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ABSTRACT

The use of monoclonal antibodies (mabs) is a promising therapeutic approach for the prophylaxis
and treatment of a wide range of illnesses, including cancer, autoimmune, and infectious disorders.
They currently rank among the most widely used drugs in the pharmaceutical sector. The area of
medicine where mabs are most extensively employed is oncology. Unfortunately, the complicated
and costly nature of mab design, mab secretion, and purification are prohibitive and pose a hurdle
to product development and pre-clinical modification, which is a significant obstacle to the use of
mab therapy in clinical practice. Additionally, parenteral mab administration also poses clinical
difficulties. Patients experience mild-to-moderate injection site and infusion-related responses,
despite mab therapy having a low overall reactogenicity.

Here, we proposed that mabs might be efficiently given by allogeneic cells that produce mabs and
are encapsulated to increase cell viability and safeguard against host immunological reactions.
Various illnesses, such as diabetes mellitus, anemia, cancer, and neurodegenerative disease, have
been successfully treated in animal models and people through the delivery of therapeutic drugs by
microencapsulated single-cell populations. A single injection of microcapsules is anticipated to be
effective since the microcapsules can be tailored to last for the duration necessary for the treatment
by altering the concentration of alginate and the cross-linking of alginate with PLL. While
preventing immune cells from attacking the enclosed cells, the biocompatible membrane permits a
bidirectional flow of nutrients, oxygen, and waste products. When a slow, continuous mab release
over a lengthy period of time is necessary, cell encapsulation-aided mab delivery is preferable to
bolus mab injection.

Therefore, in this pre-clinical model, we investigated the feasibility of mab administration utilizing
an enclosed cell culture that expresses mab. Until now, transformed hybridoma cells have been
used to produce and secrete mabs. The novelty of this study is the use of non-professional immune
cells, such as murine G8 myoblasts and human HEK293 (human embryonic kidney cells) cells, to
secrete mabs. These cells were transfected with plasmids that encode the heavy and light chains of
human 1gG specific for antigens relevant in treating cancer and COVID-19 and then enclosed in
alginate microcapsules. Afterward, immunocompetent (C57/BL6J) mice were intraperitoneally
implanted with the microcapsules, and changes in the level of circulating mab were evaluated.
Western blotting, ELISA, and microscopy were used to characterize the mab both in vitro and ex
vivo. Co-transfected G8 cells secreted intact 1gG at sustained levels similar to transfected HEK293

cells. Partial characterization of the secreted mab was performed. Mice implanted with



microcapsules containing G8 cells secreting mab induced the detection of blood mab for 40 days.
This study shows the feasibility of cell microencapsulation for the systemic delivery of intact mab.
This method has potential significant therapeutic applications that call for further investigation.
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CHAPTER 1
1.1 INTRODUCTION

Monoclonal antibodies (mabs) are among the most promising therapeutic products in the
pharmaceutical industry and medicine. Antibodies have overtaken prescription pharmaceuticals as
the industry's top sellers in the last five years, and by 2020, biologics accounted for eight of the top
10 bestselling drugs globally. The US Food and Drug Administration (US FDA) has authorized 79
therapeutic mabs, all currently available. Nonetheless, the complicated and costly features of mab
manufacturing, where mab manufacture and purification are notoriously expensive and offer
difficulty for product development and pre-clinical modification, is a substantial obstacle to
applying mab therapy in clinical practice. In order to increase cell survival and protect against host
immunological reactions, this study proposed that mabs might be efficiently supplied by
encapsulated allogeneic cells that express mabs.

The biocompatible membrane permits a bidirectional flow of nutrients, oxygen, and waste products
by preventing immune cells from attacking the enclosed cells. The microcapsules can be
engineered by adjusting the concentration of alginate and the cross-linking of alginate with PLL to
last for the length of time desired for the treatment so that a single injection of microcapsules is
expected to be effective. When a stable, progressive mab release is required, cell encapsulation-
aided mab delivery is preferable to bolus mab injection. Previous research demonstrated mab
delivery from hybridoma cell lines. With this method, therapeutic amounts of mab were delivered
over an extended period of time to numerous animal models. Unfortunately, hybridoma cells,
murine cells produced by fusing a B lymphocyte and a malignant myeloma cell, cannot be used for
human implantation. As demonstrated in this study, the potential therapeutic range of encapsulated
technology to deliver mab is expanded by the capability of using encapsulated genetically altered
cells that are not expert antibody-secreting cells. The novelty of this thesis is based on examining
whether encapsulated non-professional immune cells such as myoblasts can produce and release
mabs levels against SARS-CoV-2 Spike protein, CD20, and EGFR antigens, at clinically relevant
levels. This study aimed to prove that it was possible to maintain functioning mabs in genetically

modified encapsulated cells in a pre-clinical animal model.
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1.2. THESIS HYPOTHESIS

The hypothesis of this thesis is that non-immune cells can be genetically engineered to secrete and
deliver functional and clinically relevant levels of monoclonal antibodies through alginate

microcapsules.

1.3. SPECIFIC AIMS

AIM |: DELIVERY OF MONOCLONAL ANTI-EGFR AND ANTI-CD20 ANTIBODIES FROM
MICROENCAPSULATED CELLS. More specifically:

A. Design and synthesis of DNA coding for monoclonal antibodies against EGFR and CD20
antigens of cancer

B. Characterization of secreted monoclonal antibodies in transfected cells

C. Delivery of monoclonal antibodies from microencapsulated cells

AIM 1I: DELIVERY OF FUNCTIONAL MONOCLONAL ANTI-SARS-COV-2 ANTIBODIES
FROM MICROENCAPSULATED CELLS. More specifically:

A. DNA plasmid coding for the constant and variable regions of the heavy and light chains of
monoclonal antibodies against SARS-CoV-2 Spike protein

B. Characterization of secreted monoclonal antibodies in transfected cells

C. Delivery of monoclonal antibodies from microencapsulated cells

D. Functional characterization of secreted monoclonal antibodies

AIM 11I: MODULATION OF IMMUNE RESPONSE. More specifically:
A. Characterization of secreted hFIX, Fc, and mIL-10 proteins in transfected cells
C. In vivo delivery of monoclonal antibodies from microencapsulated cells

D. Characterization of immune response to immune modulators

16



1.4 THESIS ORGANIZATION

The Ph.D. thesis consists of six chapters.

Chapter 1 is the introduction that outlines the thesis, thesis hypothesis, and specific aims.

Chapter 2 presents a broad literature review of the appropriate research work presented in the
thesis. The first part supports the topics that include the 1gG structure, classification, cost,
production, and purification methods. In contrast, the second section discusses the main targets of
mabs against cancer or other infectious diseases. The third section presents the cell encapsulation
strategy for drug delivery, which comprises the different cell sources and biomaterials for capsule
formation. The literature review ends with the immunology part describing the immune responses

elicited by antigens.

Chapter 3 addresses Aim 1 by describing in vitro experiments toward developing monoclonal
antibodies against cancer. The chapter describes in detail all the methods for the mab DNA design,
synthesis, and characterization of mabs against EGFR and CD20 antigens, cell culture, and mab

secretion from free and encapsulated cells.

Chapter 4 focuses on Aim 2 by describing in vitro and in vivo experiments and the findings from
these studies. The chapter describes in detail all the methods for the mab DNA vectors, synthesis,
and characterization of mab against SARS-CoV-2. This chapter also describes cell culture and mab
secretion from free and encapsulated cells. Finally, the delivery of mab from encapsulated cells

implanted in mice is described.

Chapter 5 presents efforts toward modulating the immune responses to transgenes delivered
through alginate microcapsules in vivo through the co-delivery of an antigen and

immunomodulatory molecules from genetically engineered encapsulated cells.

Chapter 6 offers conclusions from the results of this thesis and discusses potential directions for

future research.
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CHAPTER 2
LITERATURE REVIEW

2.1 Immunoglobulin

The scientific concept of the "magic bullet” was established by Paul Ehrlich, who, in 1890,
anticipated that antibodies could be used to deliver chemically combined poisonous agents to
specific cell types and that it might be possible to kill the particular disease-causing organism while
causing no harm to the body itself M. Later, in 1975, George Kohler and César Milstein described
the hybridoma technology, which enables the continuous cultivation of antibody-secreting cells
with a determined specificity. Antibodies, also recognized as immunoglobulins (lg), are
glycoproteins produced in large quantities by B-cells. Antibodies play a crucial function in the
immune system as a part of adaptive immunity, specifically by recognizing and neutralizing
immunogenic foreign pathogens such as bacteria or viruses, as well as other disease-causing
organisms 21, Each antibodly is generated due to the immune system's reaction to a specific antigen.
Antigens include peptides, carbohydrates, fats, and DNA, which cause the immune system to
respond, leading to the growth of lymphocytes and particular antibodies produced by those antigens.
The antigen receptor for the cells in the B-cell receptor, B-cell membrane-bound immunoglobulin.
Spatial complementarity interactions occur between antibodies and antigens (lock and key). The

parts of the antigen that the antibody recognizes are known as epitopes 1.

2.1.1 Antibodies structure and function

Immunoglobulins are sizeable globular plasma proteins secreted mainly by B-cells and act primarily
as a defense against antigens. They are the most abundant proteins in plasma and are essential
components of the immune system . Circulating antibodies can effectively identify, kill, or
neutralize foreign pathogens. They also cause apoptosis by interacting with specific cell surface
molecules B,

Human IgG has a molecular weight of approximately 150, 000 daltons and a size of about 10 nm
Bl It is a roughly Y"-shaped glycoprotein composed of 4 polypeptide chains: 2 equal heavy chains
(HC, MW-approximately 50-70 kDa) and 2 similar light chains (LC, MW-approximately 25 kDa),
which are connected by interdomain disulfide bonds and non-covalent hydrophilic and hydrophobic
connections 1. Covalent binding between sulfhydryl groups of cysteine molecules and non-
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covalent bonds hold two HCs together [l Both heavy and light chains have the variable (V) and
constant (C) regions at the N- and C-termini, respectively. In contrast to the LC, which has one
constant (CL) and one variable domain (VL), the HC has four parts: three constants (CH1, CH2,
and CH3) and one variable (VH). The constant regions serve as the structure's backbone [,

Each antibody molecule contains three distinct functional fragments: two antigen-binding
fragments (Fab region) and one fragment crystallizable region (Fc region) [, These two parts are
connected by a hinge region, which provides conformational flexibility in antibodies after adhering
to antigens or when the substance moves through the body. Each region of the antibody serves a
distinct purpose. The Fab region functions as an antigen-binding site, allowing specific antigens to
be recognized. Antibody specificity toward antigens is caused by the antigen-binding site,
especially the complementary-determining regions (CDR) of the N-terminal Ig region in both the
HC and LC . The CDRs are divided by systemically conserved regions that form a p-sheet
structure presenting these loops on the surface of the variable domain 1. Each variable domain
contains three CDR loops, which are responsible for an antibody-antigen specificity . They are
identified as L1, L2, L3, H1, H2, and H3 [, The Fc region, which forms the base of a"Y" structure,
determines the effector capabilities of antibodies, for example, complement activation connection
with Fc receptors (FCRs) and the generation of a corresponding immune response to a given antigen
121 \When an antibody binds to a specific antigen, it activates the conventional route of complement-
dependent cytotoxicity (CDC) as well as antibody-dependent cellular cytotoxicity (ADCC). The
cytolytic action of effector cells whose surface antigens are bound to specific antibodies is ADCC.

ADCC is important in the clinical impact of anti-tumor mabs like Herceptin and Rituximab X1,

2.1.2 Classification and functions of immunoglobulin isotypes

Immunoglobulins are divided into 5 significant isotypes depending on the arrangement of their
heavy chain, with some having multiple subtypes. Immunoglobulin A (IgA), Immunoglobulin D
(IgD), Immunoglobulin E (IgE), Immunoglobulin M (IgM), and Immunoglobulin G are the five
major types of immunoglobulin (IgG). There are different forms of HCs indicated by Greek letters:
i, v, &, a, and &, which define the antibody type, especially IgM, 1gG, IgE, 1gG, and IgD 241, Also,
there are two varieties of LC: kappa and lambda. There is just one form of LC produced by each B-
cell. The ratio of the two types of LC varies between species. Each LC class has two regions: a
constant domain (CL) and a variable domain (VD).

In contrast, the HC subclasses IgA, IgD, and IgG have 3 constant (C) and 1 variable (V) domain.

IgE and IgM have four constant domains and one variable domain. "Y" shaped macromolecules
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have a monomeric basic structure. IgD, IgE, and IgG antibody isotypes are monomers, whereas IgA
is a dimer and IgM is a pentamer [l IlgM's pentametric structure is helpful because it has a low
affinity. Still, as a pentamer, it can bind to many instances of the target protein on the antigen at the
same time, resulting in avidity [*°. Each immunoglobulin isotype's structure and functions are

highly variable 41,

IgM

IgM is the most abundant immunoglobulin, and it is expressed in early B-cell development as a
component of the adaptive humoral immune response of the organism to an outside infection 161,
IgM is a heterotetramer with a molecular mass of approximately 990 kDa 71 that is made up of five
or, in rare cases, six subunits. IgM accounts for about 15% of normal adult immunoglobulin. These
molecules form pentamers, which makes them particularly effective at activating the complement
system [€1,

Disulfide linkages that are covalently formed between the Fc domains of IgM molecules and
between the single cross-linking joining (J) chain and IgM Fc regions stabilize pentameric IgM.
The J chain is a small 15 kDa polypeptide linker that promotes mucosal surface secretion and
regulates IgA and IgM formation [*°1. This chain is formed in the cells that secrete IgA. Even though
monomeric IgM has a weak antibody-binding potential due to immaturity, the multivalent structure

of the molecule provides a strong avidity of pentameric antibodies.

IgD

IgD is a monomeric immunoglobulin isotype found in low concentrations in blood serum,
accounting for around 0.25% of all antibodies. The immunoglobulin isotype has a molecular weight
of 185 kDa and a half-life of 2.8 days, comparable to IgE 2%, It also comprises two of the same
heavy polypeptide chains of the delta class, and two conform light polypeptide chains. When a B-
cell departs the bone marrow and populates secondary lymphoid organs, the IgD molecule is
expressed. When B-cells reach maturity, they co-express surface IgD and IgM and take a role in B-
cell receptor activation. It has also been discovered that IgD binds to basophils and mast cells,

causing them to develop antibacterial factors that are useful in allergic reactions 21,

IgA
IgA is a type of immunoglobulin involved in mucosal surface immunity and serves as an important

first-line defense against toxins, viruses, and bacteria. IgA levels in mucosal surfaces and secretions,
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such as tears, saliva, sweat, and colostrum, are higher than in all other antibody isotypes combined
221 |gA has two subclasses (IgA1 and IgA2) with different hinge regions, with IgA1 having a more
extended hinge region than IgA2. It is possible to produce monomeric and dimeric versions of IgA
231 A dimeric form of IgA called secretory IgA (slgA) is made up of two or more monomeric IgA
molecules that are covalently bound together by the J peptide and a second polypeptide chain called
the secretory component (SC), which is obtained from the polymeric-Ig receptor (plgR) found in

endosomes 241,

IgE

IgE is a large, globular protein found only in mammals that are linked to type I hypersensitivity and
allergic response. IgE has a structure similar to 1gG, but it lacks a hinge region, and it features an
additional interstrand disulfide among its CH2 domains, creating its CH3 and CH4 areas more
similar to 1gG's CH2 and CH3 regions %1, IgE has the shortest half-life and is the less plentiful of
the antibody isotypes, having a concentration of approximately 150 ng/mL in human plasma
contrary to 10 mg/mL IgG in an average individual [°!, 1gE binds to two different types of receptors.
The FcRI is a strong affinity IgE receptor that was found on mast cells, eosinophils, basophils, and
Langerhans cells and was involved in allergic responses. The second is low-affinity FcRII, which

is secreted only on B-cells and also helps to regulate IgE levels 271,

19G

The most prevalent antibody isotype within the human body is IgG. And that accounts for
approximately 75% of the total antibody circulating mass. 1gG possesses the greatest serum half-
life among any immunoglobulin isotype, lasting about 15-25 days [?. As previously stated, 1gG
consists of two identical heavy chains (50-70 kDa) and two similar light chains (25 kDa), yielding
a molecule of about 150 kDa. Four linked gene codes IgG HCs, resulting in the subclasses 1gG1,
IgG2, 1gG3, and 1gG4 281, They are distinct in terms of the hinge and constant regions. The 19gG"s
Fc domain can interact with FcRs normally secreted via cytotoxic cell lines (macrophages and NK
cells) 2% resulting in different effector functions for different subclasses. The FcR is in charge of
cell-mediated recognition of antibody-antigen complexes. IgG1l and IgG3 isotypes activate the
complement system more efficiently and bind to macrophages and monocytes more effectively F%.
The 1gG4 antibody is a blocking antibody for anaphylactic sensitization reactions 3. 1gG2 antibody
has the minor effector function but is primarily responsible for anticarbohydrate 1gG responses to

bacterial capsular polysaccharides [?81,
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2.1.3 Monoclonal antibodies in the clinic

Because mabs can be targeted towards antigens on cell surfaces, using them in clinics is one method
of combating cancer and other diseases. Mabs can attack cancer cells directly or as carriers for other
compounds used for treatment or diagnosis. Because of their immune system functions, antibodies
can be used in clinical diagnostics, therapeutic applications, and medical research. In the clinic,
mabs are safe and effective in the course of treating a broad spectrum of diseases involving cancer
and other autoimmune illnesses 2. Muromonab-CD3 (Orthoclone OKT3), the initial
pharmaceutical mouse anti-human mab, was certified by the US FDA in 1986 to treat leukemia [,
Approximately 100 therapeutic mabs have been approved by the US FDA or the European
Medicines Agency (EMA) between 1986 and December 2019 41,

Mabs are currently among the most popular medications in the pharmaceutical industry. However,
oncology is the field of medicine where mabs are already widely used to treat a variety of cancers
(lymphoma, myeloma, glioblastoma, melanoma, neuroblastoma, lung, breast, colorectal, head and
neck, and ovarian cancers). A pioneering mab against cancer was Rituximab (Rituxan), a chimeric
anti-CD20 mab, which was authorized to be used in medicine in 1997 %, The vast majority of
mabs are designed to combat multiple diseases [*8l. More than 570 mabs are currently being tested
in clinical studies (Phase I, Phase I/11, and Phase 1), with six novel therapeutic mabs approved in
2019 71, Mabs can be used alone or in combination with cytokines, toxins, radioisotopes, or other
active substances during therapy and diagnosis of cancer 8. Herceptin (Trastuzumab), a treatment
for metastatic breast cancer, is an example of a successful combination of a cytotoxic drug and an
antibody that recognizes receptors on cancer cells. Herceptin is a mab that has been humanized and
suppresses the growth of cancer cells by binding to the HER2 receptors 9. Also, mab therapy is a
method of treating complex diseases in rheumatoid arthritis (RA) and other inflammatory disorders
[4°1 Several clinical trials have shown that blocking the inflammation-promoting cytokine molecule
tumor necrosis factor-alpha (TNF-a)) with anti-TNF antibodies is a long-term effective therapy
(41421 Adalimumab (Humira) is the best-selling mab in the world that inhibits TNF. In 2002, it was
licensed for medical usage in the US[*3l,

Coronavirus disease 2019 (COVID-19) mab therapy is well tolerated and poses few risks. The most
frequent adverse outcomes recorded are responses at the site of injection and responses from
infusions. Infusion-related reactions are common with drugs such as rituximab, and possible side
effects might occur after giving mabs 4% An infusion response might include flushing,
fever/chills, back discomfort, stomach pain, pruritus, or skin irritations, among other symptoms.

Typically reactions associated with infusion appear 30-60 minutes after the injection is started. Most
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infusion-related responses are self-limiting and manageable by halting the infusion and treating the
signs. When the symptoms have subsided, the infusion can be reintroduced more gradually 61,
Responses to infusions happened in 1% of the patients who received sotrovimab. Diarrhea was the
most commonly reported side effect (1%) 1. Mabs are an effective treatment option for mild to
severe COVID-19 infection in non-hospitalized patients. However, throughout the global
pandemic, mabs were in limited availability. Individuals who are more likely to require
hospitalization or die as a result of COVID-19, such as the elderly and those with chronic illnesses,

are prioritized by federal guidelines.

2.1.4 Development of therapeutic antibodies

Muromonab-CD3 is a murine immune system-produced anti-human protein. When the first
therapeutic mab Muromonab-CD3 was injected into a human, the host responded with an
immunogenic response, including anaphylactic shock. The human Fc region was substituted for the
murine sequences in one solution to the immunogenicity problem 8. As a result, several mab
groups based on protein origin were developed: human mabs, murine mabs, humanized mabs, and
chimeric mabs [“°1, Mabs are named after their specific structure, and the suffix of the mabs name
indicates the manufacturing method.

Murine antibodies are entirely composed of rodent host proteins. Murine antibodies played a vital

role in the creation of therapeutic antibodies. On the other hand, treatments using murine antibodies
were ineffective and had numerous drawbacks. This is because after receiving these mabs
intravenously, patients developed a human anti-mouse antibody (HAMA) response. HAMA
reactions have been identified in about 50% of cases following one dose of murine mabs, which
exceeds 90% of developing HAMA after two or three additional shots P51, As a result, engineering
clinically interesting murine mabs into those that function more like human Ig is advantageous. To
accomplish this, important occurrences from the human heavy chain backbone were transferred to
the structure of the xenogeneic murine antibodies, preserving the Ag-binding properties. Both
chimeric and humanized mabs can be given to patients for long periods without causing a clinically
significant immune response 2

Chimeric antibodies contain genetic materials from various species, accounting for roughly two-

thirds of human protein. The constant regions of mouse mab, for example, could be replaced by
another species, such as a human 31, A chimeric antibody's structure is composed of approximately
70% human material 4. Chimeric antibodies were first developed in 1980, and recombinant DNA
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was investigated. Abciximab, the initial chimeric antibody, was authorized by the US FDA in 1994
to inhibit platelet aggregation by blocking platelet glycoprotein I1b/I11a receptors 531,

Humanized antibodies are non-human antibodies that have been genetically engineered to be more

similar to antibodies produced naturally in humans 8. Only about 5-10% of these mabs are from
other species. Humanized antibodies have several advantages over murine mabs, including lower
immunogenicity, human effector mechanisms, and longer half-life of serum B7. The first
humanized mab, daclizumab, was approved by the US FDA in 1997. Daclizumab is a mab that
prevents the body from rejecting the transplanted organ.

Fully human antibodies, which lack murine sequences, were created by expressing isolated human

variable domain genes in Escherichia coli (E. coli) 585, Transgenic mouse expression or phage
display, in which a collection of human antibodies are displayed on the exterior of the phage and
then chosen and boosted in E. coli, are the primary methods for producing these antibodies.

2.1.5 Hybridoma Technology

The scientists César Milstein and George Kohler 1975 achieved one of science's most significant
breakthroughs when they successfully fused short-lived B-cells that produce antibodies with a
myeloma cell line that has been immortalized, creating a hybridoma . Cloning and testing these
hybridoma cells would follow the mass mab production on a large scale. This endeavor won the
two scientists the Nobel Prize in 1980. The findings demonstrated the ability to isolate different
hybrid lines that produce antibodies directed against the same antigen but with various effector
functions. The idea behind this technology is that the cells produced by this fusion will have
characteristics of both parental cells. They can produce specific antibodies against an antigen used
for donor immunization from spleen cells, and they obtain cancerous capacity for immortal
multiplication in vitro or in vivo from myeloma cells. The myelomas used for the fusion are pre-
selected to ensure that they lack the hypoxanthine-guanine-phosphoribosyltransferase (HGPRT)
gene and are not secreting antibodies. To select fused cells, HAT medium (hypoxanthine-
aminopterin-thymidine) is used. Unfused myeloma cells cannot use the de novo or salvage
pathways to produce nucleotides due to the absence of the HGPRT gene, and non-fused B-cells
possess a brief lifespan [¢°1. This technique is still widely used to produce antibodies more than 45
years after it was discovered.

The therapeutic action of mabs is exerted over a period of time, such as the targeting of specific
tumor cells with mabs. Thus, ideally, the delivery of mabs will be done in a sustained manner.

Currently, repeated bolus administrations are required. Therefore, alternative delivery strategies are
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desirable. Gene therapy could provide an answer to this challenge. However, in vivo, delivery of
vectors coding for mabs could face immunological and/or safety concerns. Transplantation of cells
secreting functional mabs could be considered but transplanted cells would also face immune
rejection. The use of microencapsulated allogeneic cells could overcome cell rejection.

Another knowledge gap is the fact that only lymphocytes or tumor-derived hybridomas have been
used for the expression and secretion of mabs. This thesis aimed to bridge this gap by proposing
the use of safe non-professional immune cells such as myoblasts. In contrast to proliferative cells
such as fibroblasts, encapsulated myoblasts have been shown to restrict their proliferation and

remain viable for months.

2.1.6 Recombinant production host systems

There are numerous options available when it comes to selecting a host for the creation of a
particular recombinant protein. Because it has a wide range of expression systems and is simple to
cultivate, the E. coli bacterium is typically the launching point for any cloning and expression effort
611 However, there is no standard host system for expression that is effective for all proteins.
Despite being more complicated and expensive, mammalian cell culture is frequently the only
option for synthesizing big proteins that demand much post-translational glycosylation. As a result,
the first factor to consider when choosing the best production host must be the product's
glycosylation. The second criterion is frequently annual production requirements. Lower
production quantities and, as a result, higher investment prices are associated with higher titers.
Because host development times vary so greatly between hosts, the preference for expression host
frequently establishes time to market. Each system has a unique set of benefits and drawbacks.
Aside from titer and capacity for post-translational modifications, technical considerations include
induction methods and host protease activity. Various additional factors must be considered when
aiming for industrial production, such as the royalty burden of the host cell and vector, material
expenses, regulatory concerns regarding the host cell and vector, dangerous byproducts, and

reproducibility.

Escherichia coli - bacteria

Even though there are numerous alternatives for producing pharmaceuticals and other recombinant
proteins, E. coli remains the most commonly used since it provides a quick and cost-effective
manufacturing option 621, The main advantages of E. coli, according to Sarramegna et al., 1, are

the affordable production costs, the recombinant protein's characteristics, and its speedy generation.
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The propensity to create inclusion bodies, however, can lead to issues in the production of
recombinant proteins because the proteins must be neatly folded for sufficient biological activity.
E. coli cannot carry out post-translational modifications and lacks a secretion system that allows for
for the efficient release of proteins into the culture medium. E. coli is an excellent option if no post-
translational modifications are needed. Commercial production of several recombinant hormones,
such as insulin and interferons, takes place in E. coli 64,

Using phage display technology, researchers have demonstrated the quick isolation and
characterization of peptides [° proteins ¢ and antibodies as therapeutic candidates for
pharmaceutical research programs [1: describe a method for isolating antigen-specific antibodies
without using conventional hybridoma technology. To isolate antibodies via phage display,
antibody expression on filamentous plant tips is exposed to immobilized antigen via a procedure
called "biopanning.” Immune libraries and nonimmune or naive antibody libraries are two types of

immunoglobulin gene libraries 68,

Yeasts

Using modified Saccharomyces cerevisiae, at least 10 authorized biopharmaceuticals are produced.
Among them are especially insulin and growth hormones. Furthermore, Saccharomyces cerevisiae
is used to make the great majority of vaccines that are currently available on the market. The most
significant of them are recombinant hepatitis B vaccinations 4. Given its ability to reach high cell
densities, ease of control, and ability to undergo posttranslational protein changes, Pichia pastoris
would make a suitable host 5%, Post-translational modifications carried out by yeast cells are
distinct from those made by cells in mammals . Compared to mammalian cell systems, yeasts
grow quicker and create more protein. Yeasts may have the disadvantage of producing unwanted
glycosylated recombinant proteins, though the amount of glycosylation depends on the strain and
expression method. Pichia pastoris glycosylation levels are often lower than in Saccharomyces

cerevisiael™],

Mammalian cells

Hybridoma cells and murine myeloma cell lines are additional mammalian cell types used in the
development of biopharmaceuticals 2. Only mammalian cell cultures can synthesize large
macromolecules that require specific glycosylation. Additionally, mammalian cell cultures are used

to produce every antibody-based product. Farid [® claims that the mass of mabs are fabricated in
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stirred tank bioreactors by batch or fed-batch cultivation of mammalian cell systems. Typically, the

filtration and chromatography processes are used to purify mabs [/374],

2.1.7 Purification of Immunoglobulins

Immunoglobulins are rigid molecules that can preserve biological function even after short-term
pH extremes and long-term storage at -20°C. Because crude antibody preparations might pose
issues with specific test techniques, separating antibodies from serum, cell culture lysates, or
supernatants is commonly necessary. The sort of purification technology employed is typically
defined by the degree of purity necessary for the specific use of the antibody.

At specific salt concentrations, hydrophobic interactions between molecules eventually result in
immunoglobulin precipitation as the salt concentration rises. Utilizing ammonium sulfate as an
initial clean-up step is typical before isolating comparatively pure immunoglobulin fractions.
Purification of crude antibody preparations has also been documented utilizing separation methods
using chromatography, such as anion-exchange diethylaminoethyl (DEAE) columns, that take
advantage of antibodies' essential character [,

IgG may be isolated using proteins A and G columns. Protein G interacts more strongly with
immunoglobulin molecules, such as mouse IgG, than Protein A. Proteins A and G are readily linked
to sepharose, providing vital support with a high immunoglobulin capacity and little nonspecific
binding. The bound antibody may be eluted to high/low pH solutions after the crude antibody
preparation has been applied to such column supports and washed to remove non-specifically bound
protein.

The antigen of interest (such as 4'-amino warfarin) is covalently coupled to a solid support (such as
Sepharose-4B) using affinity-purification techniques, which offer a convenient way to produce
high-purity antigen-specific antibody preparations because both non-specific immunoglobulin and
extraneous non-specific protein are eluted. A combination of buffers with a low pH and a high salt

content can then be used to release the bound antibody.

2.1.8 Cost of mabs

The commercial success of mabs has been directly correlated with their clinical success. As
pharmaceutical firms continue to aggressively engage in therapeutic mab research and development
(R&D), it is anticipated that mabs will be the primary growth area of the prescription
pharmaceutical industry between 2008 and 2020, driven by higher sales of both current products

and future products 1361,

27



The mabs market has increased between 7.2% and 18.3 % annually since 2013 at a pace. At this
time, a quicker approval rate and a robust pipeline would also support market expansion. By taking
this into account and basing their projections on the market's present worth, they assumed increasing
annually by 10%, or 15%, which led to a forecast between US$137 and US$200 billion in value by
2022 ["81. Only 7% of the revealed production locations are in Asia, which produces most of the
world's mabs, followed by the US and the EU. Within the European Union and the United States,
11 biosimilars that target the top five mabs are currently being used for therapeutic purposes.
Concerning 34% mab-indication combinations, the annual cost of treatment exceeded $100,000;
the most expensive was eculizumab, and the least costly was denosumab ($2465), which is used to
prevent fractures. Oncology or hematology had the highest median annual cost of care for mabs,
with immunology coming in second at $53,969. 43 oncology and hematology mab-indication
combinations cost more than $100,000 per year of therapy for 29 (67%) of them. Combinations of
mab indications in oncology and hematology accounted for more than 85% of those priced at
$100,000 or more, even though they only made up 43 of the 107 combinations of mab indications
authorized during the last 20 years overall ["®],

For mabs approved for "other" cancer types, such as neuroblastoma, glioblastoma, metastatic renal
cell carcinoma, and urothelial carcinoma, the median yearly cost of therapy was $167,152. Head,
neck, or lung cancer had the highest median treatment price ($163,746). For example, Rituximab
needs 8-16 doses of 375 mg/m~2, totaling 6-12 g for each patient (see http://www.rituxan.com), to
be clinically effective, according to the majority of trials [“8],

Because of this, vast cultures of mammalian cells must be used to produce therapeutic antibodies,
followed by time-consuming purification processes conducted under Good Manufacturing Practice
guidelines. As a result, producing therapeutic antibodies is very expensive, which restricts the
useage these drugs. Several different manufacturing and purification techniques in plants and

microorganisms are now being explored, which could result in considerable advancement shortly
[

2.2 Targets

2.2.1 Epidermal growth factor receptor (EGFR)

Many epithelial cancers have an overexpression of the tyrosine kinase receptor known as the
epidermal growth factor receptor (EGFR), which is an ErbB family member "8, Its structure
consists of a tyrosine kinase domain flanked by a carboxy-terminal tail containing tyrosine

autophosphorylation sites, a short transmembrane segment, and an extracellular cysteine-rich
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ligand-binding domain ["°l. EGF, TGF-, Epigen, Amphiregulin, Epiregulin, and Betacellulin are the
six known ligands for EGFR [, When a ligand binds to the receptor, it undergoes a conformational
change, enabling the carboxy-terminal tail's tyrosine residues to dimerize and undergo
autophosphorylation. This causes intracellular signaling to begin by binding cytoplasmic proteins
to phosphotyrosine-binding domains. Several downstream pathways are activated when different
docking proteins bind to the receptor. Using EGFR as a drug target prevents tumor growth,
proliferation, and migration by blocking signaling pathways.

Anti-EGFR agents with clinical activity and approval for cancer treatment include mabs against the
receptor extracellular domain and ATP-competitive tyrosine kinase inhibitors 881, Therapeutic
antibodies targeting the ErbB family have proven to be the most effective in patients with solid
malignancies 2. Anti-EGFR antibodies enhanced responses, disease management, and survival in
patients with colorectal cancer who have wild-type KRas 1, Hence the US FDA allowed their use
for patients with unmutated KRas.

Cetuximab is the most widely used EGFR-specific mab and has thus been studied for its use in
various tumors associated with abnormal EGFR expression. Because EGFR deregulation promotes
tumorigenesis, angiogenesis, and metastasis formation, it is frequently overexpressed in many
epithelial tumors, including 80-100% of head and neck cancers and 22-75% of colon cancers 84,
The US FDA approved Cetuximab in 2004 for EGFR-positive metastatic colorectal carcinoma. This
decision was based on clinical phase 1l and 11 studies in CRC patients that reported reaction times
of 9-12% for monotherapy with Cetuximab and 17-25% for the Cetuximab and irinotecan
combination therapy. Considering the stated seven-day half-life of Cetuximab, it is suggested that
patients begin their treatment with a 400 mg/m? starting dose and then receive weekly infusions of
250 mg/m?. The positive effects of Cetuximab in people with head and neck squamous cell
carcinoma (HNSCC) were demonstrated, guiding the approval of Cetuximab for HNSCC in 2006
[85].

The most common side effects associated with Cetuximab treatment were skin-related toxicities,
typically limited to grade 1 or 2 skin rash and occurring in 86% of treated patients. Severe side
effects (grade 3 or 4) were observed in 10-15% of patients, with no reports of life-threatening side
effects. Other dermatological side effects, such as erythema and acne, also occurred. These side
effects, which may be related to endogenous EGFR expression in keratinocytes and skin fibroblasts,
are treatable symptomatically. Additional side effects, such as severe infusion reaction, IgE against
oligosaccharides, and hypomagnesemia, were occasionally observed but were easily managed.

Cetuximab can eliminate EGFR-overexpressing tumor cells. Overall, the safety profile of
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Cetuximab therapy, with only minor side effects, suggests that this antibody could mediate the
elimination of cells engineered with a truncated EGFR. There is no reason to believe that potential
side effects will be more severe in immunocompromised cell graft recipients than in

immunocompetent tumor patients.

2.2.2 CD20

A group of cell surface markers known as clusters of differentiation (CD) can be used to
differentiate between various B-cell maturational stages. All B-cell surfaces express CD20, an
activated-glycosylated phosphoprotein that starts to build up during the pro-B phase and continues
to do so until the cell reaches maturity. This protein enhances B-cell immune responses to T-
independent antigens and is known to have no natural ligands . Due to its high levels of
expression in the majority of B-cell malignancies and the fact that it is not internalized or shed from
the plasma membrane as a result of mab treatment, it serves as an ideal target for mabs. As a result,
it may last a long time on the cell surface, resulting in a sustained immunological response from
complements and macrophages 7. For the last three decades, mabs targeting CD20 have been used
in clinics, with constant structural modifications [,

Rituximab is a CD20-specific humanized antibody. To treat cancer, it was the first therapeutic
antibody to be approved. Several 1-3 phase clinical trials have demonstrated its efficacy against
chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) and Hodgkin's
lymphoma, and autoimmune adverse effects like RA, autoimmune hemolytic and anemia immune
thrombocytopenia 8%, Ofatumumab, another anti-CD20 mab, appeared to have more stable CD20
binding, a slower off-rate, and greater complement-dependent cytotoxicity than rituximab. It has
been demonstrated that ofatumumab mediates CDC against Raji cells that are resistant to Rituximab
and CLL cells that express little CD20 because it binds a different CD20 epitope than Rituximab
[0 Twelve antibodies have received FDA approval for treating different hematological
malignancies and solid tumors. Early and late-stage clinical studies also evaluate a significant

number of additional therapeutic antibodies.

2.2.3 SARS-CoV-2

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel strain, first appeared in
Wuhan, China, in December 2019. Until March 2020 COVID-19 had spread like a pandemic,
causing millions of deaths and devastating economic pressure on healthcare systems around the

globe Y. In addition to causing severe respiratory symptoms, SARS-CoV-2 infection can also
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result in sepsis, kidney, liver, cardiac damage, and other complications. Although there are some
less common COVID-19 signs like diarrhea, a loss of smell and taste, and skin rash, the most
affected organ is the lungs. This is because Angiotensin-converting enzyme 2 (ACE2), which is
widely expressed in tissues like the heart, kidneys, lungs, and intestines, serves as a host receptor
for the spike protein of both SARS-CoV-1 and SARS-CoV-2. However, the majority of ACE2-
expressing cells are alveolar epithelial type 11 cells.

In contrast to the SARS-CoV-1 outbreak in 2002-2003 (774 death), the SARS-CoV-2 global
pandemic has already demonstrated enormously high death rates being over 7M [2l. Such
incomparable statistical data is explained by the higher infectivity of SARS-CoV-1 and more
effective capabilities of immunity evasion. Coronaviruses are single-stranded RNA-enveloped
viruses. They're made up of structural proteins: nucleocapsid, envelope, and spike. In most cases,
the S-protein is referred to as Spike in the literature. Since it also occurs in influenza, HIV, and
Ebola viruses, coronaviruses are not the only source of this condition. The S-protein has a size range
of 180-200 kDa, is typically found in trimers, and is highly conserved (76%) in both SARS-CoV-
1 and SARS-CoV-2 [*3l. Nevertheless, those two viruses' Receptor-binding Domain (RBD) differs
significantly from one to the other (74% and 50%, respectively), noting extensive mutagenesis.
Two subunits make up the protein: S1 and S2. In conclusion, S1 primarily binds to the host receptor,
whereas S2 allows fusion and subsequent infection. The host serine protease transmembrane serine
protease 2 (TMPRSS2) cleaves between S1 and S2 to signal the start of the infection. S1 is
significant for pathogenicity because it contains RBD [®1. In contrast to other coronaviruses that
cause SARS, the RBD of SARS-CoV-2 has more residues (22) that interact with the host receptor
and a greater surface area that penetrates the host cell throughout receptor interaction. Second, there
are essential mutations in the SARS-CoV-2 RBD, like F486 (which results in strong hydrophobic
interaction with ACE-2 Y83) and E484 (formation of strong ionic interaction with ACE2 K31) [*3],
S-protein has emerged as a crucial component in the creation of SARS-CoV-2 vaccines as a result
of its functional significance in locating RBD. Although some COVID-19 vaccine developers utilize
the live-attenuated approach, some of those vaccines did not induce T-cell immunity. A few SARS-
CoV-2 vaccines, on the other hand, that used genetic engineering to introduce the S-protein to the
host cell have been shown to induce cellular and humoral immunity that is RBD-reactive. For
example, Johnson & Johnson, Oxford-AstraZeneca, and Sputnik V use attenuated adenoviral
vectors with the gene encoding for S-protein insertion. mRNA of the S-protein that is enclosed in a
lipid nanoparticle is used by Pfizer-BioNTech and Moderna, respectively. As of July 2021, the

Vaccines of Pfizer-BioNTech, Moderna, and Johnson&Johnson are issued as emergency use
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authorization (EUA) by the US FDA.

As of July 2021, Remdesivir is the only antiviral medication that the US FDA has approved . |t
IS prescribed to patients exclusively in conditions competent to inpatient hospital care to adults and
children over the age of 12 and weighing more than 40 kilograms. Remdesivir, a phosphoramidite
prodrug of a monophosphate nucleoside analog, inhibits viral RNA-dependent RNA polymerase
(RdRp), preventing virus replication. Remdesivir mimics adenosine triphosphate (ATP) and
subsequently competes with it during the assembly of the RdRp complex, which results in the
termination of RNA synthesis. The study has shown that COVID-19 patients' recovery time was 1.5
times faster with Remdesivir compared to placebo (10 and 15 days, respectively). Those receiving
Remdesivir experienced adverse reactions in 24.6% of cases, while those receiving a placebo doing
s0 in 31.6% of cases [,

As of December 2022, FDA has approved 3 commercial mabs (bamlanivimab plus etesevimab,
casirivimab plus imdevimab, sotrovimab, and bebtelovimab) to treat patients at high risk who have
mild to moderate COVID-19 cases to obtain EUA P71, Only one anti-SARS-CoV-2 mab product—
tixagevimab with cilgavimab (Evusheld) is now approved for use as pre-exposure prophylaxis
(PrEP). One of the mabs that proved their efficacy is the combination of casirivimab and imdevimab
(Trade name REGEN-COV) [ Those are two Fc-unmodified recombinant human
immunoglobulins G-1 mabs. Clinically they are employed as intravenous or subcutaneous
injections. A controlled, placebo-controlled, randomized clinical trial has shown that the therapy
reduced the COVID-19 hospitalization rates in high-risk patients by 70% compared to the placebo
199 Importantly, casirivimab and imdevimab are not to be prescribed to hospitalized patients due to
COVID-19 or to individuals who need oxygen or mechanical ventilation. This is because the data
has demonstrated worse clinical outcomes in those patients. Casirivimab and imdevimab (both
independently and in combination) retain the capability of neutralizing the spike proteins of some
SARS-CoV-2 variants in vesicular stomatitis virus and virus-like particles (VSV/VLP) experiments.
However, it is unclear whether this data will result in better clinical outcomes %%,

Sotrovimab is a human immunoglobulin G-1 mab with two heavy-chain polypeptides and two light-
chain polypeptides and is also produced by Chinese Hamster Ovary cells. It was isolated from a
patient's plasma who recovered from SARS-CoV-1 and was proven to work for SARS-CoV-2. It
attaches to the spike protein RBD's highly conserved epitope region. Kd of Sotrovimab-RBD
interaction is 0.21 nM [, Although sotrovimab does not prevent the RBD-ACE2 interaction
directly, it inhibits the step occurring before the membrane fusion between the viral and host. The

placebo-controlled, double-blinded, randomized trial demonstrated that Sotrovimab reduces the risk
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of hospitalization by 85% in high-risk patients with mild to moderate COVID-19 clinical picture 7]
who do not require supplemental oxygen and/or mechanical ventilation. Analogically, safety is still
being determined.

Bamlanivimab and etesevimab are neutralizing mabs that bind to the S-protein of SARS-CoV-2.
They block spike protein-ACEZ2 interaction. On June 25, 2021, the US FDA announced a pause on
the nationwide distribution of bamlanivimab and etesevimab. This is because bamlanivimab and

etesevimab are inactive against dominating variants (1021,

2.3 Cell Encapsulation

Novel biomaterial-based platforms have benefited millions of patients as biomedicine has
developed, enabling earlier diagnosis, less invasive and quick surgeries, and shorter hospital stays.
Cell microencapsulation is a technique that enables the implantation of allogeneic and xenogeneic
cells while protecting them from the host immune system using a semipermeable membrane that
only permits the diffusion of gases, nutrients, and therapeutics but not of cells of the immune system
[103] " Algire was the first to describe a transparent chamber for an in vivo therapeutic approach in
1943 11041 and he was the first who reports that encapsulating allo- and xenogenic tissues before
actual transplantation reduced membrane overgrowth and emphasized the value of biocompatibility.
T.M.S. Chang, in 1964 suggested to use of an ultra-thin polymeric membrane to encapsulate
transplanted cells for immune protection, coining the term "artificial cells" to describe this idea of
bioencapsulation (101,

Over the next 15 years, significant progress has been made in understanding the biological and
chemical conditions for effective cell encapsulation techniques. With the help of alginate/poly-I-
lysine-coated microcapsules, Lim and Sun were able to extend the viability of pancreatic islets in
1980 %I During 15 weeks in a rodent model, implanted microcapsules continued to function. Later,
more research was conducted on diabetes [, When cells were implanted inside biocompatible,
semi-permeable microcapsules, therapeutic proteins were continuously delivered to the patient.
According to Chang, encapsulated cells have a wide range of uses. The cell encapsulation method
has been investigated in the past to deliver therapeutics for a variety of other conditions, such as
central nervous system delivery (1081081111 " cancer [1221 metabolic disorders [1*27114] and anemia [**%]
among multiple other conditions. As a result, several biotechnology firms have formed to create
encapsulation devices 18], There have been concurrent studies of a number of implantation sites,

such as the intraperitoneal 71 intratumoral (%81 intrathecal [, and intraocular 1,
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In one of the earliest clinical studies to employ cell encapsulation, type 1 diabetic patients' insulin
independence was sustained for nine months following intraperitoneal injection of human islets in
capsule form 201, Seven type 1 diabetic patients who underwent encapsulated islet transplantation
in a different study were able to maintain stable insulin independence 12X, The long-term survival
and functionality of transplanted encapsulated islets were shown by Elliott et al. in a 41-year-old
diabetic patient 71, Mesenchymal stem cells were co-encapsulated with pig islets, leading to

implant oxygenation and neoangiogenesis advancement.

2.3.1 Cell Source

Numerous allogeneic cell types have been employed in cell encapsulation-based therapies. The
suitable cells for encapsulation will be non-immunogenic, non-tumorigenic, devoid of ethical
controversies, simple to obtain, abundant, well-characterized, and reproducible. The most crucial
feature in cell choice, immunogenicity, should be taken into account first. Cells' potential to express
a particular therapeutic molecule can occasionally restrict their choice. Due to the refined regulatory
oversight of insulin expression in pancreatic cells to respond to glucose, the application of
encapsulated cells to treat diabetes is a great example 211, Due to the high immunogenicity of these
cells and the fact that patients with diabetes already have an autoimmune reaction against pancreatic
islets, overcoming this challenge will be extremely difficult [*?2. The survival of the encapsulated
cells is reduced when non-autologous encapsulated cells secrete cytokines that activate the host's
immune system and induce an inflammatory process around the microcapsules. Numerous
metabolic byproducts are released by living cells, some of which, like advanced glycation end
(AGE) products and uric acid, can be identified by the host as damage-associated molecular patterns
(DAMPs) 231 various DAMPs like nucleic acids, chromatin fragments, and ATP are released when
encapsulated cells go through apo- or pyroptosis [1?4l. Numerous immune cells like natural killer
(NK) cells, CD4+ T-cells, and B-cells are drawn to transplanted microcapsules, granulocytes, and

myofibroblasts that stick to the capsule surface (Figure 1).
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Figure 1. Host immune response to microencapsulated cells. This animation illustrates the complex
connection between microcapsules, and immune system, and the surrounding tissue environment.
DAMPs: damage-associated molecular patterns, PAMPs: pathogen-associated molecular patterns.
Adapted from: [12°]

For instance, Toll-like receptor 9 (TLR9) identifies double-stranded DNA used in cell genetic
engineering as a DAMP. The production of pro-inflammatory cytokines like IL-6, IL-8, and TNF,
as well as IFN and IFN-inducible genes, occurs as a consequence of this identification, which
initiates a signaling cascade mediated by MyD88. It was possible to reduce this activation of the
innate immune system by removing the unmethylated CpG sequences found in the vector DNA,
which led to a major decrease in the titer of antibodies to the transgene 1261, Therefore, care should
be taken when genetically modifying encapsulated cells with vectors that lower DAMP generation.
Cell growth in the polymeric matrix should be taken into account as well. To avoid uncontrolled
proliferation, cells should preferably be proliferative but with contact inhibition. Cell viability is
decreased by increasing cell density and proliferation, decreasing nutrient permeability. Myoblasts
can proliferate shortly in alginate capsules before going quiescent, but fibroblasts continue to
proliferate for a very long time after encapsulation 271281, The islet cells of the pancreas are an
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exception because once encapsulated, they do not proliferate 2%, Cell growth and the therapeutic
effectiveness of the microcapsules are eventually decreased by this lack of proliferation 13,
Choosing suitable encapsulated cells will significantly minimize capsule immunogenicity and

increase cell viability.

2.3.2 Biomaterials for Cell Encapsulation

Choosing a suitable biomaterial for stability and biocompatibility is undoubtedly one of the most
crucial steps in designing the cell microencapsulation technique. A biomaterial's ability to function
with a suitable host response in a particular application is referred to as biocompatibility 34, It's
essential to look into how the biomaterial and the enclosed cells interact in the case of cell
microencapsulation. If keeping the encapsulated cells viable and functioning is to be accomplished,
both aspects must be taken into account. Every material has a set of benefits and drawbacks that
must first be taken into account.

Hydrogels are advantageous for cell encapsulation due to a number of characteristics *321. Compared
to other biomaterials, they have the highest levels of biocompatibility because of their hydrophilic
characteristics. They have a physical structure and morphology that are similar to extracellular
matrices and offer several benefits for microencapsulation (1331341351,

Alginate has been the most frequently used polymer, either alone or in combination with other
polymers 136137 despite the fact that a wide range of polymers has been mentioned to protect
encapsulated allo- or xenogeneic cells [**3. This is due to its great in vivo gel-forming properties
and high in vivo biocompatibility. Alginate is a naturally occurring polysaccharide purified from
brown algae like Laminaria hyperborea and lessonia, with excellent biocompatibility and
biodegradability and a spotless safety record 128141 |t is a block copolymer made of combinations
of the subunits of mannuronic acid (M) and guluronic acid (G) %I, Based on the source of the
alginate, different block types have different proportions. Today, alginate is offered in a range of
commercial forms. For instance, it has been demonstrated that alginates with a high G content have
better compatibility and are thus ideal for cell encapsulation applications 421431 Alginate can be
produced with molecular weights ranging from 50 to 100 000 KDa, and as the shear rate increases,
the viscosity of the alginate decreases 1441,

When microcapsule beads are implanted, they experience osmotic swelling, which increases
permeability, causes destabilization, and may cause bead breakage. This is because chelating
substances like phosphate and citrate have a strong affinity for Ca*? ions. The microcapsules are
usually strengthened, and coating beads adjust their permeability with an extra polycation layer in

a solution (13- 2001 The polycation layer's toxic nature necessitates using a second coating layer.
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The most popular and extensively researched polycation for cell encapsulation is poly-L-lysine
(PLL), which was used to create the traditional alginate-poly-L-lysine-alginate microcapsules
(APA). The pore size of the microcapsules can be more precisely controlled by crosslinking cationic
substances like PLL with anionic alginate 1451481, Tumor necrosis factor (TNF) was found in the
supernatant of monocytes cultured with PLL, indicating that unbound PLL has an impact on capsule
biocompatibility 41501, Barjum [150:151 and strontium 52 have both been mentioned as alternatives
to PLL as crosslinking agents. Numerous polycations have been suggested for capsule design,
including photopolymerized biomaterials, chitosan, oligochitosan, poly-L-ornithine (PLO) 531541,
In addition to the polycations listed here, several others have been suggested for use in microcapsule
construction. However, to evaluate them to commonly used polycations and to investigate their
impact on cell viability and functionality, comparative in vivo studies are required.

When the encapsulation procedure is carried out at physiological pH, at room temperature (RT), and
with isotonic solutions, it is easier to control the process and increases cell viability during capsule
development. Alginate microcapsules can be retrieved with a simple spatula after being implanted
intraperitoneally in mice. These microcapsules can survive for months without being attached to the
host tissues 3. However, even though it is biocompatible, any impurities and endotoxins that are
left over after the purification process will act as active ingredients to start and/or boost immune

responses, leading to post-implantation pericapsular fibrotic uncontrolled cell growth [255-257

Other Polymers and Biomaterials

Research on cell encapsulation has also been conducted with other polymers and biomaterials.
While none of them have the same level of characterization as alginate, the potential benefits of the
various other biomaterials can be applied in particular situations. An element of the ECM called HA
takes part in vital biological procedures necessary for wound healing. These characteristics make
HA an excellent choice for cell encapsulation. It has been demonstrated that MSCs enclosed in
hydrogels based on HA shown to proliferate and behave normally ™%81%%1 To decrease
immunogenicity while boosting cell viability, cross-linked polyethylene glycol (PEG) hydrogel
microcapsules have also been used in cell encapsulation. However, PEG hydrogels' mechanical
properties and cell viability are inferior to those of alginate microcapsules [*31,
Photopolymerization has become very common in cell encapsulation techniques due to its capacity
to form gels in a favorable physiological environment. However, there are some drawbacks to HA
and PEG-based microcapsules crosslinked by photopolymerization in comparison to APA

microcapsules 3. To begin with, these processes necessitate highly reactive photoinitiator agents
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like 4-Benzoylbenzyltrimethylammonium, which may cause chain transfer to molecules and
proteins on the cell membrane. Second, a temporal spherical mold must be made because calcium
alginate beads are used in fabrication. In light of this, photopolymerized hydrogel beads are more
challenging to produce than APA microcapsules. Third, high molecular weight degradation products

lessen the biocompatibility of the scaffold.

2.3.3 Immune response to encapsulated cells

Despite being appealing, no clinically approved therapeutic products based on cell encapsulation
technology exist. While there are many factors why the technique has not met expectations, one of
the critical issues is undoubtedly the host immune response that both the implanted capsule and the
encapsulated cells trigger %% The polymer layer coated the cells in the capsule makes the
first interaction with the host (Figure 1). Furthermore, by secreting soluble immune mediators and
shedding antigens, the encapsulated cells themselves are crucial in triggering immune responses
(1371 (Figure 1). It's important to note that the total value of these impacts might be significantly
efficient than the simple additive effect of the individual parts.

Contrarily, every transgene used to create encapsulated cells has a distinct immunogenicity, making
it impossible to generalize findings from one transgene to others. Instead of producing antibodies
to factor IX (FIX), microencapsulated G8 myoblasts produced antibodies to factor VIII (FVIII), a
more immunogenic protein 163162 On the other hand, mice treated with encapsulated C2C12
experienced an efficient long-term release of erythropoietin, which raised their hematocrit level for
more than 3 months 151, As a result, it is not always possible to separate the immunogenicity of the
cells from that of the transgene, making it difficult to predict or generalize the production of
antibodies against the transgene. After xenotransplanted human stem cells that had differentiated
into pancreatic cells (SC-cells) in immunocompetent mice for more than 150 days without the need
for immunosuppression, Alagpulinsa et al. 1?21 discovered that adding chemokine (C-X-C motif)
ligand (CXCL12) to alginate prevented pericapsular fibrotic overgrowth. The transmembrane
chemokine receptor CXCR4, which plays a role in several biological processes, including tumor
metastasis, cell angiogenesis, survival, and migration, is liganded by CXCL12 631651 CcXCL12
can inhibit immune surveillance and repel effector immune cells from capsules, which can modulate
immune responses. It also attracts regulatory T-cells (Tregs) [166167] By using this innovative
approach, encapsulated cells might find new uses in therapeutics. The immune reaction triggered
against the microcapsules and their contents is a significant obstacle to the clinical application of

cell encapsulation technology.
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CHAPTER 3

Aim I: DELIVERY OF MONOCLONAL ANTI-EGFR AND ANTI-CD20
ANTIBODIES FROM MICROENCAPSULATED CELLS

We hypothesize that implanting encapsulated cells genetically engineered with expression vectors
containing a DNA sequence coding for anti-EGFR (Cetuximab) and anti-CD20 (Rituximab) mabs
of proven clinical efficacy would lead to sustained circulating levels of mabs, and potentially
become cost-effective and safe treatment for cancer.

This study aimed to show the delivery of mab from encapsulated cells as a proof-of-concept, not to
design novel mabs against cancer target antigens. Therefore, the DNA sequences coding for the
variable regions of Cetuximab and Rituximab used in this study were obtained directly from the
published patents of the above-mentioned mab and fused to human constant IgG sequences to
design vectors to secrete mabs.

As mentioned earlier, many epithelial cancers overexpress the tyrosine kinase receptor known as
the EGFR, which is an ErbB family member 8. Anti-EGFR mabs are approved for cancer
treatment by many medical agencies and are among the most effective in patients with solid
malignancies 182,

B-lymphocytes express CD20 on the cell surface, an activated-glycosylated phosphoprotein. Due
to its high and specific expression level in most B-cell malignancies, it is the most suitable target
for mabs. Indeed, mabs targeting CD20 have been used in clinical practice for decades. Rituximab
is a CD20-specific humanized antibody 351,

Several of the mab approved by the US FDA for clinical use target specifically EGFR and CD20.
The available DNA sequences of these clinical mabs were used to design expression vectors,
genetically engineer mammalian cells, and secrete mabs against EGFR and CD20 as described in
this thesis.

39



3.1MATERIALS AND METHODS

pFUSE plasmids

pFUSE plasmids pFUSE-CLIg (Figure 2) and pFUSE-CHIg (Figure 3) plasmids (Invitrogen,
Burlington, Canada) are designed to express the constant region of the heavy and light chains of
human 1gG, respectively. Upstream of these constant regions, both plasmids contain a multiple
cloning site, enabling the cloning of the variable heavy and light regions of an antibody of interest.

These plasmids can secrete entire 1gG antibodies [*¢®! from Fab or scFv fragments.
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Figure 2. pFUSE plasmids (hlgGHc constant region).
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Figure 3. pFUSE plasmids (hlgGLc constant region).

After cloning the sequence coding for the variable region of the heavy chain of the antibody of
interest into pFUSE-CHIg-hG1 and the sequence coding for the variable part of the light chain into

pFUSE2-CLIghl2, respectively, co-transfection of mammalian cells with both plasmids leads to the

generation and secretion of the complete and functional 1gG antibody.

Design of mab DNA plasmid

The two non-viral vectors used to engineer cells for the secretion of mabs, pFUSE plasmids, use
the strong and ubiquitous Elongation factor-1 (EF-1) promoter; this allows mab expression from a
wide variety of mammalian cells. The co-transfection of both plasmids into cells results in the
secretion of complete human IgG molecules. The DNA coding for the variable sequence of anti-
CD20 and anti-EGFR (heavy and light chains) was synthesized (approximately 300 bp) and cloned
into these vectors. The sequences for the variable fragment (H & L) of an anti-EGFR and anti-CD20
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mabs is available from Drugbank.com (Figure 4).

>Cetuximab heavy chain
QVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNT
DYN
TPFTSRLSINKDNSKSQVFFKMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVTVSA
A
STKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQS
SG
LYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGG
P
SVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQY
NS
TYRVVSVLTVLHOQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDE
L
TKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSR
waQ
QGNVFSCSVMHEALHNHYTQKSLSLSPGK

>Cetuximab light chain
DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPS
RFSGSGSGTDFTLSINSVESEDIADYYCQQNNNWPTTFGAGTKLELKRTVAAPSVFIFP
P
SDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSS
TLT
LSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

>Rituximab heavy chain chimeric
QVQLQQPGAELVKPGASVKMSCKASGYTFTSYNMHWVKQTPGRGLEWIGAIYPGNGD
NQKFKGKATLTADKSSSTAYMQLSSLTSTEELAVYYCARSTYYGGDWYFNVWGAGTTV
AASTKGPSVFPLAPSSKSTSGGTAALGCTL\\//SKDYFPEPVTVSWNSGALTSGVHTFPAVL
SGLYSLSSVVTVPSSSLGTQTYICNVNHKCF)ENTKVDKKAEPKSCDKTHTCPPCPAPELL
GPSVFLFPPKPKDTLMISRTPEVTCVVVD\C/;SHEDPEVKFNWYVDGVEVHNAKTKPREE
NSTYRVVSVLTVLHQDWLNGKEYKCKVS?\IT(ALPAPIEKTISKAKGQPREPQVYTLPPSR
D
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ELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKS
R
WQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

>Rituximab light chain chimeric
QIVLSQSPAILSASPGEKVTMTCRASSSVSYIHWFQQKPGSSPKPWIYATSNLASGVPV
FSGSGSGTSYSLTISRVEAEDAATYYCQQ?NTSNPPTFGGGTKLEIKRTVAAPSVFIFPP
DEQLKSGTASVVCLLNNFYPREAKVQWK\?DNALQSGNSQESVTEQDSKDSTYSLSSTL
SKADYEKH KVYACEVTIT-|LQGLSSPVTKSFNRGEC

Figure 4. Amino acid sequences of Cetuximab and Rituximab in the patent.

Cell culture

HEK293 (human embryonic kidney cells) cells were cultured in DMEM medium supplied with 10,000
units /mL of penicillin and 10,000 pug/mL of streptomycin, and 10% Fetal Bovine Serum at 37°C
in a CO2 incubator with 5% CO.. Cells were sub-cultured 2 times per week to avoid overgrowth
in the cell culture flasks. For cell detachment flasks with 0.5%, Trypsin/EDTA was incubated for 2

minutes at 37°C.

Expression of mab

HEK?293 cells were co-transfected with the heavy and light chains of anti-EGFR (Cetuximab) or
anti-CD20 (Rituximab) plasmids at 60% confluency in 100 mm cell culture dishes using
transfection reagent Escort-111 (Figure 5). Briefly, cells were treated for 6 hours at 37°C with a pre-
incubated combination of 5 pug of each plasmid and 5 pl of Escort-111 in 990 uLL of Redused-Serum
Medium (Opti-MEM). Then, after two weeks of cell culture, stably expressing cells were selected
by adding 400 ug/ml of zeocin and 10 ug/ml of blasticidin to the growth medium. ELISA and

Western blotting were used to characterize the produced mabs.
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the secretion of entire IgG molecules.

Design of an ELISA test to quantify EGFR and CD20 mab secretion

A 96-well immunoplate (Thermo Fisher Scientific, Waltham, MA, USA) was coated with 2 ng/ul
per well recombinant human EGFR (ab155639, Abcam, Cambridge, USA) or CD20 (ab158047)
proteins diluted in coating buffer (100mM) and incubated overnight at 4°C. After being washed
with PBST, the plates were blocked with 5% non-fat dry milk in PBST for 1 hour at RT and washed
with PBST. 2 ug/ml per well of commercial human EGFR (MAB9577, R&D Systems Europe Ltd.)
or CD20 (MSQC17, Sigma, USA) antibodies were used as a standard and positive control. At the
same time, supernatants of untransfected HEK293 cells were added for negative control.
Supernatants purified by protein G column chromatography and non-purified samples were added
to detect antibody secretion. After 2 hours of incubation, the plate was washed three times in 1x
PBST. Bound antibody was detected by incubating the plate with a 1:130000 dilution of rabbit anti-
human IgG (H&L) HRP conjugate (ab6759, Abcam, Cambridge, USA) for 1 hour at 37°C. The
TMB substrate solution was applied to the 96-well plates after being cleaned with PBST, and it was
left there for 10 minutes at RT. The color reaction was stopped by using 2 M H2SO4. Using a

spectrophotometer, the absorbance value was discovered at 450 nm (Thermo Electron Corporation).

Western Blotting
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The specificity and size of the produced mab were confirmed by Western blotting. On a 10% SDS-
PAGE gel, EGFR (ab155639) or CD20 (ab158047) proteins were separated. Then they were
transferred for 1 hour at 350 mA onto a PVDF (Polyvinylidene fluoride) membrane. After blocking
the membrane with 5% (w/v) dried milk powder in PBST (1 x PBS, 0.05% Tween 20), it was rinsed
three times in TBST before being blotted with cell culture supernatant at 4°C overnight. HRP-
conjugated anti-human antibodies specific to either whole human IgG (rabbit ab6759, Abcam) or
the 19G Fc region (goat ab97225, Abcam) were used for mab detection. These antibodies were
diluted to 1:10,000 and incubated on the membrane for 1 hour at RT. Before SDS-PAGE separation,
purified (on Protein G HP Spin Trap, #28903134) cell supernatant was heated for 5 min at 95°C
under reducing conditions to determine the mab's denatured form. The PageRuler Prestained Protein
Ladder (#26616, #26619, Thermo Fisher Scientific) was used to determine the molecular weight by
using human EGFR (MAB9577, 500 ng/well, 20 ng/ul) or CD20 (MAB9577, 500 ng/well, 20

ng/ul) mab as a control. ChemiDoc MP Imaging System (Bio-Rad) was used for image analysis.

Cell Encapsulation

Low-viscosity alginate powder was dissolved in 0.9% sodium chloride overnight at 37 °C and then
filtered through a 0.22 um filter to create an alginate solution (1.5%). An alginate solution
containing 5 x 10° cells/mL was used as the suspension medium. Alginate microbeads were
produced with a few slight modifications using the Varl electrostatic encapsulator (Nisco
Engineering Inc., Zurich, Switzerland) as previously described. In a nutshell, the cell suspension
was pumped into a vial containing a cold 100 mM CaCl, solution using a NISCO Var-1
encapsulator (Nisco Engineering Inc., Zurich, Switzerland) at a voltage of 7.10 kV and a flow rate
of 20 mL/h, generating microcapsules that were 300-500 pum in diameter. The cell-loaded
microcapsules were subsequently rinsed with saline solution, and cross-linked with poly-L-lysine
(PLL, 29 kDa, P7890, Sigma) for 6 minutes. Then, coated with an outer layer of alginate for 4
minutes. Following the addition of DMEM, the solution containing the microcapsules was
transferred to an incubator. The viability of microencapsulated cells was evaluated using the trypan
blue exclusion assay, in which 20 uL of microcapsules and 20 uL of trypan blue (Invitrogen, USA)
were installed on a microscope slide and crushed by a glass coverslip to release the encapsulated
cells. Then, the released cells were visualized and manually quantified using an inverted light
microscope (Ceti, Medline Scientific, Chalgrove, UK) or by using an automated cell counter
Countess 3 (Thermo Fisher). Microcapsules that had been air-dried for one hour at RT were imaged
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using an electron microscope with the use of a JSM-IT200LA (JEOL, Akishima, Japan) scanning

electron microscope.

Statistical analysis
GraphPad Prism V.9.3.1 was used for all analyses. The unpaired t-test was used to compare
differences between groups, and the binomial "exact™ method was used to calculate 95% confidence

intervals (CI).

3.2RESULTS

A. Design and synthesis of DNA sequences coding for the constant and variable regions of the
heavy and light chains of monoclonal antibodies against EGFR and CD20 antigens.

The first step was to design the DNA sequence and synthesize the plasmids coding for the heavy
and light chains of human IgG specific for EGFR and similar plasmids coding for a human IgG
specific for CD20. The DNA sequences coding for the antibody's variable light and heavy chains
were derived from the amino acid sequence obtained from Drugbank.com. The DNA sequence was
compared to that found in free access through nucleotide search on National Center for
Biotechnology Information (NCBI) website and patent applications for the two commercially
available mabs. Nucleotide sequences are shown in Figure 6 for Cetuximab and Figure 7 for
Rituximab mabs, respectively. Variable regions of chosen antibodies have signal peptides included
in the DNA sequence cloned into pFUSE plasmids.
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Cetuximab VH:
ATGGCCGT GCTGGGCCTG CTGTTCTGCC TGGTGACCTT CCCCAGCTGC
GTGCTGTCCC AG

Cetuximab VL:
CTCGAGACCG CCATGGTGTC CACCCCCCAG TTCCTCGTGT TCCTGCTGTT CTGGATCCCC

GCCAGCAGGG G

Figure 6. Sequences coding for variable heavy and variable light regions of Cetuximab. Yellow —

signal sequence, green — variable region.

Rituximab VH:
ATGTATCTGG GATTGAATTG CGTCATTATC GTGTTTCTGC TCAAGGGTGT GCAAAG

Rituximab VL:
ATGGATATGA GGGTACCAGC ACAACTTCTC GGATTACTAT TGTTATGGCT GCGAGGTGCG
CGCTG

Figure 7. Sequences coding for variable heavy and variable light regions of Cetuximab. Yellow —

signal sequence, green — variable region.

All nucleotide sequences were checked to have an integer number of codons regarding amino acids
these codons encode. Synthesis of these sequences and cloning them into pFUSE plasmids were
done by Eurofins Genomics company. The DNA of the cloned plasmids was sequenced to confirm
its integrity (Eurofins Genomics). Figures 8 and 9 show the plasmid maps coding for the heavy and
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light chain of 2 antibodies: -pCHIg-hG1-CetuximabVH/pCLIg-hk-CetuximabVL and -pCHIg-
hG1-RituximabVH/pCLIg-hk-RituximabVL.
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Figure 8. Plasmid maps coding for Cetuximab's heavy (top panel) and light chain (bottom panel):
pCHIg-hG1-CetuximabVH/pCLIg-hk-CetuximabVL.
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Figure 9. Plasmid maps coding for Rituximab's heavy (top panel) and light chain (bottom panel):

pCHIg-hG1-RituximabVH/pCLIg-hk-RituximabVL.
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B. HEK?293 cells are capable of sustained mab expression.

Once the plasmids were generated, their ability to induce secretion of anti-EGFR and anti-CD20
mabs upon transfection of HEK293 cells was assessed. The expression of anti-EGFR and anti-
CD20 antibodies in HEK?293 cells was evaluated by ELISA tests designed in our laboratory. ELISA
measurements of mab in the supernatant of transfected HEK293 cells showed a steady increase of
human IgG after co-transfection. They were maintained at ~3.5 OD values per day for EGFR
(Figure 10) and ~3.2 for CD20 (Figure 10). In contrast, cells transfected with only one of the
plasmids -coding for either heavy or light chains- resulted in baseline similar levels of human 1gG,
comparable to that of non-transfected cells.

Since the object of this study is the delivery of mab from microencapsulated cells, assessing the
permeability of mabs through alginate microcapsules is critical to this thesis and was evaluated.
HEK?293 cells genetically engineered with the plasmids encoding both chains for EGFR mab were
encapsulated and cultured in vitro. ELISA quantified the level of mab specific to EGFR in the cell
supernatant. The results (Figures 10 and 11) showed a high secretion of mab through microcapsules,
supporting the feasibility of this thesis. A similar experiment was conducted for the quantification
of mab specific to CD20. In agreement with the results obtained for EGFR mab, CD20 mab was

secreted from encapsulated HEK293 cells at high levels.
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Figure 10. Representative ELISA plot of EGFR-1gG binding for HEK293 cell supernatants. Cell
supernatants were incubated on plates coated with EGFR proteins. Supernatants were collected at
48h post-encapsulation. Experiments were conducted in triplicate, and error bars indicate standard
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Figure 11. Representative ELISA plot of CD20-1gG binding for HEK293 cell supernatants. Cell
supernatants were incubated on plates coated with CD20 proteins. Supernatants were collected at
48h post-encapsulation. Experiments were conducted in triplicate, and error bars indicate standard

deviation.

C. Secreted mabs bind specifically to their target antigens.

The secreted mab to EFGR and CD20 were then characterized. First, they were evaluated by
Western blotting experiments to determine the specificity of the mab to its intended antigens.
Increasing concentrations of purified commercial EFGR (ab155639) and CD20 (158047) proteins
were run by PAGE and blotted with supernatant from cultured cells. Western blotting demonstrated
specificity, as the produced mabs bind to EGFR and CD20 proteins (Figures 12-16, respectively).
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Figure 12. anti-EGFR monoclonal antibody (Cetuximab) secretion in HEK293 cells co-transfected
with the EGFR heavy and light chains. Various concentrations of EGFR and CD20 proteins were
run on a 10% SDS-PAGE gel. It was then transferred onto a PVDF membrane and blotted with
HEK?293 cell culture supernatant. An HRP-conjugated rabbit IgG specific to both the heavy and

light chains of human IgG was used for the probing.
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Figure 13. anti-CD20 (Rituximab) monoclonal antibody secretion in HEK293 cells co-transfected
with the EGFR heavy and light chains. Various concentrations of CD20 and EGFR proteins were
run on a 10% SDS-PAGE gel. It was then transferred onto a PVDF membrane and blotted with

HEK?293 cell culture supernatant. An HRP-conjugated rabbit 1gG specific to both the heavy and
light chains of human IgG was used for the probing.
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Figure 14. Western blotting with diluted anti-EGFR commercial mab (MAB9577). Various
concentrations of EGFR and CD20 proteins were run on a 10% SDS-PAGE gel. It was then
transferred onto a PVDF membrane and blotted with anti-EGFR mab. An HRP-conjugated rabbit
IgG specific to both the heavy and light chains of human 1gG was used for the probing.

53



Figure 15. Western blotting with diluted anti-CD20 commercial mab (Rituximab). Various
concentrations of CD20 and EGFR proteins were run on a 10% SDS-PAGE gel. It was then
transferred onto a PVDF membrane and blotted with anti-CD20 mab (Rituximab). An HRP-
conjugated rabbit IgG specific to both the heavy and light chains of human IgG was used for the
probing. kDa-kilodaltons.
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Figure 16. Western blotting with supernatant from control (non-transfected) HEK293 cells.
Various concentrations of EGFR and CD20 proteins were run on a 10% SDS-PAGE gel. It was
then transferred onto a PVDF membrane and blotted with supernatant from control (non-
transfected) HEK 293 cells. An HRP-conjugated rabbit 1gG specific to both the heavy and light
chains of human IgG was used for the probing. kDa-kilodaltons.

D. Size of the secreted mabs.

As part of the characterization process, the size of the secreted mabs was also determined by PAGE.
Supernatant from cultured HEK293 cells secreting mab specific to EGFR were separated by PAGE,
transferred to a membrane, and blotted with an anti-human IgG antibody. As controls, commercial
purified antibodies specific to EGFR and supernatant of untransfected HEK293 cells were tested
alongside. The bands identified correspond to the expected size of denatured human 1gG (Figure
17).
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Figure 17. Western blotting for anti-EGFR monoclonal antibody size.

I: anti-EGFR mab (MAB9577); ii: Untransfected HEK293 supernatant; iii: Transfected HEK293
supernatant. Purified cell culture supernatants and the anti-EGFR mab (MAB9577) were denatured
before Western blotting. An HRP-conjugated goat 1gG specific to both the heavy and light chains
of human 1gG (H+L) was used for the probing. The size of proteins is shown in kDa (kilodaltons).

A similar experiment was conducted to determine the size of the secreted mab to CD20. Supernatant
from cultured HEK293 cells secreting mab specific to CD20 were separated by PAGE, transferred

to a membrane, and blotted with an anti-human IgG antibody. As controls, commercial purified
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antibodies specific to CD20 and supernatant of untransfected HEK293 cells were tested alongside.

The bands identified correspond to the expected size of denatured human IgG (Figure 18).

Figure 18. Western blotting for anti-CD20 monoclonal antibody (Rituximab) size. I: Transfected
HEK?293 secreting Rituximab; ii: Transfected HEK293 secreting Rituximab I1; iii: Untransfected
HEK?293 supernatant, iv: anti-CD20 mab (MSQC17, Rituximab). Purified cell culture supernatants
and the anti-CD20 mab were denatured before Western blotting. An HRP-conjugated goat 1gG
specific to both the heavy and light chains of human 1gG (H+L) (ab6759) was used for the probing.

The size of proteins is shown in kDa (kilodaltons).
Moreover, the commercial antibody to CD20 yielded a band of the same size. In contrast, the

supernatant of untransfected cells did not reveal any bands. Therefore, the secreted mabs were

specific to their antigens and had the expected size of functional human IgG (Figures 17, 18).
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3.3DISCUSSION

Using mammalian cell lines to produce mabs is a common practice. CHO and HEK?293 cells are
most frequently used for the ease of transfection and comparably high mab yields. There are
different strategies for the production of entire IgG antibodies: (1) co-transfection of cells with two
plasmids, one coding for the heavy chain of the antibody and the other plasmid for the light chain
(this study), (2) selection of transfected cells with antibiotics after transfection with one of the
plasmids, transfecting them later with the second plasmid %% or (3) transfection of cells with only
one plasmid coding for both heavy and light chains 7%, Mab production output depends on the ratio
of heavy: light gene copies and, consequently, the ratio of heavy: light polypeptide expression.
Transfection of the cells with two plasmids allows better control of the ratio of either chain.

On the other hand, mammalian expression systems express and secrete both chains concurrently.
Hence, detecting antibody secretion and distinguishing between heavy and light chains is necessary.
In this study, secreted mabs were seen using Fc-specific anti-human antibodies and found detectable
mab levels in the supernatant of the cells co-transfected with both plasmids coding for heavy and
light chains of antibodies, as well as in supernatants of cells transfected with just one of the plasmids
(heavy or light chain). Schlatter and colleagues used secondary antibodies specific to y-chain and
k-chain to specifically detect heavy or light chains in immunoblot analysis and Fab-specific
antibodies to detect antibody production using ELISA 171, Further, whether produced antibodies
were specific to their targets (EGFR or CD20) was determined. Different conditions should be tested
to obtain higher yields of antibodies.

Zhang with colleagues' described how different factors may affect production efficacy 7. HEK293
cells are most commonly used for transient transfection, whereas CHO and NSO cells are the most
commonly used for generating stable cell lines. The dose of serum in DMEM culture media
influences transfection efficacy and antibodies' expression after the transfection. Carton and
colleagues demonstrated different ways to increase mab expression level 173l The authors
demonstrated the effects of coding sequence variation on the expression of mabs specific to human
MCP-1. The effects of codon engineering on both transient and stable transfection were analyzed.
NSO cells showed more than an 8-fold increase of viable clones and more than a 2-fold increase of
antibody titers. Transiently transfected HEK293 cells had 30% higher expression when a codon-
engineered vector was used than the phage display library variant. However, another codon variant
decreased the expression level 10-fold compared to the phage display library variant [*”3], Sequences
encoding the heavy and light chain of given antibodies in viral vectors may lead to even higher

productivity.
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In conclusion, the design, synthesis, and cloning of plasmid vectors containing DNA coding for the
two IgG chains (heavy and light) for Cetuximab and Rituximab antibodies were accomplished.
Further, human HEK293 cells co-transfected with vectors encoding a heavy and a light chain
showed detectable levels of secreted human IgG. Characterization by Western blot showed that the
expressed mab were of the expected size and confirmed specificity to their target antigens. A further
study to assess the functionality of the secreted mabs will reveal whether the created vectors are
suitable for delivering mabs using this proposed strategy and, thus, the potential applications in

cancer treatment.
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CHAPTER 4

Aim II: DELIVERY OF FUNCTIONAL MONOCLONAL ANTI-SPIKE
ANTIBODIES FROM MICROENCAPSULATED CELLS

Even though coronavirus disease (COVID-19) remains a significant threat to global health, the rapid
advancement of preventive and therapeutic antiviral modalities boosted by the international effort
to end the pandemic has led to a decline in COVID-19 infection and mortality worldwide 274, Anti-
inflammatory corticosteroids, IL-6 receptor blockers (tocilizumab or sarilumab), the Janus kinase
inhibitor baricitinib, and SARS-CoV-2-neutralizing mabs (sotrovimab, casirivimab, and
imdevimab) are now on the list of therapeutics that are clinically approved 71, SARS-CoV-2-
targeting mabs stand out from the others due to their particular mode of action, neutralizing SARS-
CoV-2I1781 Furthermore, growing clinical trial data suggests that mabs can lower SARS-CoV-2
viral loads and improve clinical outcomes in specific patient sub-categories [!’71. Additionally, some
research has indicated that COVID-19-exposed individuals might benefit from prophylactic use of
SARS-CoV-2 mabs 1771,

However, the complicated and expensive nature of mab manufacturing, where mab production and
purification are costly and difficult product development, is a significant obstacle to implementing
mab therapy in clinical trial practice. In addition, parenteral mab delivery poses additional clinical
difficulties. Despite the fact that mab therapy generally has low reactogenicity, patients can still
experience mild-to-moderate injection site and infusion-related side effects 1781,

This thesis proposes that mabs specific to SARS-CoV-2 might be efficiently delivered by allogeneic
cells expressing the encapsulated mab to increase cell viability and protect them against host
immune rejection. Multiple diseases, including diabetes mellitus, anemia, cancer, and
neurodegenerative disease, have been successfully treated in relevant animal models, and there have
been clinical trials using the delivery of therapeutic agents from microencapsulated cells 179,
Therefore, SARS-CoV-2 mab delivery by encapsulated cells might be a successful substitute for
bolus mab injection-based COVID-19 treatment. This hypothesis was tested in a pre-clinical murine
model and the results show that implanted microcapsules can deliver systemically detectable levels
of a SARS-CoV-2 mab sustained for up to 40 days after implantation.

59



4.1 MATERIALS AND METHODS

Cells

HEK293 human embryonic kidney cells (CRL-1573) and G8 murine fetal myoblasts (CRL-1456)
were procured from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured
in Dulbecco's Modified Eagle Medium (#61965-026, Gibco, Waltham, MA, USA) with 10% fetal

bovine serum (FBS) and 1% penicillin/streptomycin.

Plasmids

The vectors for expressing human immunoglobulin heavy and light chains anti-severe acute
respiratory syndrome coronavirus (SARS-CoV) were obtained from BEI (NIH, USA). These
plasmids (NR-52399 and NR-52400) contain DNA sequences coding for vH and vL as per
GenBank DQ168569 and DQ168570, respectively (Figure 19). This dual plasmid system codes for
neutralizing mab CR3022 (BEI, NIH) that targets a highly conserved epitope of the Spike protein
of SARS-CoV-2; the spike protein of the virus binds to the ACE2 receptor in human cells and
initiates its cellular uptake. This dual plasmid vector (pFUSE) is the same one used for the secretion
of mab to cancer antigens EGFR and CD20 in Chapter 3 of this thesis.

The vH and vL sequences were subcloned into mammalian expression vectors (pFUSEss-CHIg-
hG1 and pFUSEss-CLIg-hk, respectively) and fused to the N-terminal interleukin 2 (IL-2) signal
sequence and the C-terminal constant portions of human IgG1 (hlgG1) heavy or human Ig kappa
(hlg) light chain. These plasmids end up being 4830 base pairs and 4190 base pairs in size,
respectively (BEI, NIH). The CR3022 mab was expressed by co-transfecting plasmids NR-52399
and NR-52400.

>DQ168569.1 Homo sapiens anti-SARS-CoV immunoglobulin heavy chain variable
region mRNA, partial cds
CAGATGCAGCTGGTGCAATCTGGAACAGAGGTGAAAAAGCCGGGGGAGTCTCTGAAGATCTCCTGTAAGG
GTTCTGGATACGGCTTTATCACCTACTGGATCGGCTGGGTGCGCCAGATGCCCGGGAAAGGCCTGGAGTG
GATGGGGATCATCTATCCTGGTGACTCTGAAACCAGATACAGCCCGTCCTTCCAAGGCCAGGTCACCATC
TCAGCCGACAAGTCCATCAACACCGCCTACCTGCAGTGGAGCAGCCTGAAGGCCTCGGACACCGCCATAT
ATTACTGTGCGGGGGGTTCGGGGATTTCTACCCCTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGT

C

>DQ168570.1 Homo sapiens anti-SARS-CoV immunoglobulin light chain wvariable
region mRNA, partial cds
GACATCCAGTTGACCCAGTCTCCAGACTCCCTGGCTGTGTCTCTGGGCGAGAGGGCCACCATCAACTGCA
AGTCCAGCCAGAGTGTTTTATACAGCTCCATCAATAAGAACTACTTAGCTTGGTACCAGCAGAAACCAGG
ACAGCCTCCTAAGCTGCTCATTTACTGGGCATCTACCCGGGAATCCGGGGTCCCTGACCGATTCAGTGGC
AGCGGGTCTGGGACAGATTTCACTCTCACCATCAGCAGCCTGCAGGCTGAAGATGTGGCAGTTTATTACT
GTCAGCAATATTATAGTACTCCGTACACTTTTGGCCAGGGGACCAAGGTGGAAATCAAA

Figure 19. DNA sequences coding for vH and vL regions of mab CR3022 against Spike protein.
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Cell transfection

BEI Resources provided the CR3022 plasmid set (NR-53260), which encodes the vH and vL
sequences fused to the C-terminal constant sections of human IgG1 (higG1) heavy or human Ig
kappa (hlgxk) light chains, respectively (NIAID, NIH). Following the manufacturer's instructions,
G8 and HEK?293 cells were co-transfected with the CR3022 plasmids at 60% confluence in 100
mm cell culture dishes using liposome forming transfection reagent Escort-111 (L3037, Sigma).
Briefly, cells were treated for 6 hours at 37°C with a pre-incubated combination of 5 pg of each
plasmid and 5 ul of Escort-111 in 990 uL of Opti-MEM. Then, after two weeks of cell culture, stable
expressing cells were chosen by adding 400 pg/ml of zeocin and 10 pg/ml of blasticidin to the

growth medium. Western blotting and ELISA were used to measure the secretion of mabs.

Western Blotting

The specificity and size of the produced mab were confirmed by Western blotting. On a 10% SDS-
PAGE gel, spike (NR-722, BEI Resources, NIAID, NIH, Bethesda, MD, USA) and nucleocapsid
(NR-48761, BEI Resources) proteins were separated. Then they were transferred for 1 hour at 350
mA onto a PVDF (Polyvinylidene fluoride) membrane. After blocking the membrane with 5% (w/v)
dried milk powder in PBST (1 x PBS, 0.05% Tween 20), it was rinsed three times in TBST before
being blotted with cell culture supernatant at 4°C overnight. HRP-conjugated anti-human antibodies
specific to either full human IgG (rabbit ab6759, Abcam) or the IgG Fc region (goat ab97225,
Abcam) were used for mab detection. These antibodies were diluted to 1:10,000 and incubated on
the membrane for 1 hour at RT. Before SDS-PAGE separation, purified (on Protein G HP Spin
Trap) cell supernatant was heated for 5 min at 95°C under reducing conditions to determine the
mab's denatured form. The PageRuler Prestained Protein Ladder (#26616, Thermo Fisher
Scientific) was used to determine the molecular weight by using human mab CR3022 from BEI
Resources (NR-52481, 500 ng/well, 20 ng/ul) as a control. ChemiDoc MP Imaging System (Bio-

Rad) was used for image analysis.

Designed ELISA test to detect SARS-CoV-2 antibodies

Thermo Fisher Scientific's #460984 Flat-Bottom Immuno Nonsterile 96-well plates were coated
with Spike protein at a concentration of 2 ng/uL for overnight incubation at 4°C (NR-722, BEI
Resources). The wells were rinsed three times with PBST the next day, after which they were
blocked for an hour at RT with 5% milk in PBST. Plasma or Cell culture supernatant (at a dilution
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of 1:100, 100 pL) was added to every well and incubated for 2 hours at RT. After washing, a
1:100,000 diluted horseradish peroxidase (HRP)-conjugated goat anti-human 1gG (Fc-specific,
ab97225, Abcam) solution was added to the plate for 1 hour. A final wash was followed by adding
TMB (3,3',5,5'-tetramethylbenzidine) chromogenic substrate (#34029, Thermo Fisher Scientific)
and a 15-minute incubation period in the dark. 50 pL of stop solution (#SS04, Thermo Fisher
Scientific) was used to stop the process. Total human IgG measurement was performed using the
above-described Spike detection methodology, with the following modifications: plates were coated
with primary goat anti-human 1gG (Fc specific, Sigma-Aldrich, 12136) at 1:10,000 dilution, and
secondary rabbit anti-human 1gG H+L (ab6957) mab at 1:100,000 dilution.

The Varioscan Flash microplate reader (Thermo Fisher Scientific) was used to detect absorbance at
450 nm. The CR3022 (NR-52481, BEI Resources) mab was diluted in PBS starting at a maximum
concentration of 4 pg/mL in order to build a calibration curve.

For the RBD ELISA, the plates were coated with RBD protein (BEI, NIH) at a concentration of
2ng/uL for overnight incubation at 4°C (NR-72946, BEI Resources). The mab concentrations were
determined using standard curves and experimental optical density (OD) readouts normalized to
average baseline values obtained for respective controls, i.e., untransfected supernatant or blood
plasma from CR3022-naive G8 capsule implanted animals. The respective control OD values were
subtracted from the experimental OD readings to determine the mab concentrations. Human plasma
from COVID-19 seroprevalence and vaccination research findings was used to validate the in-house
ELISA, compared to a commercially available S-IgG assay (Euroimmun Medizinische
Labordiagnostika AG, Liibeck, Germany). The Research Ethics Board of Karaganda Medical
University approved these studies. The 20 human samples included 10 subjects who had received
the vaccine (SARS-CoV-2 Ab+) and 10 pre-pandemic (SARS-CoV-2 Ab-negative) samples
randomly selected according to availability.

For the detection of mouse antibodies against the delivered monoclonal CR3022, plates were coated
with CR3022. Following incubation with mice plasma samples. Bound antibodies were detected

with goat anti-mouse IgG secondary antibody.

Cell Encapsulation

Low viscosity alginate powder (Keltone LV, 50-80 kD MW#9005-38-3, San Diego, CA, USA) was
dissolved in 0.9% sodium chloride overnight at 37°C and then filtered through a 0.22 um filter to
create an alginate solution (1.5%). An alginate solution containing 5 x 10° cells/mL was used as the

suspension medium. As previously described, alginate microbeads were produced with slight
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modifications using the Varl electrostatic encapsulator (Nisco Engineering Inc., Zurich,
Switzerland). In a nutshell, the cell suspension was pumped into a vial containing a cold 100 mM
CaCl> solution using a NISCO Var-1 encapsulator (Nisco Engineering Inc., Zurich, Switzerland) at
a voltage of 7.10 kV and a flow rate of 20 mL/h, generating microcapsules that were 300500 pum
in diameter (Figure 20). The cell-loaded microcapsules were subsequently rinsed with saline
solution, cross-linked with PLL for 6 minutes, and then coated with an outer layer of alginate for 4
minutes. Following the addition of DMEM, the solution containing the microcapsules was
transferred to an incubator. The viability of microencapsulated cells was evaluated using the trypan
blue exclusion assay, in which 20 uL of microcapsules and 20 pL of trypan blue (Invitrogen, USA)
were installed on a microscope slide and crushed by a glass coverslip to release the encapsulated
cells. Then, the released cells were visualized and manually quantified using an inverted light
microscope (Ceti, Medline Scientific, Chalgrove, UK) or by using an automated cell counter
Countess 3 (Thermo Fisher). Microcapsules that had been air-dried for one hour at RT were imaged

using an electron microscope with a JSM-IT200LA scanning electron microscope.

Figure 20. Nisco Varl electrostatic encapsulator machine.

Animal studies
All animal treatments were carried out following the National Center for Biotechnology and

Nazarbayev University's Animal Ethics Guidelines (Nur-Sultan, Kazakhstan). Eight-week-old

63



C57BL/6J female mice were obtained from the National Center for Biotechnology's animal facility.
The animals (initially obtained from Charles River, Germany) were kept in a pathogen-free setting.
There were three experimental groups: group #1 received microcapsules containing non-transfected
cells (n=4), group #2 received microcapsules containing transfected cells (n=6), and group #3
received an intraperitoneal injection of 1 ml of 5 mg/ml polyclonal human 1gG (#A50170H,
Meridian Life Sciences, Memphis, TN, USA) in PBS solution using an 18G cannula (n=2). Animals
were given isoflurane anesthesia before the capsules were implanted (Harvard Apparatus, UK).
Microcapsules were injected intraperitoneally with a G18 catheter that included 3 ml of

microcapsule solution at an average rate of 5000 microcapsules per 1 ml (Figure 21).
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Figure 21. Schematic representation of mab secretion from microencapsulated cells.
Partially adapted from[125],

Plasma was extracted from tail vein blood by centrifuging at 2000g for 10 minutes and stored at

20°C before use. Mice were sacrificed by anesthesia overdose 40 days after implantation and

microcapsules (available volume 2.5 ml) were collected and examined using inverted light
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microscopy (EVOS FL Auto, Thermo Fisher Scientific). The microcapsules were washed in PBS

before cell viability, and mab secretion was tested.

Statistical analysis
GraphPad Prism V.9.3.1 was used for all analyses. The unpaired t-test was used to compare
differences between groups, and the binomial "exact™ method was used to calculate 95% confidence

intervals (CI).

4.2 RESULTS

Genetic engineering of mammalian cells with plasmids coding for the heavy and light chains
of a monoclonal antibody against SARS-CoV-2.

Plasmids (pFUSE) encoding the heavy and the light chains of CR3022 specific to the spike protein
of SARS-CoV-2 were obtained through the research repository of BEI (NIH, USA) and used to co-
transfect HEK293 and G8 cells. This plasmid backbone is the same described in Chapter 3 for the
secretion of mab for cancer treatment (against EGFR and CD20).

A. G8 myoblasts are capable of sustained CR3022 expression.

The production of CR3022 mab by murine G8 myoblasts was assessed after being co-transfected
with pFUSE plasmids encoding heavy and light chains. The expression of CR3022 by G8 myoblasts
in tissue culture was determined by an in-house ELISA test and found to be comparable to that of
HEK?293 cells in ELISA experiments (Figure 22). In addition to transient transfection, stable clones
secreting Spike were obtained from G8 and HEK293 cells. Stable clones secreted higher levels of
mab to Spike than transiently transfected cells (Figure 22).
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Figure 22. Representative ELISA plot of S-1gG binding for HEK293 and G8 cell supernatants.
Cell supernatants were incubated on plates coated with S-proteins. Supernatants were collected at
48h post-encapsulation. Experiments were conducted in triplicate, and error bars indicate standard

deviation.

In addition to the binding of CR3022 mab to the spike protein, the specificity of the mab to the RBD
of the spike was also investigated. An ELISA specific to the RBD was designed in our laboratory
and used to quantify the mab in the supernatant of transfected G8 cells. The ELISA results suggest
the specificity of CR3022 mab to RBD (Figure 23). The secretion of mab by cultured G8 cells
showed good level that steadily rose after transfection and was maintained at a level of ~310 ng/10°
cells per day (Figure 23), again suggesting the potential of the transfected cells to deliver sustained

levels of mab.
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Figure 23. Secretion levels of CR3022 in cultured G8 cells were measured using receptor binding
domain (RBD) ELISA and standardized to the non-transfected supernatant readout. Cell media
were replaced every 24 h. Experiments were conducted in triplicate, and error bars indicate standard

deviation.

B. Characterization of secreted monoclonal antibodies in transfected cells.

The specificity of the secreted mab was determined by Western blotting. Purified proteins from the
SARS-CoV-2 spike and nucleocapsid (BEI, NIH) were separated by PAGE and blotted with
supernatant from cultured G8 cells secreting CR3022 mab. The results showed that labeled anti-
human IgG revealed bands consistent with the spike protein in a dose-dependent manner (Figure
24), indicating the presence of human 1gG in the supernatant of co-transfected G8 cells. In contrast,
nucleocapsid protein did not react with the supernatant, indicating that the secreted mab is specific
to spike and not nucleocapsid. As a negative control, supernatant from untransfected G8 cells did
not yield any signal for either spike or nucleocapsid (Figure 25, a). As a positive control, blotting
with purified CR3022 IgG obtained from BEI (NIH, USA) reacted with spike protein but not
nucleocapsid (Figure 25, b). The separated proteins were shown to be specific to spike but not to
the SARS-CoV-2 nucleocapsid protein.
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Figure 24. SARS-CoV-2 monoclonal antibody secretion in G8 cells co-transfected with the
CR3022 heavy and light chains. Various concentrations of Spike and Nucleocapsid proteins were
run on a 10% SDS-PAGE gel. It was then transferred onto a PVDF membrane and blotted with G8
cell culture supernatant. An HRP-conjugated rabbit 1gG specific to both the heavy and light chains

of human IgG was used for the probing.
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Figure 25. Western blotting of supernatants from control (non-transfected) G8 cells (a) and
commercial BEI CR3022 mab (b). Various concentrations of Spike and Nucleocapsid proteins were
run on a 10% SDS-PAGE gel. It was then transferred onto a PVDF membrane and blotted with G8
cell culture supernatant. An HRP-conjugated rabbit IgG specific to both the heavy and light chains
of human 1gG was used for the probing.
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A similar characterization was performed for the mab against spike secreted from human HEK293
cells genetically engineered with the two pFUSE plasmids encoding for the heavy and light chains
of mab CR 3022. As described earlier, purified spike and nucleocapsid proteins from SAR-CoV-2
were run by PAGE, and the resulting pattern was blotted against supernatant from HEK293 cells.

As described for G8 cells, the results showed that labeled anti-human 1gG revealed bands consistent
with the spike protein in a dose-dependent manner (Figure 26, a), indicating the presence of human
IgG in the supernatant of co-transfected HEK?293 cells. In contrast, nucleocapsid protein did not
react with the supernatant, indicating that the secreted mab is specific to spike and not nucleocapsid.
As a negative control, supernatant from untransfected HEK293 cells did not yield any signal for

either spike or nucleocapsid (Figure 26, b).
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Figure 26. SARS-CoV-2 monoclonal antibody secretion in HEK293 cells co-transfected with the
CR3022 heavy and light chains. Various concentrations of Spike and Nucleocapsid proteins were
run on a 10% SDS-PAGE gel. It was then transferred onto a PVDF membrane and blotted with
HEK?293 cell culture supernatant a) co-transfected; b) non-transfected. An HRP-conjugated rabbit

1gG specific to both the heavy and light chains of human IgG was used for the probing.

Furthermore, the positive bands identified by western blotting have an apparent molecular weight
of approximately 140-160 kDa, which is consistent with the reported size of the spike protein [1&
(Figure 27).
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Figure 27. Purified cell culture supernatants and the BEI CR3022 mab were denatured prior to
Western blotting. I: Transfected HEK293 supernatant; ii: Untransfected HEK293 supernatant; iii:
BEI CR3022 mab (NR-52481). An HRP-conjugated goat 1gG specific to both the heavy chain Fc
region of human IgG was used for the probing. kDa-kilodaltons.

Taken together, these experiments suggest the specificity for the spike of the secreted mab from
both human HEK293 and murine G8 myoblast cells, as well as the secretion of a functional mab to

spike from murine G8 and human HEK293 cells.

G8 microcapsules secrete detectable levels of CR3022.

As per the previous chapter, the delivery of mab from microencapsulated cells was evaluated to
confirm the permeability of mabs to the spike protein through alginate microcapsules. G8 cells
genetically engineered with the plasmids encoding both chains of spike mab were encapsulated and
cultured in vitro. ELISA quantified the level of mab specific to spike in the cell supernatant. The
results (Figure 28) showed a high secretion of mab through microcapsules, supporting the feasibility
of this thesis. Interestingly, the OD obtained from encapsulated and free cells alike was higher than

in a control plasma sample of a volunteer after receiving a COVID vaccine.
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Figure 28. Representative ELISA plot of S-1gG binding for G8 cell supernatants untransfected,
transfected, encapsulated cells to compare with the human plasma of a patient with COVID-19.
Cell supernatants were incubated on plates coated with S-protein. Supernatants were collected at
48h post-encapsulation. Experiments were conducted in triplicate, and error bars indicate standard

deviation.

G8 cells have been used more frequently than other cell types for prolonged cell encapsulation and
microcapsule implantation because of their low immunogenicity features [1*4181 Therefore, using
our previously validated method, which resulted in microcapsules containing highly viable cellst*8?],
to encapsulate G8 cells that were consistently producing CR3022 through alginate microcapsules
at a concentration of about 1000 cells/capsule 481 This method produced round microcapsules
with an average diameter of 106 [range= 79-110] um, pores with an average diameter of 595

[range= 306-920] nm (Figure 27), and cell viability of approximately 95% (Figure 29).
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Figure 29. Alginate microcapsules containing G8 cells. Images were taken using light (at x4 and

%10 magnification) and scanning electron microscopy (at x800 magnification).
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Results
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Figure 30. Representative output from the automated cell counter shows the cells' count and

viability from retrieved microcapsules.

Compared to free (unencapsulated) cells, encapsulated G8 cells produced CR3022 mab at quantities
similar to those of encapsulated human HEK293 cells (Figures 22, 30), though at lower levels. The
medium supernatant was consistently enriched with measurable levels of CR3022 mab from

cultivated G8 microcapsules.
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CR3022 secretion from free and encapsulated cells
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Figure 31. Supernatants obtained from non-encapsulated and encapsulated G8 cells consistently
secreting CR3022 48 hours after the last culture media change. On RBD-coated ELISA plates,
supernatants (diluted to 1/100) were incubated. Standard curves were created using CR3022 mab
(NR-52481, BEI Resources) dilutions on experimental readouts adjusted to the equivalent baseline
control (untransfected supernatant) OD readouts (see Methods). Experiments were conducted in

triplicate, and error bars indicate standard deviation.

In conclusion, it was confirmed that encapsulated G8 and HEK?293 cells secrete sustainable CR3022

mab into the supernatant at levels lower than free cells.

C. Delivery of monoclonal antibodies in mice implanted with microencapsulated cells.

In vivo microcapsule implantation results in systemically detectable CR3022 mab

Once the secretion of mab from encapsulated cells was confirmed, this therapeutic strategy's
feasibility in delivering mab in vivo was investigated. Microencapsulated G8 cells expressing
CR3022 mab were implanted intraperitoneally in immunocompetent C57BL/6J mice (n=6). Mice
were bled before implantation and at various time points after implantation. The concentration of
CR3022 mab in treated mice was monitored CR3022 levels in blood post-implantation (HPI),
quantifying the concentration of mab using the designed RBD-specific ELISA (Figure 32, A, B).
At 24 hours post-injection, CR3022 was detected in the blood plasma of treated mice. Its

concentration grew steadily until 7 days later when it peaked at 1923 ng/ml [95% CI, 1656.1-2189.9
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ng/ml] (Figure 32, B). After then, CR3022 titers gradually decreased, even though they were still
detectable 40 days later at a concentration of 522.0 ng/ml [95% CI, 400.8 - 642.7] (Figure 32, B).
In contrast, no circulating mab was found in the control group of mice (n=4), which were treated

with encapsulated but untransfected cells.
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Figure 32. A, B) Changes in the levels of circulating SARS-CoV-2 mab following the
administration of microcapsules. Blood from mice was obtained pre-implantation (day 0) and
following days up to day 40 post-implantation to get plasma for the ELISA tests. Results from the
RBD-1gG ELISA were shown as OD450 readings (A) and mab concentration adjusted to mouse
plasma implanted with the CR3022-naive G8 microcapsules (B). Concentrations were measured
based on experimental readouts adjusted to the relevant baseline control (blood plasma from
CR3022-naive G8 capsule implants) using a standard curve created using a CR3022 mab (NR-
52481) from BEI (see Methods). Experiments were conducted in triplicate, and error bars indicate

standard deviation.
Yet another group of mice (n=4) received a clinical dose (1 mg/kg) of polyclonal human IgG

(IVIG). This control group of mice did not test positive for RBD, indirectly indicating the specificity
of the secreted mab to RBD (Figure 32, C).
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Figure 32. C) SARS-CoV-2 monoclonal antibody (CR3022) identification in mice after
implantation for more than 40 days. Experiments were conducted in triplicate, and error bars

indicate standard deviation.

D. Functional characterization of secreted monoclonal antibodies

In cases involving a slow, prolonged release of the mab over an extended period, cell encapsulation-
aided mab delivery is preferable to bolus mab administration. This proposed strategy is an example
of a prophylactic mab administration that could be recommended for immunocompromised
patients. The goal is to deliver neutralizing mab titers at a level required to inhibit or reduce SARS-
CoV-2 infections. Because microcapsules can deliver mab gradually, reactogenicity -typically
linked to bolus mab infusions- may also be reduced. In addition, microencapsulation of cells
expressing various mabs would enable consistent release of combined mabs with a potentially more
substantial prophylactic or therapeutic effect given the known drawbacks of monotherapy and the
higher likelihood of SARS-CoV-2 resistance development associated with monotherapy.

A large-scale library screen initially identified CR3022 mab as a SARS-CoV-1 neutralizing mab,
but later tests revealed that it also neutralized SARS-CoV-2 183184 The ability of CR3022 to
neutralize different strains of the virus has been shown to vary across assays, and a recent study
found that CR3022 can neutralize SARS-CoV-2 without interfering with the interaction between
the ACE2 and RBD [8],

In our laboratory, CR3022 mab had a modest neutralizing activity (Figure 33). The experiment was

conducted using a GenScript neutralizing assay for human plasma, with slight modifications.
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Figure 33. Neutralization assay showing partial neutralization. The manufacturer's instructions
were followed, except the incubation time of plasma samples was extended to 1 hour instead of 30

minutes. Experiments were conducted in triplicate, and error bars indicate standard deviation.

The data presented here indicate that CR3022 has partial neutralization activity (~30%). This partial
neutralization activity may explain the controversial neutralization activity found for this mab in

current literature reports.

Host anti-CR3022 response and per-capsule mab expression changes.

The detection of mab in vivo strongly supports the feasibility of this strategy to deliver mabs.
However, the levels of mab peaked on day 7 and gradually decreased after that. Thus, the next goal
was to determine whether the observed reduction in CR3022 titers 7 days post implantation (dpi)
was caused by reduced secretion of mab per capsule or by developing a host immune response. The
presence of antibodies to human IgG would explain the gradual loss of mab in the circulation of

treated mice. An ELISA test determined the antibodies to CR3022 in mouse plasma over 40 days
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of the experiment (Figure 34). The titers of mouse anti-CR3022 IgG steadily rose, culminating at
about days 10 to 14, which would explain the observed decrease in mab. At 40 days post-
implantation, we removed a sample of the implanted microcapsules from the peritoneal cavity and
tested their ability to produce CR3022 in culture.

Anti-Spike Antibody Titer in Treated Mice
0,4
St.Dev=0,07
0,3
—e
0,2
St.Dev=0,014
—
0,1 .-—.—’//"\.7
0 0 5 10 15 20 25 30 35 40
—&— Capsules secreting Ab —&— Capsules not secreting Ab

Figure 34. ELISA measurement of the mouse anti-CR3022 antibody response. Experiments were

conducted in triplicate, and error bars indicate standard deviation.

The cell viability of the retrieved microcapsules was also determined. At 40 dpi, the microcapsules
retrieved from the peritoneal cavity showed no prominent cellular infiltration, indicating good

biocompatibility (Figure 35).

Figure 35. G8 cell-containing alginate microcapsules were removed from the peritoneal cavity after
40 dpi. Images were obtained using light microscopy at x4 (left panel) and x10 (right panel)

magnifications.
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At that same time, post-implantation, an RBD ELISA revealed that the secretion of CR3022
decreased from 45 ng per 10* microcapsules per day before implantation to 30 ng per 10*

microcapsules per day, which is statistically significant (Figure 36).

Pre-implantation and post-retrieval levels of CR3022 secretion (RBD-
binding mab per capsule) at day 40
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Figure 36. Pre-implantation and post-retrieval levels of CR3022 secretion (RBD-binding mab per
capsule) at day 40. A standard curve was created using a CR3022 mab (NR-52481) from BEI (not
shown). Experiments were conducted in triplicate, and error bars indicate standard deviation.

Additionally, the viability of cells from retrieved capsules was slightly lower than pre-implantation
(85% vs. 95%). Overall, CR3022 levels were still detectable at 40 dpi, although at decreased levels.
This is consistent with a host immune response against the human mab and a potential decrease in

CR3022 production per microcapsule by day 40 post-implantation.
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4.3 DISCUSSION
Different methods for treating and preventing disease have advanced quickly due to the COVID-19

pandemic's pressure to create effective therapies. One such strategy relies on the use of mabs and,
although it is very promising, has been limited by the difficulties in mab delivery and
production[®l, Consequently, in this proof-of-concept research, we investigated the application of
cell microencapsulation 193871 for sustained release of CR3022, a well-characterized human SARS-
CoV-2 mab, ina pre-clinical animal model. We show that after implantation, alginate microcapsules
with G8 myoblasts secreting CR3022 have detectable levels of CR3022 in blood. Furthermore,
CR3022 remained detectable in circulation for up to 40 days, the entire length of this experiment.
FDA has approved the use of mab for the treatment -and prophylaxis- of COVID-19 ©7l. Such
development supports the feasibility of a sustained delivery strategy for mab, such as the one
proposed in this thesis. It is also essential to recognize that the levels of mab achieved in this proof-
of-concept were about 100 times lower than in the latest clinical studies of bolus casirivimab and
imdevimab infusion 8188181 Qur laboratory has comprehensive research experience with cell
encapsulation technology [113114181.187.190-192] 'Encapsulated cell-aided mab delivery can be tailored
for various indications, such as COVID-19, as treatment and prophylaxis if the mab expression per
implant can be increased. Therefore, achieving clinically significant systemic mab titers would be
possible by increasing the implanted microcapsules and/or improving per-cell mab expression. In
this proof-of-concept study, plasmids were used to engineer cells. Furthermore, co-transfection with
a two-plasmid system is not the most efficient. A single vector expressing both heavy and light
chains would increase expression. The use of two plasmid systems was chosen to determine weather
the expression of both antibody chains is necessary for the secretion of functional mabs from
engineered cells. Non-viral vectors such as plasmids induce transgene expression levels that are
notoriously lower -at least one or two orders of magnitude- than those achieved with viral vectors
such as adenovirus or lentivirus.

Nevertheless, the mab titers observed in our research are comparable to similar published findings
(1931 Mice that received microencapsulated hybridoma cells had an average of 0.9 pg/ml IgG in
plasma [ similar to levels reported in this thesis. However, the anti-Spike mabs levels in patients
who received FDA-approved mabs and were protective against SARS-CoV-2 infection were
approximately 10 times higher 1'%, Therefore, a higher level of efficiency from encapsulated cells
must be achieved. Optimizing the vector use could lead to higher mab expression. The use of a viral

vector such as lentivirus could increase the expression at least 10 times [1%51%1. Of course, the highly
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secreted mabs must remain functional, as the mabs shown in this thesis. Additional studies will
have to assess this.

As more information about mab efficacy in various populations and drug-resistant virus strains
becomes available, microencapsulation may combine microencapsulated cells that secrete different
mab sub-types or target multiple epitopes. In addition to COVID-19, the microencapsulation
platform might supply additional therapeutic mabs, such as IL-6 receptor blockers (tocilizumab or
sarilumab). An example of the potential application of this technology to cancer is presented in
Chapter 3.

An unprecedented possibility to apply these mabs in different combinations for COVID-19
treatment and prophylaxis has been made possible by the recent influx of data on clinically
significant SARS-CoV-2 mabs currently available. Therefore, mabs other than CR3022 could be
used-and even preferred-in subsequent stages of microencapsulation-assisted mab delivery, as
neutralizing antibodies are considered vital to reducing the infection ability of cells by SARS-CoV-
2.

The mab concentration peaked on day 7 and then steadily dropped until day 40 when the study
ended. The continued detection of CR3022 mab in blood indicates that the mab is continuously
being delivered from the microcapsules in vivo. It is tempting to speculate that the demonstrated
decrease in blood CR3022 was partly caused by the host's immune response to CR3022 because the
microcapsules were still intact and free of overgrowth when retrieved on day 40. The viability of
the retrieved encapsulated cells was still high (85%). It has been reported that human IgG has a
shorter half-life in mice than in humans. Based on this information, one would be tempted to
hypothesize that if the CR3022 human mab were expressed in humans, it would result in a
significantly longer half-life over time, thus achieving a higher concentration.

Reduced per-capsule CR3022 production, which might have happened as a result of one or more of
the following events, including encapsulated cells losing one or both of their plasmids, hypoxia,
waste buildup, and a declining nutrient supply progressively accumulating around the
microcapsules in the peritoneal cavity %21, which may also have contributed to the decreasing trend
of CR3022 titers. No cell growth was seen around the microcapsules upon retrieval on day 40 post-
implantation, in agreement with previous studies in our laboratory that showed effective
microcapsule implantation for more than 120 days [*62¢- 201 emphasizing the weak immunogenicity
of microcapsules. The immunogenicity of the microcapsules would be further diminished in a

prospective clinical setting by using GMP-grade alginate that has had the majority of its endotoxins
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cleared. Studies described that commercial alginates contain PAMPs peptidoglycan, lipoteichoic
acid, and flagellin [145:150.156]

A related finding is that secretion from encapsulated cells was found to be lower than from free
cells (Figure 31). This was consistently the case whether the cells secreted anti-Spike (Figure 31),
anti-EGFR (Figure 10), or anti-CD20 (Figure 11). Furthermore, this is an agreement with a
multitude of previously published studies 192171, The reason for this might be due to the lack of
ideal attachment of the cells in the capsule alginate matrix as compared to cells attached to a plastic
substrate in vitro [, However, additional explanations are also possible. The microcapsules may
also affect the free diffusion of nutrients and chemicals across the alginate matrix 1161501,

This research aimed to provide proof-of-concept data on the viability of using genetically
engineered encapsulated cells for the sustained delivery of functional mab to SARS-CoV-2 ina pre-
clinical mouse model in the absence of concurrent SARS-CoV-2 exposure or active infection. Here,
we demonstrate that the mab generated by engineered myoblasts has the predicted size and exhibits
the appropriate specificity when targeting and binding to the desired RBD of the Spike protein.
Additionally, the mab has a modest neutralizing activity (~30%), consistent with the mab CR3022's
published literature %1, More recent studies questioned the broad neutralizing nature of CR3022
(1861 and today its neutralizing nature is considered equivocal. The results presented in this part
indicate a partial neutralization activity for CR3022, which would be consistent with this equivocal
consideration. Delivery of mab was demonstrated in earlier studies using hybridoma cell lines 121,
Hybridoma cells, on the other hand, are murine cells produced when a B lymphocyte is fused to a
cancer myeloma cell and, thus, are unsuitable for human implantation.

The objective of this study was not to determine whether encapsulated murine myoblasts have
preventative or therapeutic clinical benefits. Although myoblasts are appealing as encapsulated
cells, murine myoblasts wouldn't be used for human implantations. Furthermore, the efficacy of the
produced mab binding and blocking cell entry to SARS-CoV-2 is directly related to the therapeutic
potential of the microcapsule strategy against COVID-19. This, in turn, depends on the sequence of
the selected mab (S) to be secreted. The main objective of this study was to determine whether
genetically modified cells could secrete and deliver sustained human mab to SARS-CoV-2. This
study also demonstrated that functional mab could be produced by genetically modified muscle
cells (G8) and human cells (HEK293). This proof-of-concept study evaluated neither the long-term
fate of the implanted microcapsule dosing regimens nor the exploration of various microcapsule
dosing regimens to study dose-dependent pharmacodynamics. Additionally, although the

biocompatibility of alginate microcapsules has been thoroughly investigated [1452%1 we did not
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directly assess the longevity of microcapsules after 40 dpi. Depending on how much crosslinking
agent is present, alginate degrades at a different rate in vivo 2°t1. This study used a well-established
method for delivering microcapsules in the field intraperitoneally. The methodology should be
optimized further for its potential use in clinical trials, including exploring alternative implantation
routes. A wide variety of implantation rotes have been described in literature reports, such as the
intraperitoneal [1*] intratumoral €1 intrathecal 1'% and intraocular %, However, it is very
important to note that the levels of transgenes expressed from microcapsules implanted
intraperitoneally are already very high and would be difficult to improve.

The possibility of genetically engineered cells escaping from microcapsules in vivo, proliferating,
and migrating is also a legitimate concern. Genetically altering cells to make them susceptible to an
antibiotic or other drug, in case there is a need to undo the treatment, would be another safety
measure to control the continuing survival of encapsulated cells.

Our findings suggest that cell microencapsulation is a feasible strategy for systemic drug delivery
of an intact SARS-CoV-2 mab in a pre-clinical model, justifying further research into its potential
for use in clinical practice. The primary goal of future research will be to improve the
pharmacodynamics and pharmacokinetics of this strategy for particular indications involving
COVID-19 prophylaxis and treatment.
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CHAPTER 5
Aim 111: MODULATION OF IMMUNE RESPONSE

5.1 INTRODUCTION

The implantation of cells enclosed in biocompatible, semi-permeable microcapsules allows the
continuous delivery of therapeutic peptides. In contrast, the cells are protected from the host immune
response, which makes allogeneic transplantation feasible [113141.162,182202-2041 "ghoyld it become
essential to stop the therapy, peritoneal lavage could remove the majority of the implanted
microcapsules. Additionally, encapsulated cells could be genetically engineered to render them
sensitive to an exogenously administered drug. An advantage of this strategy over many viral
vectors used today in gene therapy applications is that it doesn’t alter the host genome. Prior to
encapsulation, recombinant cells could be carefully characterized, and individual clones of
genetically engineered cells could be selected for unintended genomic rearrangements as an extra
safety step. By genetically engineering a universal cell line that can be transplanted in a wide range
of patients, it is possible to avoid the laborious and costly engineering of autologous cells for each
patient. The delivery of hFIX in mice from implanted engineered cells was previously reported using
alginate microcapsules containing recombinant fibroblasts, C2C12, or G8 myoblasts [127:162182.204]
A critical finding from those studies is that the implanted encapsulated cells are crucial to the host's
immunological response against the transgene 24, The same research revealed that G8 fetal murine
myoblasts are less immunogenic than C2C12 transformed murine myoblasts and thus better suited
for applications to chronic diseases such as hemophilia because they do not induce the robust
immune response to FIX that transformed myoblasts do [2%4],

The immune responses generated by gene therapy protocols are well described %! and pose a
challenge for any application of gene therapy for chronic diseases. Therefore, the immune responses
to encapsulated cells need to be considered. This chapter is devoted to efforts undertaken to

modulate the immune response induced by implanted microencapsulated cells.

HYPOTHESIS

Following previous research on the immunomodulatory properties of human IgG Fc fragment and
the anti-inflammatory function of 1L-10, we hypothesize that co-secretion of coagulation FIX and
IgG-Fc or mouse IL-10 from microencapsulated engineered G8 and C2C12 myoblast cells will

modulate the production of antibodies to FIX in mice. FIX was chosen as an antigen model because
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it is not considered a strong immunogen, and subtle immune modulations can be observed.
Additionally, our laboratory has extensive experience delivering FIX from encapsulated cells.

The hypothesis was supported by prior research that demonstrated the anti-inflammatory effects of
the cytokine mIL-10 and the capacity of Fc to activate Treg-based immunological tolerance 2%,

SPECIFIC AIMS

The specific aims of this chapter are:
A. To genetically engineer G8 and C2C12 cells secreting FIX and either human IgG-Fc or mIL-10.

B. To encapsulate the engineered cells and evaluate the release of recombinant proteins from the

microencapsulated cells.

C. Implant encapsulated recombinant cells in mice and quantify the concentration of mouse IgG to
FIX in the blood of treated mice over time.

FIX protein: structure, function, and immunogenicity

A 56 kDa protein called FIX is mainly produced and released by hepatocytes. This plasma serine
protease that depends on vitamin K is necessary for FIX to be activated in the coagulation cascade.
Plasma serine proteases FVlla or FXla cleave the activation peptide, which then causes FIX to
become active. A disulfide link connects the 145aa light chain and 236aa heavy chain, which are
the resultant FIXa serine protease. The FIX gene, which spans 8 exons over 34 kb and is found on
the X chromosome (Xq27), consists of 92% of introns. This gene is prone to point, insertional, and
deletional mutations. Missense mutations, which account for 60% of instances of severe hemophilia
B, are the most common disease-associated FIX changes. High-expression FIX variants could be
applied in hemophilia B gene delivery techniques. The effectiveness of gene delivery systems can
be improved using these modified versions.

FIX is not considered a highly immunogenic protein, as shown by the fact that only around 2-3%
of patients suffering from severe hemophilia B develop antibodies to the regular intravenous
infusions of FIX protein 2%7), Regarding encapsulated cells, when transformed C2C12, a murine
myoblast cell line was genetically modified to produce FIX and implanted into hemophilia B KO
mice; the expression was transient due to the development of antibodies to FIX 62, Implanted cells
also induced cellular immunity, resulting in the development of cytotoxic T lymphocytes that were

particular to released FIX 2%l In addition, this transformed cells line caused the development of
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tumors in immunocompromised mice, showing the potential risks of the use of transformed cells
[182]_

The G8 fetal murine myoblast cell line has been used in the past to encapsulate cells that produce
the FVI111 291 and FIX 162 proteins. It has been demonstrated that encapsulating this myoblast cell
line delivers functional FIX to groups of C57BL/6J and Hemophilia B mice effectively and safely
for up to 4 months in immunocompromised animals 2%, Additionally, in contrast, to FIX delivery
from C2C12 cells, FIX produced by encapsulated G8 cells did trigger a negligible response in
mice. These results support the use of G8 cells to deliver sustained levels of FIX while inducing a

modest level of anti-FIX antibodies.

Tregitopes-Fc

There is ample evidence that the Fc portion of the human 1gG molecule has immunomodulatory
activity [2. Although the precise method of modulation is still unclear, intravenous
immunoglobulin G (IVIG) infusion treatment is effectively utilized to treat autoimmune and
inflammatory illnesses 2%l In order to reduce inflammation, autoimmune illnesses are treated with
IVIG therapy, which has been found to promote the growth of Tregs and to increase the
concentration of anti-inflammatory cytokines like 1L-10 %I, Two epitopes (Tregitope 289 and 167)
in the Fc portion that may bind to and activate Tregs to promote immune tolerance were discovered
by De Groot and colleagues in 2008 by computational scanning in the Fc region of human IgG 2],
Additionally, their team demonstrated the proliferation of CD4+/CD25hi/FoxP3 Tregs in mice and
put forth a theory for the induction of immune tolerance by activating Tregs and squelching CD4,
CD8, or Th17 T-cells [2%1 These authors demonstrated that tregitopes could reduce the
immunological response specific to B- and T-cells and can modulate the immune system in a way

that is antigen-specific 261,

IL-10 as an anti-inflammatory cytokine

IL-10 is a crucial anti-inflammatory cytokine released by various immune cells 2111, It is believed
that IL-10 has a wide range of effects since it is expressed by multiple cell types and under different
circumstances 22, It is hypothesized that IL-10 suppresses the generation of cytokines that promote
inflammation in macrophages and dendritic cells, where it predominantly acts on its
immunosuppressive effects 231, Additionally, it inhibits T-cell production of the pro-inflammatory
cytokine IFN- y, which lowers T-cell-mediated immunity 24, Furthermore, regulatory B-cells

(Bregs), a subgroup of B-cells that produce IL-10, can inhibit the immune system and promote

86



tolerance 231, Numerous preclinical and clinical investigations have been conducted on using IL-
10 as an immunomodulator in treating autoimmune and inflammatory illnesses. Additionally, IL-
10 was employed as an immune modulator in clinical trials to treat psoriasis and Crohn's disease,

with some degree of effectiveness 2261,

Modulating immunogenicity

Myoblast cell lines from C2C12 mice that were genetically modified to produce FIX at therapeutic
doses in naked animals were encapsulated by Hortelano and colleagues 27, However, the
expression was only brief due to the formation of the antibody. The implanted animals also induced
cellular immunity, resulting in the development of cytotoxic T lymphocytes that were particular to
released FIX. In addition, the therapy caused tumors to develop later in naked mice, showing that
the line was not safe 821, The G8 mice myoblast cell line has been used to encapsulate cells that
produce the FVIII protein %l |t has been demonstrated that encapsulating this myoblast line
delivers functional FIX to groups of C57BL/6J and Hemophilia B mice effectively and safely for
up to 4 months in immunocompromised animals. Additionally, despite FIX secreted by C2C12
cells, FIX produced by encapsulated G8 cells did not trigger an immunological response, and anti-
FIX antibody titers in vivo were negligible %1, As a result, it is hypothesized that using G8 cell
lines to administer FI1X is reasonably safe and less immunogenic. Thus, the objective of this chapter

was to deliver FIX from immunogenic C2C12 while delivering immune modulators from G8.
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5.2 MATERIALS AND METHODS

Cell culture
The G8 mice myoblast and C2C12 fibroblast cell lines were obtained from ATCC (CRL-1456 and
CRL-1772, respectively). As previously described, cells were cultured in Dulbecco’s modified

eagle’s medium (DMEM), supplemented with 10% FBS and 1% Penicillin-Streptomycin.

Cell transfection

For transfections, the plasmid DNAs listed below were used: PCMV6KN for mouse IL-10
expression (Origene, MD, USA); pFUSE-Lucia-cHIg-IgGl for Fc and Lucia protein expression
(Invivogen, CA, USA); pcDNA-IVS- hFIX for human FIX expression (Queen’s University,
Kingston, Canada). Escortlll transfection reagent was used to transfect cells following the
manufacturer's recommendations. Cells were allowed to reach 60% confluency in a 10 cm cell
culture dish, and 5 ug of plasmid with a 5 ul of transfection reagent formulation in OPTI-MEM was
added. OPTI-MEM was changed to DMEM 8 hours post-transfection. To obtain stably transfected
cell lines, cells were split 1:10 24 hours post-transfection, and an appropriate selective reagent was
added to the cells. Every 2 days, new media containing a selective reagent was added. For Fc-
transfected cells, Zeocin (Invivogen, USA) was employed as a selecting reagent, and G418 (Sigma-
Aldrich, USA) was applied for the remaining cell lines. An antibiotic susceptibility experiment was
conducted to identify the selected reagent's proper doses (400 ng/ml). Antibiotic selection continued
for two weeks, after which 12 individual clones of stably transfected cells were obtained for each
transfected cell using special cloning cylinders. Clones were cultured in 48- and 24-well plates
before being tested for Quanti-Luc secretion by ELISA. No clones of the mIL-10 transfected cells

were produced; instead, a pool of transfected cells was employed.

Quantification of Lucia's expression
The Quanti-Luc (Invivogen) luminescence test examined Lucia's expression. In Synergy H1

(Biotech), relative light units were measured at 465-493 nm (RLU) wavelength.

Alginate purification

Low-viscosity alginate powder (Keltone LV, San Diego, CA, USA) was dissolved in 0.9% sodium
chloride overnight at 37°C and then filtered through a 0.22 um filter to create an alginate solution
(1.5%). After microencapsulation, prepared microcapsules were rinsed with saline solution, cross-

linked with PLL for 6 minutes, and then coated with an outer layer of alginate for 4 minutes (Figure
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37). Following the addition of DMEM, the solution containing the microcapsules was transferred

to an incubator.

1.1% CaCl2 solution

v
0.55% CaCl2 solution

v
0.28% CaCl2 solution

v

3 min with 0.1% CHES solution

v

1.1% CaCl2 solution

v

6 min with 0.05% PLL solution

v

0.1% CHES solution

v

0.9% sodium chloride solution

\

4 min with 0.03% sodium alginate solution

v

0.9% sodium chloride solution

v

Culture at DMEM overnight in incubator

\

Before implantation wash with 0,9% sodium chloride solution

Figure 37. Alginate microcapsules washing steps. When time is not indicated, a brief wash period

followed by suction of solution was used.
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Animal studies

All animal procedures were conducted under the Animal Ethics Guidelines of Nazarbayev
University. C57BL/6J mice were purchased from Charles River (Montreal, QC, Canada) and
maintained at the National Center for Biotechnology, Astana. Mice were anesthetized with
isofluorane in a small animal anesthetic machine. An intraperitoneal G18 catheter was used to
administer 2 mL of microcapsules to each mouse. 4 groups of C57BL/6J (n=5) were implanted
intraperitoneally with hFIX, hFIX+hFc, and hFIX+mIL-10 expressing cells (Tables 2,3). Blood
samples were collected using the tail-clip assay in heparinized tubes. Plasma samples were
collected on days 0, 14, and 28. All mice were sacrificed on day 28 post-treatment with CO2, and
implanted capsules were retrieved and analyzed by inverted light microscopy. Good
biocompatibility was indicated by the absence of any apparent outgrowth surrounding the APA

microcapsules.

Human FIX Ag detection ELISA

The ELISA assay was used to identify the human FIX antigen using the Affinity Biologicals Inc.
(Ancaster, ON, Canada) reagents and procedure, as previously described 2%, The expression of
hFIX was identified using matched pair antibody sets (Affinity Biologicals, Canada). Following
overnight incubation with the primary antibody, the incubation was blocked for one hour at RT with
5% skim milk (blotto) in PBS. Recombinant Kogenate Fs Antihemophilic factor (Bayer
HealthCare) was diluted appropriately to measure hFIX. Plasma from control mice (implanted with
empty capsules) was a negative control. To detect hFIX in mice, plasma standard dilutions were
prepared using the supplied diluent. For all ELISA studies, TMB was used as a substrate for
visualizing, and OD was determined at 450 nm.

Statistical analysis

GraphPad Prism V.9.3.1 was used for all analyses. The unpaired t-test was used to compare
differences between groups, and the binomial "exact" method was used to calculate 95% confidence

intervals (CI).
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5.3 RESULTS

The immune responses to administered recombinant products are a severe concern in the clinical
management of medical conditions. Although it is risky to generalize, and as an example related to
hemophilia A -not hemophilia B- the incidence of severe patients of hemophilia A (due to
coagulation FVI1II deficiency) that develop antibodies to the administered protein is in the order of
20-40% 271, Indeed, developing inhibitors (neutralizing antibodies to FVII1) in response to the
administration of FVIII protein is arguably the most significant challenge in the management of
hemophilia A patients %1, This concern can also be extended to gene therapy applications for
diseases that require prolonged transgene delivery 271, Therefore, the characterization of the
immune responses elicited by encapsulated cells is highly relevant to evaluate the feasibility of this
gene therapy strategy. Indeed, the possibility of modulating the immune responses generated by
encapsulated cells was a focus of this chapter. Specifically, this chapter aimed to assess the effect
of human IgG-Fc and murine IL-10 on developing antibodies in response to encapsulated cells
secreting FIX.

Murine G8 myoblasts genetically engineered to secrete either murine IL-10 or human IgG-Fc
fraction were used, together with C2C12 myoblasts secreting FIX. The experiment was designed to
test whether co-secretion of FIX and immune modulators (hlgG-Fc or mIL-10) would reduce the
host's humoral immune response to FIX.

Following transfection, the ability of G8 and C2C12 cells to secrete the transgenes was quantified
by ELISA. The secretion levels of FIX by C2C12 and G8 myoblasts were comparable (Figure 38).
Further, engineered cells were encapsulated in alginate-PLL microcapsules, and the secretion of
recombinant proteins from the encapsulated cells was characterized. In agreement with previously
published studies from our laboratory and in a previous chapter (Figure 31), secretion from free
cells was higher than from microencapsulated cells (Figure 38).

However, prior research showed that the production of FIX inhibitors cleared the produced FIX
protein after a few days of encapsulation 1621,

In this chapter’s initial in vitro part, C2C12 and G8 cells were engineered to express either FIX,
and G8 cells were engineered to secrete Fc or mIL-10. Further, engineered cells were encapsulated
in alginate-PLL microcapsules, and secretion of our recombinant proteins from the encapsulated
cells was characterized by ELISA. The engineered G8 and C2C12 cells secreted relevant and
comparable FIX amounts (Figure 38).
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Figure 38. OD values of in vitro expression of human FIX from A) G8, B) C2C12 cells. C) Pos/Neg

controls. Experiments were conducted in triplicate, and error bars indicate standard deviation.

The encapsulated cells also demonstrated promising in vitro viability, consistently being >95%

viable for both cell types (data not shown), consistent with our previous encapsulation experience.
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The expression of mouse IL-10 from engineered G8 was quantified in our laboratory as 710 pg/10°
cells, which was reduced to 565 pg/10° cells after encapsulation (Zhansaya Kanketayeva, MSc
thesis, NU). The sustained secretion of ,IL-10 from encapsulated G8 cells was deemed unsafe in
prolonged experiments (Zhansaya Kanketayeva, MSc thesis, NU). Therefore, it was decided to use
transiently transfected G8 cells in this experiment that would deliver mIL-10 for a short period of
time.

In this vector, the secreted Lucia is fused to Fc. Therefore, the expression of human IgG-Fc from a
stably engineered G8 cell clone was quantified using Lucia as a surrogate marker. The expression

level of human 1gG-Fc from a stably engineered G8 cell clone is presented in Table 1 below.

Table 1. Secretion of human IgG-Fc from untransfected G8 vs a stably engineered G8 cell clone.
Untransfected G8, 24h G8 stably expressing hFc, 24h

1,3 RLU + 0,57 8,497,828 RLU + 637,562

After the in vitro characterization of the encapsulated cells, an in vivo experiment was conducted
(Tables 2, 3).

Table 2. A number of mice implanted per group

Groups
C2C12- C2C12- “
Days C2C12-FIX+IL-10 EIX+hfc EIX+G8 Naive
Day 0 5 5 5 5
Day 14 5 5 5 5
Day 28 5 4 4 5
Table 3. A number of implanted cells per mouse
Groups Mice Microcapsules, _ Cells/ml
(mL/mouse) microcapsules
C2C12-FIX+G8-1L-10 5 3 5x10°
C2C12-FIX+G8-hfc 5 3 5x10°
C2C12-FIX+G8 5 3 5x10°
. No
Naive 5 microcapsules None
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The following groups of mice (n=5) were implanted intraperitoneally with 3 ml of microcapsules

per mouse, except into the naive mice:

- Group 1 — Received encapsulated C2C12-FIX + G8-1L-10 cells
- Group 2 — Received encapsulated C2C12-FIX + G8-Fc cells
- Group 3 — Received encapsulated C2C12-FIX + untransfected G8 cells

- Group 4 — Naive untreated mice

Blood samples were collected using the tail-clip assay. Plasma samples were collected on days O,
14, and 28. One of the mice from Group 2 and Group 3 died during the experiment from fighting
wounds (Table 2).

All mice were sacrificed on day 28 post-treatment with CO2, and implanted capsules were retrieved
and analyzed by inverted light microscopy. High biocompatibility was indicated by the absence of
any apparent outgrowth surrounding the APA microcapsules (Figure 39).
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Figure 39. Images of alginate microcapsules containing cells after retrieval from mice. Images were

taken using light microscopy (at x4 (top panel) and x10 (bottom panel) magnification, respectively).

ELISA was used to determine the presence of mouse antibodies to FIX in treated mice. According
to the findings, all the treatment groups had detectable antibodies, although with important
differences. The co-expression of mIL-10 did not cause immune modulation; it produced a similar
or greater FIX-specific antibody response than the control group (cells expressing FIX alone),
which was not statistically different (p<0.30) (Figure 40).
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Figure 40. Mouse antibodies level to human FIX. Experiments were conducted in triplicate, and

error bars indicate standard deviation.

Interestingly, the titer of antibodies to FIX in Group 2 (Fc) at 48 hours was not statistically
significantly different from that of naive mice (p<0.17), indicating a modulatory effect for Fc.
Furthermore, Group 2 (Fc) had statistically significantly different titers from Group 1 (IL-10,
p<0.02) and Group 3 (only FIX expression, p<0.05). Additionally, 3 out of 4 mice in the Group 2
(Fc) had baseline levels of antibodies with OD lower than 0.15 on day 28 (Figure 40).
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5.4 DISCUSSION
In this study, mouse IL-10 and the Fc part of human 1gG were co-delivered with FIX by

encapsulating G8 and C2C12 cells in an immunocompetent mouse model, aiming to examine any
potential immune modulatory effects. The hypothesis was supported by earlier research showing
the role of Fc and 1L-10 in immune modulation 282291 n this study, mouse 1L-10 and the Fc part
of human 1gG were co-delivered with FIX by encapsulated G8 and C2C12 cells in a mouse model
to examine their potential immune modulatory effects. The study was divided into two main
sections: G8 and C2C12 cell lines that stably express Fc, IL-10, or human FIX are created in vitro
and then enclosed in alginate microcapsules; 2) encapsulated cells are then implanted
intraperitoneally into healthy mice to test the immune response of engineered (mIL-10+hFIX or
Fc+hFIX) and control groups. As a result, a detectable immune response to FIX was observed in
all groups following the implantation of the encapsulated cells into mice and subsequent plasma
analysis. However, the co-delivery of Fc modulated the immune system noticeably. To optimize
the Fc concentration required for immunological regulation, we hypothesize that different doses of
Fc concentration and different ratios of Fc-expressing cells to FIX-expressing cells could be
assessed. It is also possible that effective immunological modulation may require the physical
fusion of the FIX antigen to the Fc, as is the case of the commercial FVIII-Fc protein (Eloctate,
Sanofi). However, in this study, we co-delivered two separate proteins that were not fused.
Interestingly, as a separate protein, Fc modulated the antibody response to FIX, which was secreted
from the same microcapsules but in different cells; FIX was secreted from C2C12 cells and Fc from
G8 cells. Studies often use viral transduction rather than plasmid transfection to induce high FIX
expression in cells. The use of viral vectors to engineer encapsulated cells would increase several
folds the expression of FIX. However, the main objective of this chapter was to explore the
possibility of modulating the immune system's response to a transgene such as FIX rather than
achieving high expression of the protein.

The Quanti-Luc test could not detect any circulating LUCIA in mouse plasma on day 28 (data not
shown), for which there could be several reasons. The development of antibodies to human IgG
(mab) delivered from encapsulated cells shown in Chapter 4 could also explain the absence of
LUCIA in plasma in this modulation experiment. There is published evidence that the co-
administration of human IgG and FVIII proteins in mice modulates the development of antibodies
to FVIII, which could be explained -among other hypotheses- by competitive antigen presentation
(2201 Recombinant murine 1L-10 was challenging to distinguish in the treated mice. Therefore, IL-

10 plasma levels were not examined.
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This study has demonstrated the ability of recombinant G8 and C2C12 myoblasts to co-deliver FIX
and detectable quantities of hFc and mIL-10 through the capsules while maintaining good viability.
The described proteins were co-administered to mice in vivo, and the Fc group showed an
immunomodulatory effect. The suggested strategy using encapsulated FIX-secreting cells involves
several crucial procedures, beginning with the engineering of numerous stable cell lines, controlling
the concentration of all secreted proteins, and obtaining the proper composition and structure of
microcapsules. In conclusion, the experiment could be optimized with different concentrations of

FIX and Fc proteins, including more animal groups, before considering clinical studies.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORKS

This Ph.D. thesis explored the concept of using alginate microcapsules to deliver mabs. | have
shown that recombinant G8 myoblasts, HEK293 cells encapsulated in alginate-PLL microcapsules
can successfully secrete detectable levels of functional levels of mabs against cancer (Cetuximab
and Rituximab) and against SARS-CoV-2 (CR3022), the virus causing COVID-19. The secreted
mabs have the intended specificity and can be delivered through the microcapsules while sustaining
the good viability of the enclosed cells.

This thesis also shows the potential of inducing immune modulation as a way to reduce the immune
response to transgenes. In particular, the co-delivery of FIX by encapsulated cells and the
immunomodulatory molecule human 1gG-Fc could have potential practical applications that still
need to be explored beyond this proof-of-concept stage. The microcapsules were synthesized using
alginate and poly-lysine and produced by a standard encapsulation technique with slight
modifications. Alginate was purified from various impurities before encapsulation as a key step for
reducing the presence of endotoxins. This, in turn, would reduce the immunogenicity of the
microcapsules upon implantation.

The novelty of this thesis is based on determining that encapsulated non-professional immune cells
such as myoblasts produce and release clinically relevant levels of mabs (mabs) against SARS-
CoV-2 Spike protein in mice for at least 40 days. Additionally, engineered cells also expressed and
secreted through microcapsules mabs targeting CD20 and EGFR antigens.

In future directions, the application of microcapsules as a treatment for COVID-19 patients could
be optimized by choosing mabs with proven neutralizing activity. Additionally, a judicious choice
of encapsulated cells is also critical. This therapeutic strategy for COVID-19 could be beneficial
for immunocompromised patients who are unable to develop an antibody response.

Similarly, there are potential applications of implantable microcapsules as a treatment for cancer.
This strategy needs to be tested in suitable animal cancer models to assess the potential of this
strategy to reduce or even eliminate preexisting tumors. Overall, new applications of cell

encapsulation are promising, and this interdisciplinary area of research ought to be explored further.
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