibody and 5 pg anti-mouse CD16/CD32 antibody at 4°C for 15 min. 1pg/ml

EXX-1 or isotype control antibody added to each well at 4°C for 30 min. Cells were washed
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twice with FACS staining buffer (0.2% BSA 2 mM EDTA 0.02% NaN3 in PBS) before addition
of secondary antibody cocktail.

Goat anti human-APC was added to wells at 1:100 dilution in FACS buffer. For detection of
biotin-labeled antibodies (anti Qa-1° clone 6A8 or isotype control), SA-PE was added at a 1:50
dilution in FACS buffer. All samples were stained using zombie aqua viability stain, anti-mouse
CD3-PerCP Cy5.5, CD4-AF700, CD8-V450, F4/80-PE Cy5, NKp46-PE Cy7 at 4°C for 30 mins.
Cells then washed 2x with FACS buffer.

Spleens were mechanically dissociated, in RPMI 1640 medium supplemented with 10% FBS.
Dissociated spleens were passed through 70 mm-pore size-separation filters (Miltenyi Biotec)
and washed with RPMI 1640 medium. Red blood cells were lysed after 5 min of incubation on
ice with RBC Lysis Buffer and then washed with RPMI 1640 medium. 1x10° cells/well of
splenocyte were used for staining and blocked with 2.5 pg mouse Fc gamma RI/CD64 antibody
and 5 pg anti-mouse CD16/CD32 antibody at 4°C for 15 min. Splenocyte then stained with
zombie aqua viability stain, anti-mouse CD3-PerCP Cy5.5, CD4-AF700, CD8-V450, F4/80-PE
CyS5, NKp46-PE Cy7, NKG2A/E/C (clone 20D5), CD44-BV421, CD62L-FITC at 4°C for 30
mins. Stained cells were then washed 2x with FACS buffer (0.2% BSA 2 mM EDTA 0.02%
NaN3 in PBS).

Isolated matured M¢, M1 and M2 blocked with 2.5 pg mouse Fc gamma RI/CD64 antibody and
5 pg anti-mouse CD16/CD32 antibody at 4°C for 15 min. Macrophages then stained with zombie
aqua viability stain, anti-mouse F4/80-PE, anti-mouse Qa-1°-PE, F4/80-PE Cy5 and EXX-1-
AF647. Stained cells were then washed 2x with FACS buffer (0.2% BSA 2 mM EDTA 0.02%

NaN3 in PBS).
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All samples were then analyzed on Beckman Coulter CytoFLEX S V4-B2-Y4-R3 flow
cytometer (Beckman coulter). Flowcytometry data were analyzed using FlowJo software version
10. For gating, cells were first selected based on FSC and SSC, followed by selection of singlets

and live cells.

Functional assays with BALB/c splenocytes and A20 TILs

Splenocyte from A20 bearing mice were isolated as previously described and labeled with CFSE
cell proliferation kit. Labeled splenocytes were co-cultured with matured CpG stimulated
BMDC:s, pulsed with luciferase peptides (as described before). Unpulsed BMDC cells were used
as a negative control. All cells (1x10%well) were blocked with 2.5 pg and 5 pg (per well) of
mouse Fc gamma RI/CD64 and anti-mouse CD16/CD32 antibodies respectively at room
temperature for 15 minutes. Cells were stained with antibody cocktails including zombie aqua
viability stain, CD3-PerCP Cy5.5, CD4-AF700 and CD8-V450 at 4°C for 30 min. Cells were
then fixed and permeabilized by Perm/Fix buffer for 10 min at room temperature. Antibody
cocktail for intra-cellular cytokine detection (ICS): IFN-y-PE Dazzle™ 594, TNF-a-APC Cy7,
granzyme-B-PE Cy7 added to the ICS’ antibody cocktail at room temperature for 15 min.
Samples were then analyzed on Beckman Coulter CytoFLEX S V4-B2-Y4-R3 flow cytometer
(Beckman coulter). Flowcytometry data were analyzed using FlowJo software version 10. For
gating, cells were first selected based on FSC and SSC, followed by selection of singlets and live

cells.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be addressed to the Lead

Contact Jon Weidanz (Weidanz@uta.edu).

RESULTS

EXX-1 immunotherapy used as a single-agent therapy

Several earlier studies reported single-agent blockade of the NKG2A axis with an antibody to the
NKG2A receptor revealed modest anti-tumor responses in mice (11, 18). Here, we evaluated the
anti-tumor activity of a novel TCR-like antibody, EXX-1 produced with a mutated mouse Fc
domain (Effector Silent; ES) in a therapeutic setting using the A20 murine lymphoma model.
BALB/c mice were treated with 10mg/kg of either EXX-1 (ES) or isotype control antibody via
intraperitoneal (i.p.) injection every other day starting on Day 9 until Day 21 post tumoral
injection. A modest effect on tumor growth inhibition was observed in A20-bearing mice treated
with EXX-1 (ES) compared to mice that received control antibody. Figure 1A shows size of
individual mouse tumors treated with EXX-1 (ES) (panel, left) or control antibody (panel, right).
Additionally, a significant difference (p > 0.001) in mean tumor size was observed by Day 17
post tumoral injection between tumor-bearing mice treated with EXX-1 (ES) compared to
control antibody (Fig. 1B) suggesting EXX-1 (ES) mediated anti-tumor responses via blockade
of the NKG2A axis. Furthermore, EXX-1 (ES) therapy significantly improved survival time
(p>0.05) compared to control antibody (Fig. 1C). Although none of the mice treated with EXX-

1 (ES) displayed complete tumor regression, our findings show that blockade of the NKG2A axis
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by targeting tumor cells via the Qa-1%/Qdm peptide complex is effective and resulted in 40% of

mice surviving beyond 27 days compared to 0% of mice in the control group.

EXX-1 Fc (ES) treatment reverts ineffective DC cancer vaccine into potent inducer of anti-
tumor immunity

Next, we determined whether using EXX-1 (ES) antibody in combination with a dendric cell
(DC) peptide vaccine could lead to tumor-regression. Mice bearing A20-luciferase positive
tumors received, via tail vein injection, an initial DC peptide vaccine on day 9 post tumoral
injection and a boaster at day 16 (Fig. 2A). To prepare the vaccine, DC cells were pulsed with
three different synthetic peptides, each 9 amino acids in length, that were derived from the firefly
luciferase protein and previously shown to be immunogenic in BALB/c mice (19). Vaccinated
mice were then treated with isotype control or EXX-1 (ES) antibody on days 11, 13, 15, 17, 19
and 21 post tumoral injection. Tumor growth was monitored 3x weekly using digital calipers and
tumor sizes plotted for individual mice revealed a pattern of tumor growth inhibition and tumor
regression in the cohort of mice that received EXX-1 (ES) + DC peptide vaccine compared to the
control antibody + DC peptide vaccine cohort which was not able to inhibit growth or regress
tumors (Fig. 2B). Moreover, we observed 8/23 or 35% of mice that received EXX-1 (ES) + DC
peptide vaccine were tumor-free at 60 days post tumoral injection, whereas none of the mice
from the cohort treated with control antibody + DC peptide vaccine were alive after day 53 post
tumoral injection (Fig. 2C) indicating EXX-1 (ES) antibody blockade converted the DC peptide
vaccine into a potent inducer of anti-tumor immunity. Additionally, mice treated with EXX-1

(ES) + DC peptide vaccine displayed significantly better progression-free survival and duration
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of response compared to control group with 50% of mice treated with EXX-1 (ES) + DC vaccine
showing complete or partial responses (Fig. 2D & E).

Figure 2F shows a significantly greater percentage of infiltrated NKG2A+ CD8 T cells and
NKG2A+ NK cells in A20 tumor tissue from mice treated with EXX-1 (ES) + DC vaccine
compared to control mice suggesting that blocking NKG2A interaction with its ligand is
necessary for generation of prolonged anti-tumor immunity in mice, which is in line with
literature showing that TCR triggering is required for the induction of NKG2A on CD8 T cells

(20).

EXX-1 (ES) in combination with DC peptide vaccine promotes durable anti-tumor
immunity

To better understand the mechanism behind the tumor regression in EXX-1 treated mice, tumor-
free mice were divided into two groups and rechallenged with either the same tumor (A20) or
breast and mammary gland tumor (4T1). In addition, same tumors were engrafted in naive mice
as a control for our experiment. Tumor growth was monitored 3x weekly and tumor sizes plotted
for individual mice revealed a pattern of tumor rejection in the cohort of mice previously treated
with EXX-1 (ES) + DC peptide vaccine (Fig. 3A). However, unchecked tumor growth and pre-
mature dead were observed in control groups including naive mice bearing A20 lymphoma (Fig.
3B), rechallenged mice with 4T1 tumor (Fig. 3C) or naive mice with 4T1 tumor (Fig. 3D).
Additionally, EXX-1 (ES) treated mice, rechallenged with A20 significantly improved survival
time (p>0.05) compared to control groups (Fig. 3E) indicating EXX-1 (ES) antibody therapy
converted the DC peptide vaccine into a potent inducer of anti-tumor immunity. Furthermore,

staining results of the rechallenged mice splenocyte shows a significantly greater percentage of
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infiltrated CD8 T cells in splenocyte from mice treated with EXX-1 (ES) + DC vaccine
compared to control mice while the ratio of infiltered CD4 T cells were same among different
groups of study (Fig. 3F).

Figure 3G show upregulation of effector memory CD8+ T cells (TEM, CD62L" CD44") in the
spleen of the A20 rechallenged mice compare to control groups. Additionally, TEM in A20
rechallenged mice demonstrate lower NKG2A expression on their surface in compared to control
groups (Fig. 3H), suggesting that NKG2A expression on CD8 T cells is predominantly present
in immune-reactive tumors and by blocking its interaction with Qa-1%/Qdm via EXX-1 (ES) we
promote long lasting immunity against different malignancy.

Finally, quantitative analysis of the tumor infiltrating CD8+ T cell in A20 rechallenged mice
revealed a significant difference (p <0.05) in the production level of the cytolytic chemokine
including IFN-y (Fig. S1-A) TNF-a (Fig. S1-B) Granzyme B (Fig. S1-C) and perforin (Fig. S1-
D) produced by CpG stimulated mature dendritic cell (DC) + peptide in compared to naive DC.
These data suggest that Qa-1°/Qdm blockade in combination with another ICI can promote

durable protective anti-tumor response in a preclinical mouse model.

Flow cytometry characterization of harvested A20 tumors

We then monitor the expression level of the Qa-1%/Qdm in ex vivo harvested A20 tumors.
Figure 4A show upregulation of the Qa-1°/Qdm on the surface of the tumor while anti Qa-1°
(clone 6A8) shows modest binding (Fig. 4B) indicating association of the Qdm peptide with Qa-
1° complex is a crucial factor for the suppression of the immune system and thus uncontrolled

tumor growth in mice.
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Previous reports have suggested that murine or human tumor associated macrophage (TAM) can
acquire the check point molecule like PD-1 to drive the tumor growth inhibitor (21). Therefore,
we assessed the expression level of the Qa-1°/Qdm, ligand for NKG2A on the surface of the
tumor associated macrophages (TAM). Figure 4E show that 10-20 % of tumor infiltrating cells
are consists of macrophages (F4/80+, CD68+). Further we observe that EXX-1 (ES) stained
TAMs at higher rate in compared to clone 6A8 suggesting that Qdm peptide is associate with
Qa-1° complex. Overall data suggest that macrophages can arm the NK cells thus by blocking
the Qa-1%/Qdm on the surface of the tumor associated macrophages we can promote the anti-

tumor immunity and enhance the efficacy of our therapy in cancer patients (22, 24).

In vitro characterization of the bone marrow derived Macrophage (BMDM)

Tumor associated macrophages (TAMs) are often thought to polarized toward either an
inflammatory macrophage-M or tumor promotion-M2 (27-29). Therefore, naive (MO),
inflammatory (M1) and pro-tumor (M2) macrophages stained with EXX-1 (top panel) or anti
Qa-1°-clone 6A8 (bottom panel). Staining results reveled EXX-1has higher staining intensity to
M1 macrophage (Fig. 5B, bottom panel) compared to MO and M2 (Fig. SA and 5C, bottom
panel). On the other hand, clone 6A8 demonstrate modest staining only to M1 and M2
macrophages (Fig. 5B and 5C, top panel). These data revealed that virtually majority of Qa-
1%/Qdm™ TAMs expressed an M1-like surface profile. Therefore, specific inhibition of the
NKG2A: Qa-1" axis in TAMs is responsible for the anti-tumor efficacy that we observed in A20

tumor mice treated with EXX-1.
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Therapeutic Vaccination in TC-1 model, induces the Qa-1°/Qdm expression in tumor cells
and enhances the effect immunotherapy

Finally, we tried to investigate the efficacy of EXX-1 as check point blockade in C57BL6 mice
and we choose TC-1 as tumor model. Previously Van Montfoort et al. (13) and later our team
demonstrate that these tumor cells do not constitutively express Qa-1%/Qdm on their surface and
they need external stimuli such as exposure of cells to recombinant [IFN—y. Van Hall et al.
shown that vaccination of TC-1 tumor bearing mice with HPV derived long peptide will result in
up regulation of Qa-1° complex in this tumor (13). Therefore, we exploited the possibility of the
combination of therapeutic vaccine as a mean to induce Qa-1°/Qdm prior to treatment with
checkpoint blockade. Tumor bearing mice were vaccinated with two doses of the HPV derived
peptide in combination with isotype control or EXX-1 mAb as a check points blockade (Fig. 6
A). Tumor growths were monitored for up to 40 days post tumoral injection.

Taken together, these data imply an important restraining role of the NKG2A/Qa-1° axis for
therapeutic cancer vaccines, mediated via an increased NKG2A expression on CD8 T cells in the
tumor and induction of Qa-1° on tumor cells. Thus, blockade of this axis can potently improve
efficacy of therapeutic cancer vaccines. (Fig. 6B). Obtained results revealed that HPV
vaccination leading to a surge of T cell in TME which results a temporary regressions of tumor
size. Then we observed that EXX-1 checkpoint therapy inhibit the tumor growth in vaccinated
mice while tumor in isotype control treated mice exponentially grew. Furthermore, we realized
the huge difference in the vaccinated and unvaccinated mice treated with EXX-1 therapy. These
data suggesting that activation of tumor-specific T cells in the local environment can induce

expression of the inhibitory ligand for CD94/NKG2A receptor (Fig. 6 C, 6D).
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DISCUSSION

Immune checkpoint inhibitors have revolutionized the field of cancer immuno-oncology and
proved to be effective against several types of cancers. However, the main drawback of the
current available immunotherapies is that not everyone can benefit from them. In other words,
many cancer patients do not respond to their therapy as their tumor expresses insufficient amount
of immune checkpoint marker. Moreover, sometimes the response generated by the immune
system is not enough for tumor regression. Thus, the scientific community realized that the
efficacy of these treatments needs to be further improved, as does the ability to control their
toxicity. One way of achieving this goal is to discover new immune modulatory targets other
than PD-1 and CTLA-4 and develop a new therapy for them to promote effective immune
responses against cancer. CD94/NKG2A and its interaction with peptides loaded by non-
classical MHC Ia, Qa-1° (mouse), and HALE (human) are the centers of attention as a new
checkpoint for the past decade. One of the advantages of targeting the HLAE or Qa-1°>-NKG2A
axis is the safety of this approach compared to the other checkpoint pathways. Orr et al. reported
that the lack of CD94 protein receptors in mice was associated with no abnormality in
genetically modified mice (32). Therefore, many groups tried to develop an antibody to interrupt
this axis by blocking the NKG2A molecule. Research published by many groups, including
andré, showed that mouse anti NKG2A (clone 20D5) by itself doesn't implement any therapeutic
effect as none of the mice treated with it showed tumor regression.

We realized targeting Qa-1°/Qdm or HLAE/V9 could be another approach to interrupt the
NKG2A axis while still taking advantage of enhancing T and NK cell responses. Our team
developed a specific antibody to Qa-1°/Qdm known as EXX-1. In the proposed research, the

efficacy of EXX-1 in an invivo setup was evaluated. The study revealed that EXX-1(ES) as an
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immune checkpoint blockade by itself could initiate a growth inhibition in tumor bearing mice.
However, the efficacy of these treatments needs to be further improved as it did not lead to tumor
regression.

André et al. have shown that NK and T cells in TME express the NKG2A receptor while HLAE
is frequently overexpressed in some tumors (11). Though our results indicate mouse tumor cells
need to be stimulated by some cytokine such as IFN-y to express the Qa-1°/Qdm. Braud et al.
research showed that the low expression level of the NKG2A+CD8+ T cells could be induced at
the surface of CD8+ T cells (33).

To enhance the efficacy of our checkpoint therapy, we used the vaccine approach to stimulate
and traffic the immune cells to TME. In our experiment tumor bearing mice received two doses
of tumor vaccine while they were treated with isotype control or EXX-1 mAb. Our results
revealed that vaccination has a synergistic effect for EXX-1 as a checkpoints blockade. We
observed that the vaccine changed the balance of the immune cells in the TME via the induction
of the inhibitory receptor NKG2A. Plus, our data revealed that vaccine caused an increase in the
expression of Qa-1°/Qdm on the surface of tumor cells. On the other note, our staining results of
the tumor infiltrating immune cells in A20 bearing mice indicate a surge in NKG2A+ CD8+ T
cells in vaccinated mice. Also, 35% tumor regression in vaccinated mice treated with EXX-1 was
observed. This result confirms that combination of cancer vaccine with EXX-1, potentiate the
efficacy of the therapy in mice.

In addition, combination therapy approach is activating the T cell immunity which leads to tumor
rejection in rechallenged mice. Staining results of tumor free mice splenocyte revealed the
presence of the effector memory CD8+ T cells in these mice, suggesting that our finding is in

line with previously published literature (34, 35).
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Although the NKG2A/Qa-1° interaction was initially described to impact NK cell function, we
argue that NK cells are the only immune cells involved in the tumor regression process.

Vander sulis et al. reported that cancer vaccination could induce cytokine-producing T cells that
cause strong macrophage-skewing capacity, essential for tumor shrinkage (13). Staining results
of tumor infiltration immune cells shows that those macrophages (F4/80+ cells) have an up-
regulation in the Qa-1°/Qdm as well. To better understand this phenomenon, we stained the bone
marrow derived macrophages. Results demonstrate a strong binding shift in the Qa-1%/Qdm
expression level in the M1 population. These studies together illustrate that the intratumoral
myeloid cells can play a significant role in the upregulation of the Qa-1°/Qdm. Therefore, an
immune-based treatment can polarize the tumor-promoting function of macrophages into tumor-
rejection responses. Indeed, Felix Klug and Yuting Ma were able to show a comparable strong
binding shift by preforming intratumoral macrophage staining (31, 36).

Accordingly, cancer therapy leading to tumor regressions mostly coincides with strong changes
in myeloid cells in the tumor. We observed CDS8 + T cell induced by cancer vaccination can
produce cytokines like IFN-y, TNF-a, Granzyme B, or perforin, which are likely involved in the
immune modulation process. These chemokines are known to mediate the recruitment of
(inflammatory) macrophages to the tumor.

Taken together, these data imply an important role of the NKG2A/Qa-1® axis in the field of
immuno-oncology and cancer therapies. The combination of Qa-1°/Qdm blockade with cancer
vaccines increased NKG2A expression on tumor-associated CD8 T cells and eventually Qa-
1°/Qdm on tumor cells. Thus, the cancer vaccine can help to improve the therapeutic efficacy of

the checkpoints blockade.
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Chapter 4 1: EXX-1 immunotherapy relapses tumor progression.

A20 tumor cells were engrafted in BALB/c mice. Tumor bearing mice were then treated on day
9 through 21 in every other day intervals (total of 7 doses) with an isotype control or EXX-1 mFc¢
(ES) mAb. Graphs show (A) individual mouse tumor growth in each treatment groups (B)
comparison of the average tumor growth in each treatment group and (C) combined survival
curves. Error bars represent mean + SE (n=10 in each group). (B) Unpaired Student T- test

*#%%p<0.0001; (C) Log rank test *p = 0.0142.
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Chapter 4 2: DC Vaccination enhances the effect of EXX-1.

A20 tumor cells were engrafted in BALB/c mice. Tumor bearing mice were vaccinated with
mature primed dendritic cells (DCs) on day 9 and 16. Vaccinated mice were then treated on day
9 through 21 in every other day intervals (totals of 7 doses) with an isotype control (n=17) or
EXX-1 mFc (ES) mAb (n=23). (A) experimental layout of the vaccination in the A20 model. (B)
individual mouse tumor growth in each treatment groups. (C) combined survival curves of
pooled results of two independent experiments. Log rank test *p = 0.0142. (D) Progress free
survival (PFS) of duration of the time (days) after completion of therapy that mice survival
without progression of tumor size (n=25).

(E) Response rate in different treatment groups. Means + SEM during the relapse phase and
therapy response rates according to RECIST criteria. NR, no response; PR, partial response; CR,
complete response.

(F) Tumor infiltrating CD8" T-cells and NK cells were analyzed for the expression of Qa-
1°/Qdm complex in the mice treated with either EXX-1 (ES) (n=10) or Isotype (n=4). Error bars
represent mean + SE. The data presented are the pooled results of two independent experiments.
(D, F) Unpaired student T test, *p = 0.043, **p = 0.0014, ***p = 0.0005.
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Chapter 4 3: A combination of DC vaccination with EXX-1 promotes anti-tumor immunity

in A20 tumor-bearing BALB/c mice.

Graphs shows tumor growth in (A) rechallenged mice with A20 tumor, (B) Naive mice engrafted
with A20 tumor, (C) rechallenge mice with 4T1 tumor, (D) Naive mice engrafted with 4T1
tumor. Triangular marks on the graphs indicate the day of tumor engraftment. (E) combined
survival curves. Percentage of the tumor infiltrating (F) CD8" T cells and (G) CD4" T cells. (H)
The CD8"/CD4" T cell ratio in rechallenged mouse splenocytes. (I) Representative dot plots of
expression levels of CD44 and CD62L in naive or rechallenged mice splenocytes and(J)
compiled data of the frequency of effector memory (TEM) CD8" T cells and their expression of
NKG2A in naive compared with rechallenged mice. Error bars represent Mean + SEM. (D) Log
rank test, **P=0.0011 ***p = 0.0007 (F, H, I) one-way ANOVA *p = 0.0043, **p =0.0014.
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Chapter 4 4: Flow cytometry characterization of harvested A20 tumors.

Staining in isotype treated A20 tumor bearing mice. (A) FACS histogram of EXX-1 binding and
(B) compilation of percentage and gMFI of EXX-1 binding. (C) FACS histogram of 6A8 binding
and (D) compilation of percentage and gMFI of 6A8 binding. Grey histograms: isotype control;
white histograms: EXX-1 or 6A8 mAbs. Numbers are indicative of fluorescence intensity. Graph
(E) represent tumor infiltrating (E) frequency of tumor infiltrating macrophages (TIM). TIM
populations were evaluated for the expression of (F) the Qa-1%/Qdm complex (EXX-1) or (G)
Qa-1° (6A8) Error bars represent mean + SE within each group (n=8).
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Chapter 4 5: In vitro characterization of the bone marrow derived Macrophage (BMDM).

Graphs show staining of (A) M¢ , (b) M1 and (C) M2 with EXX-1 (Top panel) or 6A8 (Bottom
panel). Control reagent is plotted in grey. Indicated antibody is plotted with a black line.
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Chapter 4 6: Therapeutic Vaccination in TC-1 model, induces the Qa-1°/Qdm expression in

tumor cells and enhances the effect immunotherapy.

(A) experimental layout of the vaccination protocol in the TC-1 models. (B) Average tumor
growth in each treatment group. Error bars represent mean + SD. One-way ANOVA **p =
0.026. n = 10. Duration of the response (C) survival days and (D) survival rate (survival %) in
TC-1 tumors bearing mice, treated with vaccine and an isotype control or vaccine and EXX-1

mFc (ES) mAb.
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Supplement figure 4 1: DC vaccination induces tumor specific CD8+ T cells

The Production frequency of the (A) IFN-y, (B) TNF-a, (C) Granyzme B and (D) perforin in
tumor infiltrating CD8" T cells. Error bars represent mean + SEM (n=6). One-way ANOVA test,
*p <0.05, **p = 0.0088, ***p = 0.0003, ****p<(0.0001.
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ABSTRACT

Antagonizing antibodies against immune checkpoint inhibitory molecules (ICI) has gained an
excellent reputation in immuno-oncology. NKG2A and its interaction with Qa-1°/HLA-E ligand,
known to have a significant role in modulating anti-tumor effector cell responses. Recent studies
in mice and patients with Head & Neck cancer have shown modest benefit after treatment with
single-agent anti-NKG2A blocking antibodies. On the other hand, clinical trials of the human
anti-NKG2A antibody, monolizamab in combination with anti-PD-L1 blocking antibody have
shown promises indicating that NKG2A blockade may synergize with anti-PD-L1 therapy.

Our group previously developed a single-domain T-cell receptor-like (TCR-like) antibody
(EXX-1) with specificity for the Qa-1%/Qdm peptide complex, the ligand for the murine
NKG2A/CD%4 receptor. We have shown EXX-1 (Effector Silent; ES) as a single agent blocking
antibody, creating a modest delay in mice tumor growth and their overall survival time.
Moreover, we have shown that cancer vaccine effectiveness can be markedly enhanced when
combined with EXX-1 (ES) antibody.

In this study, we focused on utilizing the EXX-1 antibody containing an active Fc domain and
evaluated its anti-tumor properties as a single-agent therapy in A20 and CT26 murine tumor
models. Our findings show that treating A20 tumor-bearing mice with EXX-1 (Fc active)
antibody causes tumor regression and leads to tumor-free survival in 35% of mice. In contrast,
control antibody and anti-NKG2A treated mice had 0% and 11% tumor-free survival,
respectively. Similar anti-tumor responses were observed in CT26 tumor bearing mice that
received EXX-1 (Fc active) antibody compared to isotype control and anti-PD-1 therapy. Finally,
the mode of action for EXX-1 (Fc active) blocking antibody revealed NK and effector CD8+ T-

cells involvement with long-lived immunity provided by memory CD8+ T-cells.
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Taken together, our results indicate targeting the NKG2A through Qa-1°/Qdm peptide complex
on tumor cells is an effective means of blocking the NKG2A axis. Also, using a blocking
antibody containing an active Fc domain may have additional anti-tumor benefits by recruiting

antibody-dependent cellular cytotoxicity (ADCC) mode of action.
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INTRODUCTION

The immune system can recognize pathogens and is poised to eliminate them while at the same
time held in check by inhibitory receptors to prevent its self-destruction. This inhibitory receptor
or so-called immune checkpoints inhibitor refers to any protein marker expressed by our cells to
help our body maintain its self-tolerance (1-3). Since the discovery of these novel proteins,
scientists have tried to use them to unleash suppressed immunity to fight cancers. This is how the
checkpoint blockade concept got introduced to the world of immuno-oncology. Anti CTLA-4
and anti PD-1 are among the first checkpoint blocking agent got approved by Food and Drug
Administration (FDA) to be used in cancer therapy. Preliminary clinical findings of these
therapies indicate broad and diverse opportunities to enhance anti-tumor immunity with the
potential to produce durable clinical responses. However complex biology of immune checkpoint
pathways caused that not all patients get cured by these antibodies. Thus, immunologists realized
more still needs to be done to improve the rate of response to ICB therapy including
understanding mechanisms of acquired resistance, finding optimal ways of combining ICB with
other immune therapies and identifying additional immune checkpoint pathways and associated
blocking antibodies.

CD94/NKG2A and its ligand Qa-1° (in mouse) or HLAE (in human) are other checkpoints that
being center of attention for the last decade. NKG2A is a member of the c-lectin-type receptor
family and is expressed as a heterodimeric receptor with CD94 on NK and tumor-infiltrating
CD8+ T cells. NKG2A expression is regulated by T cell activation via TCR engagement and by
IL-15 and TGF-b cytokines. The NKG2A receptor contains two immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) and regulates effector cell cytolytic activity. Previously reported that

5% of CD8+ T cells in healthy individual expressing the NKG2A receptor on their surface while
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others associate expression of the NKG2A may represent an exhausted phenotype in CD8+T
cells (4-7). Interaction between NKG2A and its ligand relay inhibition signals to the NK cells
and CD8+ T cells (8, 9). Many groups have put their effort into developing an agent that disrupts
this axis through the blocking of NKG2A. Clone Z270 (Monalizumab) and clone 20D5 are
monoclonal antibodies designed to block human and mouse NKG2A, respectively. Recent study
conducted by andré¢ et al. shows anti mouse NKG2A (20D5) as single therapy didn’t create a
significant outcome. At the same time, combination of other blocking agents such as anti-PD-1,
enhanced the efficacy of anti-NKG2A (10).

Our group previously shown that TCR-like antibodies can also be raised to specifically bind a
given peptide/HLA complex, much like a TCR engages the peptide/ HLA (14). Our team
developed a single domain antibody named EXX-1 specific for Qdm peptide expressed by
mouse Qa-1° complex. We showed EXX-1 (ES) as a single therapy suppresses the tumor growth
in mice bearing tumors by interrupting the NKG2A: Qa-1° axis. Moreover, by combination of
our checkpoint blockade with cancer vaccine, we were able convert an ineffective therapeutic
cancer vaccine into one that is effective at inducing anti-tumor responses. We observed 35%
tumor regression in mice bearing tumor, which leads to tumor immunity in tumor bearing mice.
Another way to enhance the efficacy of checkpoint antibody is through antibody-dependent cell-
mediated cytotoxicity mechanism (ADCC). ADCC is a lytic mechanism mediated by mono
nuclear cells that carries receptors for the Fc portion of IgG [11]. Fc receptor-bearing effector
cells then can recognize the IgG portion of their target and kill antibody-coated target cells.
Years of preclinical and clinical work have shown that in human monoclonal antibodies (mAbs)
with immunoglobulin (Ig) G1 have the highest capability for ADCC compared with other

isotypes (eg, [gG2). However, mice antibodies with immunoglobulin (Ig) G2 are associated with
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the highest rates of ADCC (12, 13). Previously worked conducted in this field demonstrate that
TCR-like antibodies with ADCC showed promising results in eliciting destruction of lymphoma
and colorectal cancer (15, 16). To be more specific, TCR-like antibody and peptide/ HLA
interactions can be used to modulated ADCC killing potential, indicating that, TCR-like antibody
docking to defined regions of the peptide/HLA severely dampened ADCC. In the presented
research, we fused EXX-1 with mouse IgG2A to test our hypothesis and evaluate the potential

benefit that ADCC combination with the checkpoints blockade antibodies may bring for patient.

METHODS and MATERIALS

Antibodies and reagents

Antibodies specific for anti-mouse CD4-AF700 (RMA4-5; cat#100528), NKp46-PE Cy7
(29A1.4; cat#137617), SA-APC (405204), F4/80- PE Cy5 (BMS; cat#123112), Ultra-LEAF™
Purified anti-Asialo-GM1(Poly21460; cat#146002), Aqua Fixable Viability Kit
(cat#423101/423102), TrueStain FcX plus (cat#156604), FluoroFix buffer (cat#422101) and
RBC lysis buffer (cat#420302) were purchased from BioLegend. Anti-mouse CD3-PerCP Cy5.5
(17A2; cat 65002), CD8-V450 (2.43; cat#75-1886), CD16/32 (2.4G2; cat#70-0161), CD45-
FITC (30-F11; cat# 35-0451), and CD11c-APC Cy7 (N418; cat#25-0114) were purchased from
Tonbo Bioscience. SA-PE (cat#12-4317-87) was purchased from eBioscience. Anti-mouse Fc
gamma RI/CD64 (cattMAB20741) was purchased from R&D Systems. Pre-separation filter,70
pum (cat#130-095-823) and anti-mouse NKG2A/C/E-PE (20d5; cat#130-105-620) were
purchased from Miltenyi Biotec. Biotin-labeled anti-mouse Qa-1° (6A8.6F10.1A6; cat#559829)
and anti-mouse Qa-1°- PE (6A8.6F10.1A6; cat#566641) were purchased from BD Pharmingen.

AffiniPure Goat Anti-Human (GAH) IgG, Fcy fragment specific-PE (cat#109-115-098) ,
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AffiniPure Goat Anti-Mouse (GAM) IgG (subclasses 1+2a+2b+3)-PE (cat#115-115-164),
AffiniPure Goat Anti-Human (GAH) IgG, Fcy fragment specific-APC (cat#115-135-164) and
AffiniPure Goat Anti-Mouse (GAM) IgG (subclasses 1+2a+2b+3)-APC (cat#115-135-164) were
purchased from Jackson Immuno Research. CellTrace CFSE Cell Proliferation kit (cat#C34554)
and CountBright™ Plus Absolute Counting Beads (cat# 3036995) were purchased from
Thermofisher. Matrigel matrix was purchased from Corning (cat#354248). Liberase TL Research
Grade (cat# 5401020001) was purchased from Millipore Sigma. Normal rabbit serum (cat#7487)
was purchased from Abcam. InvivoMAD anti mouse CD8a (YTS169.4; cat#BE0117),
InvivoMAD rat IgG2b k isotype control (LTF-2; cat#BE0090), InvivoMAb anti mouse PD-1
[CD279] (RMP1-14; cat#BE0146) and InvivoMADb rat [gG2a isotype control (2A3; cat#BE0089)

were purchased from Bioxcell.

Software and algorithms

GraphPad Prisem V9 (graphpad, http://www.graphpad.com/ scientific-software/prism;RRID:

SCR_002798), FlowJo v10.8.1(https://www.flowjo.com/solutions/ flowjo; RRID: SCR_008520)

were used for the analysis of data presented in this manuscript.

Mice

BALB/c mice were purchased from Jackson Laboratories. All mice were purchased under
specific pathogen-free conditions. Female mice were used at 6 to 18 weeks of age and were
allowed to acclimate to the housing facility for at least one week prior to experiments. All animal
experiments were performed in accordance with the rules of the UTA ethics and animal welfare

committees (IACUC).
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Mouse tumor Cell lines

A20 murine lymphoma cell line was purchased from the Imanis Life Science Collection (Imanis-
CL152-STAN). Parental A20 cells were transduced with 1) LV-Fluc-P2A-Neo (Imanis
#LV067) encoding the enhanced green fluorescent (¢GFP) cDNA under the spleen focus-
forming virus (SFFV) promoter and linked to the neomycin resistance gene (Neo) via a P2A
cleavage peptide and 2) LV-Fluc-P2A-Puro (Imanis #L.V012) encoding the firefly luciferase
(Fluc) cDNA under the SFFV promoter and linked to the puromycin resistance gene (Puro) via a
P2A cleavage peptide.

A20 cells cultured in RPMI-1640 medium (RPMI-Hyclone; GE biosience) supplemented with
10% heat inactivated FBS (GE-bioscience), 2% glutamine and penicillin/streptomycin (Gibco),
and 50 uM B- mercaptoethanol (sigma) (complete medium) at 37°C in a humidified atmosphere
containing 5% CO.. To maintain the expression of the Fluc and GFP genes, 1 mg/mL geneticin
(G418) and 1 pg/mL puromycin were added to the culturing media one week after cell line
growth was stabilized.

CT26 is colon carcinoma cell line developed by exposing BALB/c mice to N-nitroso-N-
methylurethane (NMU), resulting in a grade IV carcinoma that is fast growing and easily
implantable (21). CT26_WT cell line was purchased from the American type culture collection
(CRL-2638). Cells were culture in RPMI-1640 medium (RPMI; Cytovia) supplemented with
10% FBS (GIBCO), 2% glutamine and penicillin/streptomycin (gibco) (complete medium) at
37°C in a humidified atmosphere containing 5% COsx.

All cell lines were assured to be free of rodent viruses and Mycoplasma by regular PCR analysis.

Cells of low passage number were used for all experiments.
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Mouse tumor models

For tumor inoculation, 2.5x10° CT26_WT and 5x10° A20, tumor cells were injected
subcutaneous (s.c.) in the flank of the BalbC mice. Tumor cells were resuspended in 100 pL
PBS+0.1% BSA mixed with 100 pL Matrigel® matrix prior to inoculation. Tumors were
measured three times a week with a digital caliper and the size is expressed as a volume ((length
x width?)/2). When a palpable tumor was present, mice were split (randomized) into groups and
were treated with immunotherapy. Mice were sacrificed when tumors reached a volume of 1500
mm?. For the purposes of Kaplan-Meier curves, mice were considered dead when tumor volume
exceeded 1000 mm?.

EXX-1 blocking antibody and isotype control was produced by ATUM (Newark, California) and
is engineered with mouse IgG2a. Treatments with checkpoint blockade antibodies in A20 model
were initiated when tumor volumes were between 150 and 200 mm?. Antibodies were
administered intraperitoneal (i.p.) at a dose of 200 pg/mice (diluted in 1X PBS) on days 9, 11,
13, 15, 17 and 19 post-transplantations.

For NK cell depletion experiment, 100 pL of polyclonal anti-asialo-GM1 antibody were
administered i.p. into BALB/c mice once weekly. Normal rabbit serum was injected as an
isotype control.

For the CD8" T cells depletion experiment, each mouse was injected i.p. with 400 pg of
depleting anti-CD8a mAb for the first dose and then 200 pg once weekly for two subsequent
injections. A rat IgG2b k was used as control. Immune cell depletions were initiated as indicated
in the figure legends. Mice response to anti-asialo-GM1 antibody and anti-CD8a mAb were

measured by flow cytometry (FACS analysis).
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For CT26_WT model, tumor bearing BALB/c mice were treated by blocking antibodies
including: EXX-1, anti PD-1 and their isotype controls at a dose of 200 pg/diluted in 1X PBS)

i.p. on days 6, 8,10, 12, 14, 16 and 18 post tumoral injection.

Flow cytometry analysis of the ex-vivo harvested tumor cells and tumor-infiltrating mouse
lymphocytes (TILs)

Tumors were dissected into small pieces and digested with enzymes A and D from the Mouse
Tumor Dissociation Kit (Miltenyi Biotec) and program: m_implant tumor 2 of the
GentleMACS Dissociator (Miltenyi Biotec). Tumors were incubated at 37 °C for 30 minutes to
achieved enzymatic digestion. Red blood cells in digested tumor were lysed after 5 min of
incubation on ice with RBC Lysis Buffer and then washed with RPMI+ 1640 10% FBS medium
medium. Tumor cells were then filtered through a 70 mm-pore size MACS Smart Strainer
(Miltenyi Biotec). For A20 tumors, this step was followed by another purification using Dead
Cell Removal Kit (Miltenyi Biotec). 1x10° cells/well were used for staining and blocked with 2.5
pug mouse Fc gamma RI/CD64 antibody and 5 pg anti-mouse CD16/CD32 antibody at 4°C for 15
min. Antibody staining cocktails containing 1pg/ml EXX-1 to or isotype control antibody, CD3-
PerCP Cy5.5, CD4-AF700, CD8-V450, F4/80-PE Cy5, NKp46-PE Cy7, CD11c- APC Cy7,
CD45-FITC, anti Qa-1° (clone 6A8)-PE or isotype control, anti NKG2A-PE or isotype control
and zombie aqua viability stain was added to each well at 4°C for 30 min. Cells were washed
twice with FACS staining buffer (0.2% BSA 2 mM EDTA 0.02% NaN3 in PBS). Cells were

resuspended in 50 pL/well FACS staining buffer and 50 pL/well absolute counting beads.
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Evaluation of the mice response to anti-asialo-GM1 antibody and anti-CD8a mAb by flow
cytometry

Peripheral blood samples were collected 14 days after first dose of injection of anti-asialo-GM 1
and anti-CD8a antibodies (50 ul/ mice). Staining antibody cocktail containing NKp46-PE Cy7
and CD8-V450 were added to each well and incubate at room temperature for 15 minutes. Then
1 ml of the 1X FACS Lysin solution (diluted in water) were added to each well and incubated at
room temperature for 10 minutes (in dark place). RBC lysed samples were then washed with 2
ml of the FACS staining buffer (0.2% BSA 2 mM EDTA 0.02% NaN3 in PBS).

All samples were then analyzed on Beckman Coulter CytoFLEX S V4-B2-Y4-R3 flow
cytometer (Beckman coulter). Flowcytometry data were analyzed using FlowJo software version
10. For gating, cells were first selected based on FSC and SSC, followed by selection of singlets

and live cells.

CONTACT FOR REAGENT AND RESOURCE SHARING:

Further information and requests for resources and reagents should be addressed to the Lead

Contact Jon Weidanz (Weidanz@uta.edu).

RESULTS

EXX-1 with active Fc domain induces NK mediated tumor regression in A20 tumor
bearing mice

It’s been more than a decade that worlds come to know that our immune system is kept in check
through molecules expressed by our cells known as checkpoint inhibitors. Since then,

immunologists have aimed to understand their mode of action and develop them as therapeutic
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tools for certain malignancies. Very soon they realized that only a minority of patients respond to
these immunotherapies and thus they tried to improve their efficacy. Here we assessed whether
EXX-1 with active Fc have a better therapeutic outcome in tumor-bearing mice in comparison to
isotype control. At the same time, we were interested to know whether there is a benefit in
targeting the Qa-1°/Qdm side of the axis versus NKG2A. To address our inquiries, A20 (B-
lymphoma) was engrafted s.q. into BALB/c mice. One week after tumor inoculation, A20
formed solid tumor, and mice treated with 10mg/kg of either isotype control, EXX-1 fused with
mouse [gG2A or mouse anti NKG2A (clone 20D5) via intraperitoneal (i.p.) injection.

Figure 1A- 1C shows size of individual mouse tumors treated with EXX-1 Fc (active Fc), isotype
control or mouse anti NKG2A antibodies respectively. Additionally, a difference in mean tumor
size was observed by day 16 post tumoral injection between tumor-bearing mice treated with
EXX-1 (active Fc) compared to control antibody (Fig. 1D) suggesting EXX-1 (active Fc)
mediated anti-tumor responses via blockade of the NKG2A axis. Furthermore, EXX-1 (active
Fc) therapy significantly improved survival time (p>0.05) compared to control antibody (Fig.
1E). Our data show 35% of the mice that received EXX-1 as a checkpoint blockade antibody
were tumor-free while isotype control led to premature dead in mice.

Direct comparison of tumor regression caused by EXX-1 and anti-NKG2A (clone 20D5)
suggesting a benefit in targeting Qa-1%/Qdm compared to its counterpart NKG2A as only 11% of
the mice treated NKG2A respond to therapy and become tumor free (Fig 1E). Our results were in
line with previously published data by andré et al, pertaining to the efficacy of a-NKG2A

blockaded as a single therapy (10).
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EXX-1 mAb with active Fc promote durable anti-tumor immunity in A20 tumor-bearing
mice

To better understand the mechanism behind the tumor regression in EXX-1 treated mice, tumor-
free mice were rechallenged with the same tumor (A20). We engraft the A20 tumor in naive
mice as a control for our experiment. Following subcutaneous injection of tumor cells into
syngeneic BALB/c mice, A20 (B cell lymphoma) cells progressively grew in all naive mice (Fig.
1A). By contrast, none of the rechallenged mice display tumor growth (Fig. 1B). In addition,
obtained results from Kaplan-Meier curves indicate a 100% survival rate in the rechallenged
mice with A20, which was previously cured by immunotherapy (Fig 2C). Obtained results
indicated that EXX-1 with active Fc domain have an active role in the recruitment of CD8+ T
cells in the tumor microenvironment (TME) and promoting the memory response they these cells
will create against their target. These results were in line with the study previously conducted by
our group on the evaluation of EXX-1 efficacy as a therapy in combination with the cancer

vaccine (17).

Qa-1"/Qdm interaction with NKG2A suppress the anti-tumor activity of NK and CD8+ T
cells

Although presence of the CD8+T cells in TME are essential for the tumor regression in mice
treated with EXX-1 (active Fc domain), we argue that improved survival benefit in these mice is
solely mediated by T cells. To prove our point and discover the roles of other immune cell
responsible for tumor regression, we evaluated EXX-1 (active Fc) efficacy in presence and

absence of NK or CD8+ T cells. Efficacy of EXX-1 were determined by tumor growth kinetic
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among different groups of therapy. Obtained results indicate that Both NK cells (Fig 3A) and
CD8+ T cells (Fig 3C) were required to control tumor growth, since administration of anti-
asialo-GM1 and anti-CD8a mAbs, into tumor-bearing mice in combination with EXX-1
abolished the effect of our checkpoint blockade and led to premature death in animal from
respective groups. In contrast, EXX-1 efficacy did not obliterate in control groups as Kaplan
Meyer survival estimator still shown 40-45% survival rate in these groups (Figures 3B and 3D).
These results suggest that NK cells in addition to cytotoxic T lymphocytes play an important role
in tumor remission caused by EXX-1, especially in early stage of tumorogenesis. Moreover,
indicate that TCR- like antibodies with active Fc has potential to recruit ADCC mechanism. Our
finding is also corroborating the important roles of Qa-1*/HLAE interaction with NKG2A
positive cells in TME and potential benefit that patient may get from their blockade therapeutics.
The depletion efficacy of NK and CD8+ T cell in our experiment was validated by flow
cytometry detection of these. cells in peripheral blood mononuclear cells (PBMCs). Results
indicated that we were able to successfully eliminate both NK or CD8+ T cells in their respective

groups (Fig S1).

Boosting EXX-1 therapeutic potency in colorectal cancer via ADCC mechanism

We then investigated whether Qa-1°/Qdm blockade through EXX-1 active Fc could promote
anti-tumor immunity in other tumor models. We use colorectal carcinoma grade IV (CT26) in
BALB/c mice. This model was previously characterized as a solid tumor with enriched
infiltrating immune cells such as cytotoxic T-cell and NK cells in their TME (19, 20). Gang Shi
et al., reported a therapeutic benefit utilizing a combination of anti PD-1 with other therapy

created in CT26 bearing mice (21). Therefore, CT26 bearing mice treated one week after tumor
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inculcation with 10mg/kg of either EXX-1 Fc active, anti- PD-1 or isotype control antibody. A
modest effect on tumor growth inhibition was observed in CT26-bearing mice treated with EXX-
1 compared to mice that received anti PD-1 or control antibodies. Figure 4A-4D shows size of
individual mouse tumors treated with EXX, control antibody, anti PD-1 or its control antibody
respectively.

Additionally, EXX-1 therapy significantly improved survival time compared to anti PD-1 or
control antibody (Fig. 4E) suggesting EXX-1 with active Fc mediated anti-tumor responses via
blockade of the NKG2A axis in CT26 models. Although none of the mice treated with EXX-1
active Fc displayed complete tumor regression, our findings show that blockade of the NKG2A
axis by targeting tumor cells via the Qa-1%/Qdm peptide complex is effective and resulted in 40%
of mice surviving beyond 14 days compared to 0% of mice in the control groups including anti

PD-1 treated mice.

Phenotypic characterization of ex-vivo harvested CT26_WT tumor.

Next, by ex-vivo analysis of the CT26 tumor we tried to uncover the reason behind significant
differences of tumor sizes observed among different groups of therapy. Figure SA-5C shows
tumor size in mice treated with EXX-1 active Fc, anti PD-1 and isotype control respectively.
Given the variation of response generate in different treatment groups, we sought to further
characterize the immune cell phenotype in the tumor microenvironment. Staining results of
CT26 tumor with EXX-1 antibody revealed a modest up-regulation in the Qa-1%/Qdm on the
surface of the tumor cells (Fig SD-left panel). In addition, we observed that tumor-associated
macrophages (TAM) show binding to EXX-1 antibody (Fig SE-left pannel), meaning that they

have an overexpression in Qal/Qdm.
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Taylor M et al, previously reported an increase in myeloid cells population, particularly M2
macrophages (MHCII+CD206+) in their CT26 tumor model. They assume detected surges in the
M2 cells are associated with immune suppression, tumor growth, and metastasis of CT26 tumor
(23). Taken together our data revealed that EXX-1 with active Fc is the main reason for tumor
growth inhibition observed in our recent study. In other word, we can assume by blocking the
Qa-1°/Qdm on the surface of M2-like macrophages, we can suppress the M2 cells in TME and

control the tumor growth in CT26 model.

DISCUSSION

Past decade has seen numerously breakthrough in the field of immune-oncology and become
clear that modulation of the immune system can be used combatting the cancer. Despite the
advances, immuno-oncology still contained many mysteries and the full spectrum of checkpoint-
blocking therapies along with their mode of action, currently is the subject of many studies. Our
team previously developed an immune checkpoint blockade antibody (mAb) for mouse Qa-
1°/Qdm complex (EXX-1). Preliminary data from In-vitro characterization of our antibody,
confirmed that EXX-1 is highly selective to the Qdm peptide presented by the Qa-1b MHC
complex. We also showed that blockade of Qa-1°/Qdm through EXX-1 promoted the NK cells
proliferation. On the other hand, our results from testing EXX-1 functionality in an in-vivo
setting suggest that EXX-1 can reverts ineffective cancer vaccine into potent inducer of anti-
tumor immunity.

In our current study, we demonstrate the potential benefit that antibody-dependent cellular

cytotoxicity (ADCC) mechanism may have on the efficacy of the checkpoint blockade modules.
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For this purpose, we conjugate EXX-1 to mouse IgG2A that previously reported by many
scientists including Kipps, et al., for its capability in induction of the ADCC in mice (23). We
observed that treating tumor bearing mice with EXX-1 (mouse IgG2A) leads to tumor regression
and eventually complete tumor elimination in 40 % of the treated mice. On the other hand, our
results revealed that treated mice developed and prolong anti-tumor immunity. By elimination of
the NK and CD8+ T cells in A20 tumor bearing mice we tried to further investigate the cellular
mechanism behind the EXX-1 mode of action. Interestingly we observed that tumor regression
mediated by EXX-1 eliminated in the depleted NK or CD8 + T cell mice. Moreover, we found
out that NK cells play a crucial role in tumor growth inhibition at the earlier stage of
tumorogenesis while cytotoxic lymphocyte will convey their message later in the process.

Van montfoort et al, reported a therapeutic benefit in their murine tumor models when they
blocked the NKG2A receptor (24). On the other hand, André P et al, reported that antibody
blockade of mouse or human NKG2A combined with anti-PD-(L)1, promotes anti-tumor
immunity by unleashing both T and NK cells functions in-vivo as well as in-vitro (10). This is in
line with our discovery about the roles NK and CD8 T cells in A20 tumor model.

Also, by direct comparison of the both sides of the NKG2A axis as a target for blocking antibody
therapy, we observed targeting Qa-1°/Qdm by EXX-1, increased mice survivability by 35%.
However, treating mice with anti NKG2A only cured 11% of their tumors, suggesting a benefit
in blocking Qa-1%/Qdm side of this axis.

André P et al reported that tumor infiltrated CD8+ T cells are often co-expressing the PD-1 with
NKG2A receptor. Since PD-1/PD-L1 blockade antibodies are the first line of treatment for many
cancers (10), we tried to compare the efficacy of EXX-1with PD-1 in our animal model. BALB/c

mice were inoculated with CT26 tumor and treated with EXX-1 (active Fc domain), anti-PD-1
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and their isotype controls. The results illustrated that PD-1 blockade did not improve overall
survivability of the mice, whereas EXX-1 therapy increased the life span of the tumor bearing
mice. These findings provide insight in the distinct cellular mechanisms underlying the mode of
action for the blocking antibodies targeting NKG2a and PD-1 axis.

Van montfoort et al, and others have reported that NKG2A receptor are also expressed on a large
quantity of the head and neck tumor reactive CD8+ T cells in human (24). Since HLAE is an
ortholog of the Qa-1% and its interaction with NKG2A receptor have an immune inhibitory role
in human, likely having an antibody targeting HLAE peptide complex can create a significant
benefit in the field of the human immuno-oncology.

Taken together, these data imply an important restraining role of the NKG2A/Qa-1° axis for
therapees, mediate via an increased NKG2A expression on CD8 T cells in the

tumor and induction of Qa-1° on tumor cells. These findings also provide support for the
continued preclinical development of TCR-like antibody conjugate to IgG1, with a long-term

goal of clinical evaluation in patients with cancer.
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FIGURES
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Chapter 5 1: Enhanced cytotoxicity of NK cells against mouse lymphoma through EXX-1
mAb-mediated ADCC

A20 tumor cells were engrafted in BALB/c mice. Tumor bearing mice were then treated on day
9 to 21 in every other day interval (total of 7 doses) with an isotype control, anti-NKG2A and
EXX-1 mAb. Graphs shows individual mouse tumor growth in (A) EXX-1, (B) anti NKG2A,
(C) isotype control treated groups. (D) comparison of the average tumor growth in each
treatment group and (E) combined survival curves. The data presented are the pooled results of
two independent experiments. Error bars represent mean+SD (n=17 in each group). (C) Log rank

test *p = 0.0142 and ***p=0.0009 was used for statistical analyses.
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Chapter 5 2: EXX-1 mAb with active Fc promote anti-tumor immunity in A20 tumor-

bearing mice.

Graphs shows tumor growth in (A) rechallenged mice with A20 tumor (n=6), (B) Naive mice
engrafted with A20 tumor (n=5). Triangular marks on the graphs indicate the day of tumor
engraftment. (C) combined survival curves. (C) Log rank test, ***p = 0.0007 was used for

statistical analyses.
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Chapter 5 3: Qa-1"/Qdm interaction with NKG2A blocks the anti-tumor efficacy of NK
and CD8+ T cells

A20 bearing mice were treated with an anti-asialo-GM1 pAbs (NK depleted) or an anti-CD8a
(CD8a depleted) one week prior to tumor inoculation. Tumor bearing BALB/c mice were then
treated on day 9 through 21 in every other day intervals (total of 7 doses) with EXX-1 mFc mAb.
Graphs shows (A) average tumor growth in NK-depleted group, control NK depleted and EXX-1
isotype control, (B) followed by their survival curve (n=10), (C) average tumor growth in CD8a
depleted group, control CD8a depleted combined with EXX-1 isotype control and (D) followed
by their survival curves (n=10). Data pooled from two independent study. Error bars represent
Mean+SD in each group. (A) One-way Anova **p=0.0039, ****p<0.0001 (B) log rank test:
*#%p=0.0003, ****p<0.0001 were used for analysis of the graphs.
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Chapter 5 4: Boosting EXX-1 therapeutic potency in colorectal cancer via ADCC

mechanism

CT26_WT tumor cells were engrafted in BALB/c mice. Tumor bearing mice were then treated
on day 6 through 18 in every other day interval (total of 7 doses) with isotype control, anti-PD1
and EXX-1 mFc mAb. Graphs shows individual mice tumor groups in (A-B) EXX-1 and isotype
control, (C-D) anti-PD1 and isotype control respectively. (E) followed by survival curve (n=10).
(E) log rank test **p=0.0017, ****p<0.0001 used for analysis of the graphs. Data pooled from

two independent study.
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Chapter 5 5: Phenotypic characterization of ex-vivo harvested CT26_WT tumor.

Schematics shows representative tumor size in mice treated with (A) EXX-1 mFc, (B) anti PD-1
and (C) isotype control. Histogram shows flow cytometry characterization of (D) harvested
tumor and (E) tumor infiltrating macrophage, determine by anti-Qa-1° clone 6A8 (left panel) and

EXX-1 (right panel) binding.
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Supplement Figure 5 1: Flow cytometry conformation of NK and CD8+ T cells depletion in

mice blood.

Blab/C mice treated with an anti-asialo-GM1 pAbs (NK depleted) or an anti-CD8a (CD8a
depleted), bled to evaluate their responses to the injected therapies.

Upper panels: FACS profiles of CD3 and NKp46 expression on NK and T cells in the blood of
(A) NK depleted mice, (B) followed by control (Naive) mice.

Lower panels: FACS profiles of CD8 and CD4 expression on CD3+ T cells in the bloods of (A)
CD8a depleted mice and (D) followed by control mice.
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