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Abstract

Allorecognition initiates the adverse events of red blood cell (RBC) alloimunization and
tissue rejection. Current clinical approaches utilize tissue matching (HLA and blood typing) and
immunosuppressive agents to attenuate allorecognition. These practices, however, lead to
inventory and drug toxicity issues. Immunocamouflage of cell surfaces by the covalent grafting
of methoxypoly(ethylene glycol) (mPEG; PEGylation) has potential utility for prevention of
allorecognition. Previous studies have demonstrated the efficacy of immune cell and tissue
immunocamouflage both in vitro and in vivo. However, the use of alternative polymers and the
consequences of surface modification during allorecognition events have not been fully defined.
To this end, we compared the traditionally utilized mPEG, to a novel polymer species
polyethyloxazoline (PEOZ) to explore the effects of polymer grafting to human RBC and
leukocytes (WBC) on cell structure, function, viability, as well as allorecognition. PEOZ has
attributes that make it an attractive alternative to mPEG, and from a cellular bioengineering
perspective, the low viscosity and decreased hydrophilicity of PEOZ could offer some biological
and therapeutic advantages. Our studies showed that although PEOZ mediated significant
immunocamouflage of cells, mMPEG demonstrated improved efficacy in RBC studies. However,
PEOZ would be useful for the immunocamouflage of cells, especially for patients that exhibit
anti-PEG antibodies. Furthermore, we assessed the consequences of mPEG surface
modification to WBC interactions and intracellular events during allorecognition. Our results
demonstrated significant camouflage of surface proteins; decreased cell interactions; reduced
NFkB activation, which resulted in decreased inflammatory cytokines such as IL2 and IL2Ra
expression; and minimal effects to cell viability in modified cells during allogeneic challenge. The
global camouflage of cells may decrease activation of numerous pathways and events
responsible for cell proliferation during allorecognition. This makes PEGylation a viable non-

toxic alternative to current immunosuppressive therapies. These findings demonstrated the



therapeutic potential of both traditional mPEG and novel polymer alternatives. Furthermore, this
work defined several mechanisms responsible for the decreased alloresponse of
immunocamouflaged cells. Our results showed the clear potential for polymer-based
bioengineering to modulate the immune response to allogeneic cells and would be useful for the

prevention of allorecognition in transplantation and transfusion medicine.
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Chapters 2, 3 and 5 contain content published in a manuscript entitled “Comparative
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1 CHAPTER 1- Introduction

1.1 Overview

Blood transfusions and organ transplants date back hundreds of years, but due to
unpredictable and often fatal outcomes, transplantation of blood and tissues was not
established as a therapeutic reality until the beginning of the 20" century. Advances in
immunology and immunosuppressant drug therapies were major developments that contributed
to greater transfusion and transplantation success. However, modern transfusion and
transplantation is still hindered by immunological rejection of foreign cells and tissues. This is
due to both the antigenic diversity of human cells, which impedes tissue matching; and the
complex nature of the immune response after recognition of foreign tissues, which requires the
use of broadly acting and toxic immunosuppressant drugs. Together, these factors result in poor
long-term outcomes for the transplanted cells and tissues as well as for the patients. Therefore,
new methods of preventing recognition and rejection of foreign tissues are needed. The
covalent attachment of non-toxic, non-immunogenic polymers to proteins and other small
molecules has been used successfully to prevent immune recognition, resulting in increased
circulation and decreased antigenicity. More recently, this technology has been applied to intact
cells and tissues resulting in the immunocamouflage of cells by preventing immune recognition
of foreign tissue components. This approach may prove useful in transfusion and

transplantation medicine.

1.2 Transfusion and Transplantation

1.21 History
Transplantation is defined as the transfer of tissues or cells from one individual to
another, which includes transfusion components (RBC, platelets), tissues or organs. The

earliest transplantations were blood transfusions, followed by tissues and solid organs. The



development of transfusion and transplantation medicine has initiated, paralleled and been the
consequence of advancement in other areas of science. For example, organ removal and
transplantation became a successful strategy for investigating immunological processes and the
function of organs. Conversely, the progression of surgical methodologies and the discovery of
immune processes paved the way for the modernization of transfusion and transplantation
medicine.

The discovery of blood circulation in the 17" century by William Harvey prompted
greater interest in blood transfusion. Harvey’s observations led to the hypothesis that the heart
was responsible for circulating blood throughout the body via venous and arteriole circulatory
systems [1,2]. This discovery stimulated the first attempts at animal blood transfusions by
Richard Lower [3,4] and human blood transfusions by Jean Baptiste Denis [5] in the 1660’s.
Although these early transfusions (using sheep blood) were unsuccessful, they provided
valuable information concerning interspecies compatibility and evidence of the danger of
interspecies transfusions. In 1668 Denis conducted serial transfusions of calf blood into
humans, which is now recognized as the first-recorded description of hemolytic transfusion
response due to interspecies incompatibility [6], although the risks of interspecies transfusions
were not officially accepted until the late 19" century [6,7]. Due to the lack of success, the
practice of transfusion was largely halted until 1818 when James Blundell successfully
performed the first human-to-human blood transfusion to treat postpartum hemorrhage [8].
However, severe transfusion reactions still occurred even with the use of human blood.

Safer transfusions awaited the discovery of major blood group antigens (A, B and O) by
Karl Landsteiner in 1901 [9]. The identification of blood groups and implementation of cross
matching, proposed by Ludvig Hektoen [10], helped to prevent some of the severe reactions
observed in previous patients. This led to the first successful human blood transfusion using

ABO typed and cross-matched blood by Reuben Ottenburg [11]. Despite the use of cross



matching, transfusion failures persisted until the introduction of sterile methodologies and
anticoagulation agents.

The identification of bacterial/fungal contamination in 1865 by Pasteur resulted in the
development of sterilization and aseptic methods preventing many of the common infections
associated with transfusion [6]. This was followed by the introduction of sodium citrate in 1915,
providing a practical means to prevent coagulation of donor blood, and made indirect
transfusion possible [12]. Moreover, the discovery of the Rh blood group system in 1940 by Karl
Landsteiner, Alexander Wiener, and Philip Levine led to further improvements in transfusion
safety [13]. These events paved the way for modern transfusions, leading to the establishment
of blood banks and national blood collection centers by the 1940’s, approximately 300 years
after the first documented blood transfusion.

Like blood transfusions, tissue transplantation has its origins in the late 19" century
when early reports of skin grafts and bone transplantations emerged, yet it was not until 1936
that the first solid organ transplant was reported using a cadaveric kidney [14]. Early transplants
failed in part due to lack of surgical techniques and suitable organ preservation. However, after
cellular, humoral, and complement constituents of the immune response were discovered in the
late 19" century, evidence emerged that it was the immune response that was a major
impediment to transfusion and transplantation success.

Modern transplantation immunology is typically dated back to experiments performed by
Peter Medawar in the 1940’s. Medawar hypothesized that the rejection of skin allografts was an
immunological phenomenon [15,16]. Medawar’s work demonstrated the potency of the “host vs
graft’ response, and features of the cell-mediated events were later expanded on by Mitchison
[17]. Subsequently, Gorer and Snell described the major histocompatibility complex (MHC) for
the genetic locus that encodes antigens involved in allograft rejection and cell-mediated
immunity in mice [18,19]. By the late 1950’s the first human MHC antigens (human leukocyte

antigens [HLA]) were discovered by Dausset and van Rood [20,21]. During the next two



decades virtually all of the common HLA antigens were identified, further elucidating the role
they play in tissue rejection.

The first successful organ transplant arose by avoiding the immune response when
Joseph Murray successfully transplanted the first kidney from identical twins in 1954 [22]. This
was followed by a series of twin transplants around the world. Until HLA matching became more
commonplace [23], methods to inhibit the immune response were needed to overcome rejection
of mismatched foreign tissue, increasing transplantation utility. Progress came with the
introduction of immunosuppressive drugs. The first drug azathioprine, and its derivative
mercaptopurine, enabled the transplant of unrelated donor kidneys, resulting in the first
cadaveric kidney to be successfully transplanted in 1962 [24]. This was followed by the first lung
(1963) [25], pancreas (1966) [26], liver (1967) [27] and heart (1967) [28] transplants. The
utilization of donor-matched tissues and the discovery of additional immunosuppressive agents
such as cyclosporine (1972) [29,30] and later tacrolimus (1984) [31] increased transplantation
success, and graft survival, with > 80% of kidneys surviving to 1 year [32]. Furthermore, the
discovery of organ and tissue preservation solution allowed increased organ to transplant time

and decreased tissue destruction [33-35].

1.2.2 Types of Transplantations and Outcomes

Both the number and types of tissues that could be transfused or transplanted rose with
the advent of blood and tissue matching, immunosuppressive agents, and superior surgical
techniques. Currently transplanted solid organs include heart, lung, liver, pancreas and
intestine, as well as tissue such as bone marrow, red blood cells, platelets, corneas, bone,
tendons, heart valves, blood vessels, and skin. In the past decade, the demands for
transfusions and transplantations have grown, resulting in the expansion of national and
international programs and facilities involved in the recruitment, procurement, testing and

distribution of cells, tissues and organs.



Although national transfusion and transplantation centers facilitate matching and efficient
utilization of donor tissues, there remains a continued imbalance between the supply and
number of patients requiring therapy. This imbalance is due to several factors, including the
quantity of blood donors and healthy organs as well as locating suitably matched tissues. For
example, the World Health Organization estimates that 108 million units of blood were collected
in 2012, but over half of the blood collected was in high income countries resulting in global
supply shortages and delayed access to safe blood in countries with low donation rates [36].
Similarly 114,690 solid organs were transplanted in 2012, which met only 10% of the global
need [37]. There remains an estimated 200,000 people on the wait-list worldwide for kidneys
alone. In Canada, over 1 million units of blood were collected and 2,100 solid organs were
transplanted in 2011 and 2010, respectively [38,39].

In addition to supply, constraints in finding suitably matched tissues remains a significant
problem. For example, chronically transfused individuals can become sensitized to multiple
blood group antigens, making it difficult to find matched blood units. Similarly, finding suitably
matched organs is problematic due to the genetic diversity of tissue antigens. Although the rate
of acute rejection has decreased over the last two decades [40] with improved
immunosuppressive regimes, drugs are less effective against chronic rejection. In addition,
immunosuppressive drugs are often toxic and lead to increased rates of infection and
decreased graft survival. For example, the 5-year failure rate for solid organs is 26.2% for
kidneys, 21.3% for liver and 50.5% for intestines. Furthermore, there is a 19% post-transplant
mortality rate for heart transplants and the median survival for all lung transplant recipients is

only 5.3 years [40].
1.3 The Antigenic Properties of Human Cells

As previously discussed, rejection of organs and tissues remains a major obstacle in

transfusion and transplantation medicine. Rejection occurs when immune cells recognize cells



or tissues as foreign. This occurs, in large part, due to the antigenic diversity of human cells. An
antigen is defined as any molecule or part of a molecule that is recognized specifically by
immune cells. Alloantigens are antigens that differ between the same species and an
alloreactive response is generated against alloantigens. It is the recognition (allorecognition) of
alloantigens on transplanted organs or tissues that leads to the immune response, resulting in

allograft rejection.

1.31 Blood Group Antigens

Blood group antigens are inherited protein or carbohydrate structures on the outer
surface of red blood cells (RBC) that can be recognized by the immune system of antigen
negative individuals. After exposure to antigen positive blood, antigen negative recipients can
become alloimmunized and produce antibodies to the foreign blood antigens. The first
alloantigens to be described were the ABO blood group antigens, which are carbohydrates
found on glycoproteins and glycolipids. The majority of RBC antigens, however, are found on
integral membrane proteins. These proteins are structurally diverse, consisting of single-pass,
multi-pass, or proteins attached by a glycophosphatidylinositol anchor (Table 1.1). Furthermore,
blood antigen bearing structures often appear as complexes on the RBC membrane and
interact with other membrane or cytoskeleton components.

The RBC represents a complex immunogen, containing a vast number of subtly different
alloantigens. At present there are over 300 blood group antigens recognized by the International
Society for Blood Transfusion, belonging to 33 blood group systems, with several implicated in
transplantation reactions (Table 1.1). The majority of protein antigens found on the RBC consist
of a single amino acid polymorphism, whereas a minority consist of a protein being present or
absent (i.e., RhD). Conversely, carbohydrate antigens are not determined directly by
polymorphic genes, but by genes encoding transferase enzymes that catalyze the final stage of

the oligosaccharide chain present on cell surfaces.



While biochemical and molecular studies have defined the biological function of several
molecules that express blood group antigens (Table 1.1), many functions remain unknown.
Carbohydrates such as A, B and H, contribute the cell surface glycocalyx which plays a role in
the flow dynamics of the RBC. Other blood antigen proteins are identified as membrane
transporters, adhesions, chemokine receptors, enzymes, or are involved in the structure of the
cytoskeleton. The biological significance of antigenic variation (polymorphism) of blood group
proteins and carbohydrates is largely unknown. There is little evidence to suggest that the
presence or absence of many of the allelic variants or antigens confers any significant
advantage. However, for blood groups exploited by pathological microorganisms as receptors
for entry, the absence or alteration of blood group antigens could be beneficial and may have
played a role in the evolution of blood group polymorphisms. Moreover, the distribution of blood
group antigens is not uniform; geographical location and ethnic group influence the frequency of
blood group antigens.

The ability of foreign blood group antigens to stimulate an immune response is affected
in part by the location and number of determinants on the membrane (Table 1.1). The
expression of blood group antigens on a typical RBC vary, for example there are approximately
8-10 x 10° A or B antigens on an adult RBC and only 3-18 x 10° Kell antigens [41]. Furthermore,
not all blood group antigens are found exclusively on the RBC. For example, A and B antigens
are present on most tissues, making blood group matching not only essential for transfusion but
also for solid organ and tissue transplantation.

The immune response is also influenced by the number of exposures to mismatched
blood as well as the disease state of the recipient. While some antigens require no prior
exposure (A and B), others, such as RhD, have high immunization rates with 80% of individuals
mounting an effective immune response after a single exposure [42,43]. The high incidence of
RhD immunization is reflected in current transfusion practice, as RhD is the only non-ABO

antigen universally tested. Other clinically relevant blood group antigens, such as Kell, stimulate



antibody responses in approximately 10% of individuals [41,44], while Kidd, Duffy, and MNS

result in lower incidences of antibody formation. However, immunogenicity does not always

correlate with hemolytic reaction potential, and can result in mild to severe hemolytic responses

in a variety of non-ABO/RhD antigens.

Studies of multi-transfused patients report up to 30% alloimmunization, which is highest

in sickle cell disease patients [45]. Multiple antigen specificities are also common in

alloimmunized patients [46], with studies indicating as high as 46% in sickle cell and 35% in

thalassemia patients [47]. This may be due in part to the disease state of the patient as well as

the genetic disparity between patient and donor phenotype. For example, in many countries

blood group antigens Duffy (FYa and FYb), Kidd (JKb), and MNS (S) are less frequent in

predominantly black sickle cell patient populations than in the primarily white donor population.

Indeed, these are the antibodies most often found in sickle cell patients [48-51].

Table 1.1 Common Blood Group Antigens

Blood No. Copies: Distribution
G of Structure Function . in Other Alloresponse
roup . Adult RBC .
Antigens Tissues
Epithelial and TR: immediate/
endothelial, delayed
ABO 4 Carbohydrate Enzyme/ 8-10 x 10° secreted, intra/extra
(ABO) Glycocalyx
platelets, vascular
lymphocytes HDN: no
Renal TR: no-moderate
MNS 46 Single-Pass Receptor/ 3-10 x 10° epithelium (rare)
(MNS) Protein Transport and HDN: no-severe
endothelium (rare)
Lymphocytes, TR: no-
P1PK Receptor/ 5 granulocytes, moderate/
(P1PK) 3 Carbohydrate Glycocalyx 5x10 monocytes, delayed (rare)
platelets HDN: no
TR: mild-severe/
Rh Multi-Pass Transporter/ 5 May b? immediate or
(RH) 54 Protein Structure 1-2x10 erythroid delayed
specific HDN: mild-
severe
Brain, heart,
kidney,
. liver, lung, .
Lutheran Single-Pass ; 3 TR: no-moderate
(LU) 20 Protein Adhesion 1.5-4 x10 muscle, HDN: no-mild
pancreas,
colon,

stomach, skin




No.

Distribution

(B;:-?)zd of Structure Function ASSIF:II:SB:C in Other Alloresponse
P Antigens Tissues
. ’ severe/delayed
Kell Single-Pass 3.5-18 x small amounts 4
35 ; Enzyme 3 ! or hemolytic
(KEL) Protein 10 in L
. HDN: mild-
brain and
muscle severe
Brain, colon, TR: mild-severe/
: lung, immediate or
I?:f(f;/ 6 Mglrtth?nss Receptor 6-13 x 10* endothelium, delayed
spleen, thyroid, HDN: mild-
thymus severe
TR: no-severe/
immediate or
Kidd Multi-Pass 4 Kidney delayed/
(JK) 3 Protein Transporter 1.4 x10 hemolytic
HDN: no-
moderate
TR: no-
. : moderate/
Diego 29 Mulh-P._ass Transporter/ 1% 10° Kidney immediate or
(DI) Protein Structure
delayed
HDN: no-severe
TR: no-
. . Erythroblasts, moderate/
G(eét;;:h 11 Slrlm:?rlce;tg:ss Structure 5-13x 10* | fetal liver, renal immediate or
endothelium delayed
HDN: no
Kidney, liver, mzz:e?:t-e/
. gall . :
Colton Multi-Pass 5 immediate or
(CO) 4 Protein Transporter | 8-10 x 10 bladdgr, eye, delayed
capillary e
. HDN: mild-
endothelium
severe

TR: Transfusion Reaction. HDN: Hemolytic Disease of the Newborn. Modified from: Reid 2012 [41].

1.3.2

HLA Antigens

The human major histocompatibility complex (MHC), also called the human leukocyte

antigen (HLA), are highly polymorphic transmembrane glycoproteins ubiquitously found on cells.

MHC was first identified due to the powerful immune response elicited after tissue transplant.

HLA genes are encoded within the MHC and consist of two major classes. MHC | is expressed

on almost all nucleated cells, while MHC Il is found primarily on antigen presenting cells (APC)

such as dendritic cells (DC), B cells, monocytes and endothelial cells; but can be induced on T-




lymphocytes and granulocytes through activation [52,53]. Neither MHC | or Il are present on
RBC [52].

The biological function of the MHC is to present antigenic peptides to T-lymphocytes.
MHC | and Il differ in both the source and the size of antigens that they present. For example,
MHC | molecules present peptide fragments approximately 9 amino acids in length from
endogenously derived proteins whereas MHC Il present slightly larger peptide fragments,
generally 11-18 amino acids in length from exogenous sources [52].

Structurally, MHC | proteins consist of one heavy chain a that is non-covalently bound to
a B2 microglobulin. The a chain consists of 3 domains: a1, a2, and a3, with the highest
polymorphism (and antigenicity) residing in the peptide binding a1 and a2 regions [54]. MHC I
consists of two non-covalently bound a and 8 chains (Figure 1.1). Both the a and 3 chains
contain two domains, with the highest polymorphism (and antigenicity) located in the peptide
binding a1 and 1 domains [54]. Thus, the different allelic forms of MHC are often located in the
peptide binding cleft as well as the area that comes in contact with T cell receptors (TCR). This
influences the peptide repertoire and contributes to the specificity of MHC receptor contact with

T cells.

TCR TCR
&t &t Figure 1.1 Interaction of MHC and TCR.

MHC | is comprised of an a chain non-
covalently bound to a 3, microglobulin. MHC
Il consist of 2 non-covalently bound a and 3
v
a2 32 I a BZ
B1

chains. The TCR is comprised of variable
and constant domains (a and ), a short
cytoplasmic tail and associated CD3 (y, 6, €
and ¢ chains), which form the TCR complex.
CD4 In addition, the TCR complex is associated
with co-receptors CD4 or CD8. Each
variable domain of the TCR contains 3
hypervariable regions (shaded red) that
account for the wide antigen repertoire and

—

W

=]
\-

23
=<

MHC specificity. Similarly, different allelic
o3 HH forms of MHC are often located in the
B-microglobulin peptide binding cleft and T cell receptor
contact area (shaded red), influencing the
| peptide repertoire and contributing to the
specificity of MHC receptor.
MHC | MHC I
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The MHC is more diverse than any other genetic system as a result of the polygenic and
polymorphic characteristics of the MHC locus. The MHC is highly polygenic, containing several
different MHC class | and Il genes that are inherited as a complete set of HLA genes from each
parent and are co-dominantly expressed. In addition, the individual MHC genes are highly
polymorphic, consisting of high allelic variability that distinguishes individual HLA alleles and
confers antigen specificity. For example, over 10,000 HLA alleles have been characterized [55]
(Table 1.2). Thus, each person not only inherits multiple genes, but those genes are highly
diverse depending on the allelic variants. Similar to RBC blood groups, the frequency and
distribution of HLA alleles varies greatly among different ethnic groups and arguments have
been made that the variation of MHC in populations may come from interactions with infectious
agents [56,57].

Table 1.2 HLA Alleles

HLA No. of No. of
Class Gene Alleles HLA Class Gene Alleles
A 2884 E 15
Class | Class |
: B 3589 . F 22
Major HLA c 2375 Minor HLA G 50
DRA 7 DMA 7
DRB 1642 DMB 13
Class Il DQ1A 52 Class Il DOA 12
Major HLA DQ1B 664 Minor HLA DOB 13
DPA1 38
DPB1 422

Information was retrieved from IMGT/HLA Database [55] September 15, 2014
(www.ebi.ac.uk/ipd/imgt/hla/stats.html)

The antigenic diversity of HLA results in high variability of the antigen binding areas of
class | and class Il proteins, conferring a large repertoire of antigens capable of being bound
and presented to immune cells. Unlike RBC antigens, MHC isoforms can differ by more than 20
amino acids [58], making each variant protein relatively distinct. Although the primary role of
HLA molecules is to regulate the immune response, allelic variability plays a central role in both
transplantation and transfusion rejection. Indeed, in transplantation and transfusion, host MHC

molecules not only present foreign tissue peptides to host immune cells, but also foreign MHC
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molecules themselves act as antigens and can provoke the immune response in the recipient,
where immune cells recognize MHC receptors as foreign [59]. Thus, given the large variation in
MHC molecules, the probability that two individuals share the same MHC repertoire is extremely

low.
1.4  Allorecognition

As previously discussed, the antigenicity of human cells often prevents identically
matched blood or tissues from being transplanted. When immune cells recognize protein
variation within a species as foreign, allorecognition occurs. Allorecognition is a complex event
encompassing recognition, adhesion and stimulation by immune cells and components. The
subsequent alloresponse to foreign cells can result in rejection, making allorecognition a major
obstacle in transfusion and transplantation medicine. Alloresponses encompass elements of
both innate and adaptive immunity. Innate immunity refers to the non-specific response, relying
on a limited number of receptors and secreted proteins, whereas adaptive immunity uses
clonally derived expansion of antigen specific lymphocytes to carry out the immune response.
Furthermore, while the following sections are categorized according to cellular and humoral
immunity, which contain elements of innate and adaptive immunity, these immune defenses are
not mutually exclusive and often overlap in terms of allorecognition of foreign tissues (Figure
1.2). The mechanisms of allogeneic tissue rejection will be discussed in subsequent sections
focusing on the principles underlying the molecular basis of allorecognition: antigen recognition,
cell activation, effector response, and how these events contribute to transfusion and

transplantation outcomes.
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Figure 1.2 The overlap of cellular and humoral immunity. Recognition of foreign donor tissues by
antigen presenting cells activates naive T cells. Activated T cells secrete various proinflammatory
cytokines needed for the recruitment and stimulation of inflammatory cells such as macrophages, natural
killer (NK) and cytotoxic CD8 cells. These cells can directly kill the donor tissue or phagocytose and
present antigen to T cells. Upon activation, macrophages secrete a large amount of IL-12 that helps to
maintain T cell responses. Cell contacts by T cells are needed for the maturation of B cells and efficient
antibody production. B cells express MHC class Il and present antigen to CD4 cells and T cells provide
the IL-2 for B and T cell proliferation. Macrophages and NK cells also express Fc receptors and can
phagocytose or directly kill donor tissue bound with antibody.

1.4.1 The Development of Cellular Immunity to Allogeneic Cells

Cellular immunity involves the lymphocyte-mediated activation of cells by direct cell-cell
interactions and immune mediators such as cytokines. T-lymphocytes play several roles in
adaptive immunity including the direct killing of foreign tissues as well as contributing to the
effector functions of other cells. For example, T cells assist in the maturation of antibody
producing B cells that comprise the humoral arm of the adaptive immune system. Graft rejection
is an immunological response facilitated primarily by T cells [60]. This was first evidenced by the
failure of T cell deficient mice to reject skin grafts, while the adoptive transfer of T cells could
restore this ability [61]. In transplantation and non-leukoreduced transfusions, polymorphic MHC

molecules bound with peptides (pMHC) are recognized by T cells, and trigger a response
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against either the transplanted tissues (host vs graft) or the host tissues (graft vs host). In
transfusion, RBC antigen recognition also occurs via T cell mediated recognition of RBC
peptides presented by immune cells in the spleen [58].

Before naive alloreactive T cells can develop into effector cells that mediate rejection,
they must be activated by antigen presenting cells (APC) carrying allogeneic peptides and
expressing costimulatory molecules. The presentation of foreign antigens occurs via MHC
molecules found on the surface of APCs. Several cells from both the adaptive and innate
immune systems can present antigens including dendritic cells (DC), macrophages, endothelial
cells and B-lymphocytes. DCs, however, are the most efficient at both presenting antigen and
activating naive T-lymphocytes. APCs present foreign antigen or peptide components by
phagocytosis; receptor-mediated endocytosis; autophagy; or macropinocytosis, which involves
engulfing large amounts of extracellular materials. MHC-bound peptide components obtained
intracellularly or extracellularly are displayed on the cell surface by MHC | and MHC Il receptors,
respectively. Although the mechanisms are not completely understood, cross presentation may
allow some APCs to process exogenous antigens into the MHC | pathway, while autophagy
may allow endogenous peptides to be presented on MHC Il molecules. Upon interaction with
peptide, activated APCs migrate to the secondary lymphoid tissues, displaying costimulatory
molecules along with foreign peptide.

To initiate the adaptive immune response, alloantigens are presented to naive T cells in
the secondary lymphoid organs of the recipient and are recognized by specific host T cell
receptors (TCR). The TCR associates with cluster of differentiation 3 (CD3) (y, 8, € and
chains), forming the TCR complex (Figure 1.1). Each variable domain of the TCR contains 3
hypervariable regions (CDR1-3) that account for the wide antigen repertoire as well as the MHC
binding specificity. While there is considerable plasticity in the binding of the TCR with the MHC,

CDR1 and CDR2 of the TCR bind to the MHC, while the CDR3 may specifically interact with the
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peptide [62]. MHC-bound peptide components displayed on the cell surface by MHC | and MHC
Il bind to CD8 and CD4 T cells, respectively.

There are three mechanisms by which APCs can present alloantigen to naive T-
lymphocytes: direct, indirect and semi-direct allostimulation (Figure 1.3). In direct
allostimulation, passenger APCs, either transfused or carried in solid organ transplants, migrate
to lymphoid tissues and directly stimulate alloreactive T cells. Indirect allostimulation occurs
when the host APC takes up foreign proteins and displays them on self-MHC molecules. Semi-
direct allostimulation involves cell contact between host and donor APC that results in the
transfer of intact membrane components, including intact donor MHC, which are presented to
host T-lymphocytes. Thus, both direct and semi-direct allorecognition relies on the recognition of
foreign MHC molecules by CD4 or CD8 T cell receptors, while CD4 cells dominate indirect
allorecognition.

While MHC restriction, the ability of the TCR to recognize antigens only when associated
with self-MHC, should prevent the TCR from binding to foreign MHC, a large number of T cells
(1-10%) directly recognize foreign MHC-peptide complexes [63,64]. Differences in MHC loci are
potent triggers for rejection of allografts because many allelic variants of the MHC are found in
amino acid sequences on the surface exposed regions that make contact with the TCR [65].
The direct alloresponse to foreign MHC by T cells may be caused by the recognition of
polymorphic amino acids in the MHC itself, or by a difference in the conformation of bound
peptide that allow MHC restriction to be bypassed. In truth, they may not be mutually exclusive
because many alloreactive clones have been shown to recognize both peptide and foreign MHC
[65]. Conversely, the indirect alloresponse involves the recognition of processed allo-peptides
consisting of major or minor histocompatibility antigens that are presented by self-MHC [66].
Alloantigens shed from the grafts are processed as exogenous antigens and presented with

self-MHC class Il.
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Figure 1.3 Direct, indirect and
semi-direct allorecognition.
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Modified from Afzali 2007 [59].
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Initial cell-cell interactions by various adhesions provide time for T cells to sample the
large number of MHC molecules displayed on the surface of APCs. TCR coreceptors CD4 and
CD8 bind to non-polymorphic portions of the MHC molecule, providing stability and enhancing
signaling [67,68]. In addition, multiple adhesion proteins expressed on T cells (LFA-1/CD2) bind
to receptors on the APC providing stability and increasing the interaction time between cells.
The redundancy of adhesion proteins found on cell membranes reflects the importance of initial
cell-cell interactions, as defects in either LFA-1 or CD2, but not both, were shown to retain
normal T cell function and initiate T cell priming [69,70]. This suggests that the remaining
adhesion proteins could compensate for the absence of a single adhesion receptor [71].

Priming of T cells to alloantigens occurs in the lymphoid tissues, and interactions
between APC and T cells can last from minutes to hours [72]. During this time the APC delivers
signals that are required for the naive T cells to become activated and differentiate into effector

cells. In addition to CD4 and CD8 coreceptors, costimulation is essential to the activation,
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differentiation, and survival of naive T cells via the propagation and enhancement of various
signaling pathways. Costimulation is provided by the APC through several different receptors
such as CD80/86 and CD40, which interact with CD28 and CD40L on T cells. Furthermore,
other inducible costimulatory ligands and receptors enhance the T cell response following initial
activation and promote the upregulation of costimulatory receptor expression. These
redundancies support the regulation and control of cell activation. Indeed, costimulatory signals
are crucial to activation of naive T cells, because TCR-pMHC interactions with the absence of
costimulatory receptors, or weak costimulation can result in anergy, induction of tolerance, or
apoptosis [73-77].

Inhibitory receptors also play a major role in the outcome of T cell-pMHC interactions.
Inhibitory receptors, such as CTLA-4 and PD-1 expressed during TCR signaling bind to their
respective ligands, CD80/86 and PD-L1/PD-L2 expressed on the APC. These inhibitory
receptors are necessary to control the immune response and serve as negative regulators of T
cell activation and CD28 costimulation [78]. For example, CTLA-4 deficient mice die from
uncontrolled cell proliferation [78,79], and PD-1 deficient mice gradually develop autoimmunity
[80], illustrating the importance of immune response regulation. CTLA-4 also plays an important
role in the response to alloantigens during transplantation, because blocking CTLA-4 results in
accelerated rejection in a murine model [81].

For activation, survival and differentiation of naive T cells to occur, transmembrane
receptors must convert extracellular signals into intracellular biochemical events. The outcome
of ligand binding (activation, anergy, death, or tolerance) depends on the type of receptors
bound, the strength and duration of signal propagation, as well as the amplification of secondary
messengers. Sufficient surface receptor signaling leads to the transduction of three distinct
signaling branches important in T cell activation: NFkB, NFAT, and AP-1. The translocation of
NFkB, NFAT, and AP-1 to the nucleus results in the transcription of IL2 and other genes

important for survival, activation, inflammation, immune regulation and differentiation. IL2 works
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in both an autocrine and paracrine fashion to promote cell survival, proliferation, differentiation
and enhance signaling pathways. The importance of IL2 during an inflammatory response is
illustrated by the increased death of effector cells after the removal of IL2 [82,83].

Several receptors and pathways promote the transcription of genes responsible for cell
activation, proliferation, differentiation and survival. Thus, cell activation is not simply a result of
turning a pathway on or off, it is the strength of receptor interactions, duration and propagation
of multiple signals that determine if cells are activated, become anergic/tolerant or become
apoptotic. Indeed, many immunosuppressant drugs decrease signal strength by blocking
costimulation, preventing second messenger amplification or by increasing inhibitory
coreceptors.

Activation of naive T cells results in differentiation into various subsets. CD4 cells
differentiate into Th1, Th2, Th17 and T-regulatory cells (iTreg), while CD8 cells become
cytotoxic T cells. T cell differentiation is determined in large part by the cytokine mediators
released from APCs during T cell interaction, as well as by the environmental milieu guided in
part by the innate immune response. For example, IFNy and I1L4 favor Th1 and Th2
differentiation, respectively [84,85]. Conversely, TGF[ induces iTreg differentiation, while TGF,
IL21 and IL6 lead to the development of Th17 cells [86,87]. Effector T cells initiate cellular
responses through cell-cell contacts and cytokine release (Th1, Th2, Th17, iTreg), as well as
exhibit direct cytotoxic effects (CD8 cells). T cell subsets are categorized based on the cytokine
profiles they secrete where certain subsets promote inflammation and rejection (Th1, Th17),
while other subsets enhance allograft survival (Th2, Treg). For example, studies using murine
models show that concentrations of IFNy secreted by Th1 may be less permissive to long-term
allograft survival than Th2 cytokine environments high in IL4 [88,89]. In addition, iTreg cells can
suppress reactive cells by secreting inhibitory cytokines such as IL10 and TGFB. IL10 has been
shown to suppress the production of inflammatory cytokines, and inhibit MHC expression and

costimulatory molecules on APCs [90]. TGF has been shown to block T cell cytokine
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production, and inhibit cell division and effector functions of cytotoxic T cells [91] that cause
direct cell tissue damage during acute organ rejection. Tregs have also been shown to delay the
onset of rejection in solid organ transplants using a murine model [92], and in graft versus host
disease (GVHD) in humans [93], indicating that the predominance of alloreactive effector cells
or Treg cells may have significant effects on allograft rejection.

Similar to inhibitory receptors discussed previously, various mechanisms are in place to
regulate and terminate the effector response. For example, IL1R2 are early response proteins
expressed by many cells, including lymphocytes and monocytes, which act as decoy receptors.
IL1R2 is upregulated in response to inflammatory cytokines as a way to control the biological
effects of IL1 during inflammatory immune responses. In addition, apoptosis plays a role in
controlling the immune response and can occur as a result of excessive costimulation
(activation induced cell death). Conversely, apoptosis may result from a lack of signals for
survival, weak stimulatory signals or from specific death receptors on the surface of cells
[76,94]. Apoptotic pathways are controlled by caspases, small proteins critical for cellular
integrity, which activate and promote cell death. Apoptosis occurs without eliciting an
inflammatory response and may induce either tolerance or non-responsiveness to allografts
[76,95]. Interestingly, therapies that involve induction of apoptosis have shown that apoptotic
dendritic cells may promote a tolerant or anergic environment favoring allograft survival [96].

Together, initial interactions between naive T cells and foreign antigens bearing APCs
lead to the induction of various pathways involved in activation, differentiation and survival of
potentially alloresponsive cells (Figure 1.4). It is the complex interaction of receptors, cytokines
and transcription factors that determine the fate of naive cells. Thus, cellular immunity plays a

large part in determining the response to foreign cells and tissues.
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Figure 1.4 Activation of
naive T-lymphocytes.

TCR, pMHC, adhesions,
coreceptors, costimulatory
receptors and cytokines are
all involved in promoting the
transcription of genes (NFkB,
AP-1, NFAT) responsible for
cell activation, proliferation,
differentiation and survival.
Activation is determined by
the type and duration of
receptor interactions, the
signal strength, and the
amplification by intracellular
signaling proteins. Together,
they influence whether cells
are activated, become
anergic/tolerant or become
apoptotic. Activation of naive
T cells results in
differentiation into various
subsets. CD4 cells
differentiate into Th1, Th2,
Th17 and T-regulatory cells
(iTreg), while CD8 cells
become cytotoxic T cells.
Cell differentiation is
influenced by cytokines from
APCs, effector T cells, and
innate immune cells that bind
to receptors on the surface of
naive T cells.

Like T cells, B cells display receptors capable of recognizing a diverse array of antigens.

However unlike T cells, B cells recognize natively folded proteins and most often require the

help of activated T cells to reach maturity [97,98]. Activated B cells differentiate into plasma

cells that secrete antibody.

While B cell responses to alloantigen are often T cell dependent, T cell independent

responses may also occur. In T cell dependent responses, the B cell receptor (BCR) recognizes

native proteins, which are endocytosed and displayed on MHC Il receptors. T helper cells

recognize peptide fragments displayed on the B cell MHC and stimulate them via surface
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receptors and cytokines, resulting in the differentiation of B cells into antibody secreting plasma
cells. Conversely, T cell independent responses occur when the BCR binds to repetitive
structures, such as bacterial lipopolysaccharides and carbohydrate blood group antigens. This
leads to BCR cross-linking and results in direct cell activation and antibody secretion [97].

Antibodies serve two main functions: binding to foreign proteins and recruiting effector
cells. The main targets of antibody-mediated rejection are MHC (I and 1) and blood group
antigens [97]. Antibodies consist of four polypeptide chains (two light chains and two heavy
chains) each containing a variable region capable of binding two antigen epitopes and a
constant region (Fc) that engages the effector functions of the immune system. The BCR is
similar in structure to antibodies, but lacks an exposed constant binding region, and therefore
the effector function. Antibodies are bound to antigens via reversible non-covalent interactions
and the contributions of these forces determine the overall affinity of the antibody to the antigen.
Like the TCR, the variable regions of both antibodies and BCR contain hypervariable regions
that comprise the antigen-binding site. The contact between the antibody and antigen occur
over a broad range, thus determining the antigen specificity, however antibodies only recognize
a small portion of the antigen called the epitope.

The primary antibody response occurs after initial recognition of antigen by B cells via T
cell independent or T cell dependent mechanisms in the secondary lymphoid organs and results
in activation of B cells into plasma cells and the secretion of IgM antibody. In the later phase,
during T cell dependent responses, somatic hypermutation of the variable region occurs as well
as antibody class switching. Somatic hypermutation promotes the selection of antibody with
high affinity to antigens. Favorable mutations in the hypervariable region, which increases
antibody affinity to antigens, are selected for by interactions with T cells and APC. Antibody
class switching results in the expression of different constant regions, which all exhibit different
functional properties. The primary antibody response is slow, taking several days to weeks

before it may reach a maximum level. However, a subset of activated B cells develop into
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memory cells that can be restimulated rapidly, secreting antibodies with high affinity and
specificity.

There are 5 classes of antibodies produced: IgD, IgM, 1gG(1-4), IgE and IgA (Table 1.3).
IgM is the first class produced after an initial antigen exposure in a T cell dependent or
independent manner by B cells. Although IgM released after an initial antigen exposure is low
affinity because it does not go through affinity maturation, it forms a pentamer in blood and
therefore exhibits high avidity to antigens due to multiple binding sites. While IgM is produced
during the initial immune response, other classes dominate the later phase. During the later
phase, the most common antibody in plasma is IgG. 1gG is found in blood, tissues and also can
be directly transported across the placenta, resulting in severe reactions for the fetus in
alloimmunized mothers.

Table 1.3 Immunoglobulin Classes

IgG1 | IgG2 | IgG3 | IgG4 IgM IgA IgE IgD
Number of 5 10 2o0r4 5 5
Antigen Binding monomer
. monomer pentamer ) monomer | monomer
Sites or dimer
Serumlevel | g | 53 | 4 | 05| 15 3.5 <001 | <0.01
(mg/ml)
Complement "+ + . ; e - - -
Activation
Binds to
Macrophages + - + +/- - - - -
and Neutrophils
Placental it + "+ +/- ) ) ) )
Transfer

Modified from Murphy 2011 [58].

1.4.3 The Effects and Outcomes of Allorecognition

Allorecognition results in acute or chronic destruction of allogeneic cells and tissues.
While the immune recognition of blood group and MHC antigens differ, commonalities exist in
the immunological responses to allogeneic mismatched RBC and other transplanted tissues
(Figure 1.5). Moreover, the absolute contributions of the different allorecognition pathways in

rejection are not known, however direct allostimulation is linked to acute rejections, whereas
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indirect allostimulation may contribute more to chronic rejection [99]. Since passenger
lymphocytes are the main mediators of the direct pathway, the response is vigorous early in
transplantation and diminishes with their death and removal [60,99]. The indirect pathway plays
a more dominant role in chronic rejection as inhibition of acute rejection by depleting passenger
lymphocytes delays, but does not prevent development of chronic rejection [100-103]. In
addition, there remains a continuous influx of processed donor antigen via the indirect pathway,
which continues for the life of the transfused cells or transplanted tissues. The indirect pathway
is also thought to be important for development of antibody responses and the production of
alloantibodies [97,104]. The relative contribution of the semi-direct pathway to acute and chronic

rejection requires further elucidation.
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The cellular events that contribute to acute and chronic rejection include alloreactive
cytotoxic T cells and natural killer cells that directly recognize alloantigens and release enzymes
that destroy tissues or trigger apoptosis. T cell activation also leads to the secretion of cytokines
that recruit various inflammatory cells, such as macrophages, which are involved in both acute
and chronic tissue damage [106-108]. These inflammatory cells further promote tissue
destruction by secreting large amounts of proinflammatory cytokines.

Destruction of allogeneic tissues bound with antibodies contributes to hyperacute, acute
and delayed rejection via two pathways: complement mediated lysis or destruction by
phagocytic mononuclear cells. The immune response to cells or tissues bound by antibodies
depends on various factors including genetic host factors, the amount of incompatible tissue,
the nature of the antigen (size and number of antigen sites) and the antibody class.

Complement activation via binding of IgM antibodies to ABO incompatible tissues is the
major cause of hyperacute transfusion and transplantation rejection. ABO antigens are densely
expressed on the cell surface and can be directly bound by preformed antibodies in antigen
negative recipients, causing cell lysis and the release of inflammatory mediators. This occurs by
binding of complement component C1q to the Fc region of IgM, resulting in activation of the
classical complement pathway. While IgM and some types of IgG (subtypes 1-3) are capable of
activating complement, to achieve the binding necessary for complement cascade activation
multiple molecules of IgG would need to be bound within 30-40nm of each other [58]. Since IgM
is a pentamer and multiple arms bind simultaneously, IgM is a more efficient activator of
complement than IgG. Bound C1q results in the recruitment of various complement components
and the formation of a membrane attack complex (transmembrane channel), resulting in cell
lysis and the release of inflammatory molecules. Although these reactions rarely occur because
of cross matching, the transfusion or transplantation of mismatched ABO tissues results in

hyperacute hemolytic transfusion or graft rejection characterized by immediate intravascular red
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cell lysis, vasodilation, hypotension, contraction of smooth muscle, thrombosis and organ
dysfunction. Duffy and Kidd antigens can also activate complement [109-111].

Allogeneic donor cells bound typically with IgG (IgA and IgE can also bind) initiate
phagocytosis by interaction with Fc receptors on leukocytes. This mechanism is indicated in
both acute and delayed extravascular hemolysis reactions to blood group antigens, and
contributes to a lesser extent during acute and chronic rejection of transplanted tissues
[111,112]. Cells bound by IgG antibodies typically triggers their destruction by macrophages,
neutrophils, or natural killer cells through phagocytosis or granule release.

The severity and type of non-ABO hemolytic reactions varies by blood antigen
mismatch, the number of mismatched transfusions, the amount of antibody present in the
plasma, whether the antigen initiates a primary or secondary response, and antibody class. For
example, alloimmunization of RhD negative individuals occurs through the transfusion of RhD
positive blood or pregnancy with a RhD positive fetus. Subsequent exposure of RhD positive
blood through transfusion or pregnancy may result in severe, immediate, or delayed hemolytic
reactions, including hemolytic disease of the fetus. In addition, many other non-ABO/RhD
antigens are of clinical significance, such as Kell, Duffy, Kidd, Diego, and MNS, which result in
mild to severe hemolytic transfusion reactions, accelerated clearance of RBC, as well as
hemolytic disease of the fetus or newborn. Furthermore, patients receiving multiple transfusions
to treat hematopathologies often become alloimmunized to several antigens leading to early

RBC clearance, thereby decreasing the therapeutic efficacy of transfusion.
1.5 Current Treatment for Transfusion and Transplantation Rejection

The most effective strategy for preventing allorecognition is blood and tissue matching.
Blood is routinely tested for ABO/RhD compatibility and, in addition to ABO matching, HLA
antigens of both recipient and donor are determined prior to transplantation. Donor and

recipients are generally only typed for HLA-A, B and DR antigens due to the immunogenicity of
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these alleles. Indeed, incompatibility of these antigens results in a number of taboo allele
combination pairings that contribute to the robust rejection of allografts [65,113]. However,
preliminary tissue-matching protocols are often insufficient for chronically transfused patients,
which may have multiple non-ABO alloantigens, as well as individuals who have increased risk
of developing reactions due to previous transplants. Extensive clinical tissue typing can be
performed in special situations for alloimmunized patients, although, cyclic fluctuations and
intermittent antibody titers may result in antibodies not being detected at the time of testing
[44,114,115]. Moreover, extensive testing comes at both an expense to the blood and tissue
supply as well as economic cost. For example, the limited storage time of organs restricts
extensive testing. The storage time of solid organs is generally less than 12 hours, in contrast to
RBC units that can be stored for up to 42 days. Furthermore, even with extensive typing of RBC
and HLA antigens, finding sufficient supply of tissues or RBC units would become extremely
difficult. The extensive testing of blood and tissues would also increase costs due to both testing
and the increased expense to procure matched tissues and rare RBC units [116].

Leukoreduction of both tissues and blood components is another method utilized to
reduce the alloresponse to HLA antigens. While several reports show promising decreases in
acute alloresponses and decreased non-hemolytic febrile reactions, leukocyte reduction may be
detrimental in certain situations. For example, leukoreduced hematopoietic stem cell
transplantation, used as a treatment for multiple myeloma or leukemia, decreases graft versus
host disease (GVHD), however, it may also decrease graft survival and increase relapse of
disease by inhibiting graft versus leukemic effects [117].

While tissue matching, blood typing, and leukoreduction may decrease alloresponses,
once the process of allorecognition occurs it becomes extremely difficult to control. Therefore,
effective means of minimizing the immune response is achieved through the global and non-

specific suppression of the immune system using immunosuppressive agents. Indeed,
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immunosuppression is an essential component of transplantation, facilitating transplants across
MHC barriers.

Conventional immunosuppressants are divided into several categories: anti-
inflammatory drugs, cytotoxic agents, as well as drugs utilized for the targeted suppression of
cell surface molecules, intracellular signaling pathways and the effector functions of cells. Many
immunosuppressants are used in combination and exhibit broad inhibition, suppressing helpful
as well as harmful responses, resulting in severe side effects such as cancer, infection as well
as direct damage to allografts due to drug toxicity.

Anti-inflammatory corticosteroids (dexamethasone, prednisolone, prednisone) bind to
DNA and interact with several transcription factors including NFkB. These drugs exert multiple
and broad effects such as decreasing proinflammatory gene (IL1p3, IL2, IL6, and TNFa)
expression, while increasing anti-inflammatory gene expression [118]. Corticosteroids target the
proinflammatory effects of monocytes, macrophages, and CD4 T cells. However, a high
concentration of the drug is often necessary for therapeutic effects, resulting in toxicity to grafts
and severe side effects for patients including atherosclerosis, ulcers, hypertension, and bone
disease [119].

Cytotoxic drugs (azathioprine, mycophenolate mofetil, cyclophosphamide) are mitotic
inhibitors that suppress cell division of continually dividing cells such as lymphocytes. In
addition, azathioprine has been shown to interact with CD28, causing apoptosis of potentially
reactive lymphocytes [120]. However, these drugs are toxic for all rapidly dividing cells such as
skin, gut lining and bone marrow. Side effects include anemia, leukopenia, thrombocytopenia,
and increased risk of infection [121].

Drugs that impede T cell signaling (tacrolimus, cyclosporine A, rapamycin, everolimus)
are derived from bacteria and soil fungi. These drugs bind to intracellular proteins and interfere
with signaling. Both cyclosporine and tacrolimus reduce activation of NFAT signaling, resulting

in decreased IL2 production and cell proliferation [122]. Rapamycin and everolimus inhibit the
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mTOR pathway, which regulates cell growth, differentiation, proliferation, and cell survival,
resulting in decreased proliferation and IL2 secretion [123]. Several studies show that
rapamycin increases functional Treg cells both in vitro and vivo [124]. Though many drugs that
inhibit signaling show severe toxicity to organs such as liver, lung and kidney as well as
induction of diabetes and hypertension [121,124].

Targeted suppression of surface markers involves the use of polyclonal or monoclonal
antibodies that block receptors or act as receptor decoys to prevent activation. Monoclonal
antibodies to CD3, CD25, CD28, and CD40 have been developed and several have
demonstrated significant and targeted immunosuppressive effects. However, mAb such as
OKT-3 (a mouse monoclonal anti-CD3) and depleting antibodies such as ATG may result in the
induction of humoral responses and inflammatory cytokine release due to the presence of
xenogeneic components and initial activation and lysis of T cells [121]. CTLA4-Ig (belatacept)
has also been developed to prevent CD28 interaction with CD80/86. CTLA4-Ig acts as a decoy
receptor and results in decreased proliferation and activation of lymphocytes. However, CD28
costimulatory blockade, while effective in rodent models were not sufficient in primate models
[125-127] and several CD28 specific mAbs also demonstrated unwanted agonist side effects
[128]. In addition, blocking CD80/86 prevents CTLA-4 ligation on T cells, negating inhibitory
signaling. While targeted suppression of individual surface markers has been shown to delay
rejection, single drug therapy has less effect on long-term graft survival. Furthermore, the
blockade of any single receptor may be inadequate to prevent allorecognition and rejection due
to the redundant nature of costimulation receptors.

All current immunosuppressant drugs suffer from severe side effects. While these drugs
have proven to significantly decrease acute rejection, they are less effective in preventing
chronic rejection leading to long-term complications due to toxicity and poor long-term
outcomes. Therefore, novel, non-toxic methods to prevent allorecognition or modulate

alloresponses would be beneficial. Indeed, once an alloresponse occurs, methods to prevent
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effector cell function must rely on broad immunosuppression regimens. An ideal approach in
transfusion and transplantation medicine would be to prevent allorecognition and induce
tolerance; methods that would both decrease the need for life-long immunosuppressive drugs

and increase the long-term outcomes of allografts.

1.6 Immunocamouflage of Allogeneic Cells

1.6.1 History of PEGylation

Bioengineering of donor tissues by the covalent attachment of polyethylene glycol (PEG)
to proteins (PEGylation) could provide a novel means to attenuate allorecognition. Davis and
Aubuchowski first described PEGylation in regards to the modification of catalase and albumin
to overcome the instability, degradation and potential immunogenicity of these therapeutic
proteins [129,130]. PEG-modified proteins were shown to have decreased antigenicity and
prolonged circulation half-life, while retaining their activity in rodent models. This led to the first
FDA approved PEGylated product PEG-adenosine deaminase (Adagen®) [131] that came to
market in 1990, followed by a number of other PEGylated proteins. Thus, PEGylation has been
a successful approach to limit the immunological barriers of drug therapies involving proteins,
enzymes, and other small molecules. The success of PEGylation comes from the ability of PEG
to confer biological advantages to molecules to which it is attached. PEGylation results in
improved therapeutic effects and circulation time due to increased solubility, decreased
antigenicity (exclusion of antibodies, cells and proteolytic enzymes) and increased molecular
size [132].

PEGylation has expanded and now encompasses a vast array of PEGylated targets. For
example, there are a number of PEG-conjugated polypeptides, oligodeoxynucleotides, small
molecules, hydrogels, and liposomes that have been developed [133,134]. More recently, the
PEGylation of intact cells has been investigated. PEGylation of allogeneic blood cells,

leukocytes, and pancreatic islets show decreased antigenicity using both in vitro and in vivo
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models [135-139]. Furthermore, PEGylation of viruses or their target cells inhibits viral infection

rates in vitro [140,141].

1.6.2 Polyethylene Glycol and Polymer Alternatives

PEG is a non-toxic FDA approved compound that is currently the gold standard for
polymer-based therapeutics. However, several other polymers are being investigated as
alternatives to PEG. For example, polyglycerols (PG) have been used as conjugates for
liposomes [142], hydrogels [143,144] as well as for the camouflage of intact cells (RBC)
[145,146]. PG can be linear as well as hyperbranched (HPG) in structure and shows promising
potential for exclusion of immune components and cells [147]. Polyoxazolines (POZ) were first
discovered in the 1960s and used as an additive in the food and cosmetic industry. More
recently, a wider range of potential uses has built up around this class of polymers, including
biomedical applications [149]. Indeed, POZ exhibits several attributes that make it an attractive
alternative to current polymers such as decreased viscosity and degradation potential [149,150].

In addition, several other alternatives such as polyaminoacids and vinyl polymers are
also currently under investigation [151]. However, two polymer species will be the focus of this

thesis: polyethylene glycol (PEG) and polyoxazoline (POZ).

1.6.3 Chemistry of PEGylation

PEG is derived from the polymerization of ethylene oxide units and can be a linear or
branched polyether terminated with a hydroxyl group. Due to the reactivity of the hydroxyl
moiety, a methoxy is often added as a cap (MPEG) (Figure 1.6a). The size of the polymer chain
is determined by the number of repetitive ethylene units and is commercially available in 2, 5,
10, 20, and 30 kDa sizes.

POZ is derived from the ring opening polymerization of 2-oxazoline units [150] and is

slightly branched in nature. The number of 2-oxazoline units determines the size of the POZ
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polymer and the type of side chain determines the length of the branch (i.e., methyl, ethyl or

propyl). For this thesis, 20 and 30 kDa polyethyloxazoline (PEOZ) was utilized (Figure 1.6b).

mPEG PEOZ

H-(OCH-CH -OCH H-(N-CH-CH _OH Figure 1.6 The structures of mPEG and
( 2 2) n 3 ( 0 2 Z)n PEOZ. The shaded areas denote the

(|:=O repeating structures of mPEG and PEOZ.
Modified from Kyluik-Price 2014 [148].
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In order to couple polymer chains to a molecule, a functional linker is added to produce
an activated mPEG or POZ. The linker is chosen based on the type of functional group targeted
for modification. Many different linkers are available for specific attachment to lysine, cysteine or
oxidized carbohydrates [152]. In general, lysine and N-terminal amino group targets are
commonly used because of the ubiquitous nature of lysine in proteins. Although these activated
linkers could theoretically bind to any charged amino group, studies show that lysine residues
are the primary targets [153,154]. Indeed, lysine is the most prevalent amino acid in proteins
and contributes to approximately 10% of the overall amino acid sequence [152].

Amine modification takes advantage of the different pKa of alpha (9.0) or epsilon (10.5)
amino lysine residues (Figure 1.7a) and the attachment of polymers is optimal when lysine is in
a deprotonated form (at high pH). However, to balance the high pKa with the physiological
conditions required for biologics, polymer modification is done in an aqueous solution at a lower
pH (8.0). At this pH, most lysine residues are in a protonated form (1+) with a small amount as
deprotonated anions (1-) in a ratio of approximately 99:1 [155] (Figure 1.7b). As polymers
become covalently attached to the deprotonated anion, there is a shift in equilibrium that
restores the cation:anion ratio, and thereby provides available anion binding sites for

subsequent polymer attachment.
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Figure 1.7 lonization states of lysine. (A) Lysine possesses predominant ionization states depending
on the pH. Three ionizable groups (COOH, NH3a, NH3¢) can become deprotonated, resulting in four
charged states of lysine. (B) The covalent attachment of polymers takes place at a pH of 8.0, when the
majority of lysine is in the 1+ ionization state. However, a small amount of the negatively charged form is
capable of reacting with the polymer. This negatively charged population is not depleted upon polymer
grafting due to a shift in equilibrium (Le Chatelier's Principle) maintaining the constant concentration.
Modified from Nelson and Cox 2013 [155].

Several linker chemistries that target lysine residues have been developed including
succinimidyl valerate (SVA) and succinimidyl propionate (SPA), the two linker chemistries used
in this thesis. The carbonyl groups of the linkers are attacked by the nucleophilic nitrogen atoms
of the primary amines, resulting in formation of a covalent bond and release of the free linker
group- N-hydroxy succinimide (NHS) (Figure 1.8). Since polymer attachment occurs in aqueous
solutions, water molecules compete with nitrogen atoms, resulting in hydrolysis of the linker
over time, preventing covalent polymer attachment. The hydrolysis half-life of the two linkers

differ, with SVA and SPA being 33.6 and 16.5 minutes (25°C, pH 8.0) respectively.
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Figure 1.8 The covalent attachment of polymers to proteins. A nucleophilic attack by the primary
amine on a protein results a substitution reaction, the release of N-hydroxy succinate (free linker group)
and the formation of a covalent bond between the protein and the polymer. Modified from Le and Scott
2010 [156].

1.6.4 Polymer Characteristics: Physical Properties, Metabolism, Toxicity and
Immunogenicity

The large exclusion volumes characteristic of biocompatible polymers are due to their
ability to bind water and chain flexibility. mPEG polymers are very hygroscopic, capable of
binding 2-3 water molecules per ethylene unit [152]. POZ shows comparable water binding
capabilities, although some studies suggest that mPEG may have a slightly larger
hydrodynamic volume compared to POZ, indicating that POZ may be slightly less hydrated
[150]. However, both polymers exhibit volumes 3-5 times their molecular weights
[134,152,157,158]. Both mPEG and POZ exhibit high flexibility, with mPEG exhibiting free
rotation every 4-5 ethoxy units [159]. Although both polymers are very flexible, the slightly
branched nature of POZ may decrease its chain flexibility [160,161], although no specific
comparison study has been done.

The Flory radius (Rg) defines the limits of polymer-mediated surface coverage (Figure
1.9a). Both the number and the length of monomer chains affect the Rg. Therefore, the Re
increases with polymer length. For example, the 2, 5, and 20 kDa polymers exhibit radii of 3.4,

6.0 and 13.7 nm, respectively [162]. Polymer chains exhibit different conformations when
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covalently attached to biological or synthetic surfaces, which is determined by both Rg and
grafting concentration [162]. Low grafting concentrations, in which the distances between two
polymer-anchoring points is larger than the Flory radius, preventing interaction of the individual
chains, leads to a mushroom conformation (Figure 1.9b). Conversely, if the attached polymers
are grafted at high concentrations, where there are short distances between the anchor points,
associations between polymer chains results in a random coil or extended chain formation
(Figure 1.9b). In addition, the conformations formed when polymers are attached to cell
surfaces are also affected by the protein distribution on the surface of the cell and the
topography. Thus, it is likely that at biologically relevant grafting concentrations, the majority of
polymers assume a mushroom conformation, although extended conformations may occur in
protein dense regions such as protein complexes found on cell surfaces.

The large hydrodynamic volume and polymer flexibility allows surface attached polymers
to occupy large volumes on the cell surface, leading to the exclusion of biological components
such as cells and macromolecules. This protects both the polymer bound protein (direct
camouflage) as well as proteins within the Flory radius (indirect camouflage) from immune
components (Figure 1.9¢). In addition to steric camouflage, the hydration sphere created by the
hygroscopic nature of polymers results in charge camouflage, burying the charges beneath the
neutral PEG layer and hindering ligand-receptor interactions [156].

The biodistribution and metabolism of PEG and POZ are well documented, showing that
both polymers are primarily excreted through the urine. Intravenous administration of POZ in
mice showed that the polymer was excreted via the kidneys without significant accumulation in
organs, although very high molecular weight polymers (45 kDa and 120 kDa) were found in skin
and muscle [163]. However, a subsequent study by Gaertner et al [164] found no accumulation
using more biologically relevant polymer lengths (15 and 29 kDa). Similarly, studies using PEG

have shown that polymers < 30 kDa are excreted through passive glomerular filtration, while
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large molecular weight polymers are retained for longer time periods in the body and are

excreted via both the kidney and hepatic system [165,166].
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Figure 1.9 Physical properties of polymer mediated camouflage. (A) The Flory radius (Rg) defines the
limits of polymer-mediated surface coverage. Rigid polymers have a small R whereas highly flexible
mPEG and POZ polymers exhibit extended coverage of the surfaces they modify. Modified from Chen
2006 [167]. (B) Rg and grafting concentration dictates the conformations of covalently attached polymer
chains. Distances (denoted by D) larger than the Flory radius (low concentrations) between attachment
points, leads to mushroom conformations. High concentrations with short distances between anchor
points, results in extended chain formations. Modified from de Gennes 1980 [162]. (C) Camouflage of cell
surfaces leads to the exclusion of cells and immune components (immunocamouflage) that is dependent
on polymer grafting concentration and size. Both direct and indirect camouflage may occur due to the
complex surface topography of cells. K= lysine residue.

While toxicity has been studied more extensively for PEG than POZ, both are FDA

approved compounds found in food and beauty products. However, PEG is utilized much more

35



frequently than POZ. Both acute and long-term toxicological studies of PEG indicated safety
across all routes of administration and only showed signs of toxicity at extremely high parenteral
doses, with the target organ being the kidney (which would have the largest concentrations)
[168]. According to the World Health Organization, an accepted dose of PEG is very high at 10
mg/kg [165]. Similarly, toxicity studies using POZ showed that single or repeated injections of 10
kDa at 0.5, 1, and 2 g/kg in rodents demonstrated no adverse effects or pathological evidence in
organs or tissues [150]. Furthermore, these polymers were shown to be neither carcinogenic
nor mutagenic [168,169].

Recent publications suggesting pathological changes and the appearance of vacuoles in
cells, which occurred after multiple high doses of PEG, resulted in no functional deficit and
resolved over time [165]. However, toxicity may be a function of molecular weight. For example,
the metabolism of alcohol groups via alcohol dehydrogenase to toxic metabolites has been
found in urine with a greater frequency (25%) using very small molecular weight PEG polymers
(0.4 kDa) compared to larger molecular weight polymers (6 kDa) found in only 4% of patient’s
urine [170,171].

Although clinically proven as a low toxic and low immunogenic polymer, recent
observations of anti-PEG antibodies have appeared in the literature. Observations of antibodies
against the PEG moiety were detected in patients treated with allergens [172], PEG-uricase
[173], PEG-asparaginase [174] and liposomes [175]. Although these anti-PEG responses have
been reported in patients treated with PEG-therapies, they have resulted in extremely low titers
of IgM and 1gG (PEG-uricase) [173,176] or had conflicting results regarding the influence of
antibodies for the efficacy of treatment (PEG-interferon) [177,178]. Also, a single study
suggested that anti-PEG antibodies were identified in 25% of healthy blood donors who were
not previously given treatments with PEGylated drugs [179]. This study is often compared to
studies from 1984 where 0.2% of healthy donors had detectable anti-PEG antibodies [172], and

is cited as evidence of an increased incidence in the population. However, these results are in
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sharp contrast to a recent report in which only 4% of healthy donors were found antibody
positive [180]. Subsequent studies have been done to induce anti-PEG antibodies in animals,
but have led to conflicting results. For example, in all cases a PEG conjugated product was
needed as PEG alone did not induce a response, while other times a strong adjuvant was
necessary [181,182]. Furthermore, in the context of mMPEG modified RBC, tertiary or hyper-
transfused mice given mPEG modified RBC exhibited normal survival and circulation time,
indicating a lack of antibody response [183]. Indeed, there are few reports in which antibodies to
PEG resulted in adverse immunological consequences in over 30 years of clinical use,

indicating that the immunogenicity of PEG remains to be established.

1.6.5 PEGylated Proteins, PEGylated Liposomes and Cell Encapsulation

Since initial PEGylation studies using catalase and albumin resulted in reduced
immunogenicity and prolonged half-life, protein PEGylation has brought into market several
conjugates with great therapeutic performance. The first FDA approved PEG protein was
PEGylated adenosine deaminase (Adagen®) used for the treatment of severe combined
immunodeficiency syndrome (SCID) [131], followed soon by a PEGylated asparaginase for the
treatment of acute lymphoblastic anemia [184]. Since then, several different PEGylated proteins
have been FDA approved including PEG-INFa as a treatment for hepatitis, PEG-G-CSF for
treatment of neutropenia, PEG-epoetin-beta for treatment of anemia, and more recently PEG-
uricase for treatment of gout [185]. Thus, PEGylation technology has proven efficacy for protein
modification, improving the pharmacokinetic properties of protein and enzyme based therapies,
resulting in a multi-billion dollar business.

PEGylation of liposomes and other drug carriers has also proven efficacious for the
targeted delivery of therapeutics. PEGylated liposomes decrease immune recognition, allowing

for longer circulation time and greater drug efficacy [186,187]. Like PEGylated proteins, several
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FDA approved liposomes are on the market for the treatment of various conditions such as
infections and cancer and are also used in vaccines.

The ability of polymers to protect tissues from immune recognition has also been
explored via hydrogel encapsulation of intact cells [144,188]. Encapsulation is a means to
facilitate the transplantation of cells, while providing a protected environment from the immune
response. Bio-encapsulation has promising implications for many diseases, including diabetes,
and several studies have used hydrogels containing insulin producing beta cells. However,
problems may occur due to the physical thickness of encapsulation, hindering efficient oxygen
and molecular exchange between cells and their environments, including nutrients and

regulatory factors needed for survival [188,189].

1.6.6 Direct PEGylation of Intact Cells: Red Blood Cells, Leukocytes, Viruses and
Islets

The direct PEGylation of intact allogeneic cells decreases immunogenicity by acting as a
molecular sieve, effectively repelling large molecules such as immune cells and components
while allowing the diffusion of essential small molecules such as oxygen and glucose. The direct
PEGylation of RBC has demonstrated both normal cell function and structure while exhibiting
decreased immunogenicity both in vitro and in vivo. For example, mPEG-RBC decreased
agglutination by pre-formed antibodies and prevented phagocytosis of foreign RBC,
demonstrating that mPEG attenuates the antigenic recognition of RBC surface proteins [135].
Furthermore, single, repeated or hyper-transfusion of mice with mPEG-RBC demonstrated no
toxicity and mice exhibited normal survival (Figure 1.10) [135,136]. Even xenogeneic
transfusions of mMPEG-modified sheep RBC into mice demonstrated significantly increased
survival compared to the unmodified control [135]. Additional functional RBC studies were
performed in vitro showing that at moderate grafting concentrations (< 2.4 mM) RBC exhibited

normal morphology, osmotic fragility, anion and cation transport, and decreased surface charge
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[136]. Steric and charge camouflage was further demonstrated by decreased protein absorption
on mPEG modified latex beads (biophysical model) showing that both hydrodynamic surface
charge camouflage and steric prevention of surface macromolecule interactions were polymer

and target size dependent [156].
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The successful work with mPEG-RBC initiated work with PEGylated leukocytes as a
means of preventing transfusion associated graft versus host disease (TA-GVHD). Studies
demonstrated inhibition of allorecognition between two disparate leukocyte populations in vitro,
as reflected by a polymer dose dependent decrease of cell proliferation, and in vivo as shown
by a decrease in GVHD associated morbidity and mortality in mice [138]. Studies also showed
that mPEG modified leukocytes displayed normal morphology and viability as well as inhibition
of antibody binding [137,138]. More recently, PEGylation of allogeneic lymphocytes has been
shown to induce a tolerant state, in vitro and in vivo, resulting in decreased inflammatory
cytokines and cells as well as increased Treg cells (Figure 1.11). Importantly, these effects

were long-lived [190].
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Figure 1.11 Induction of immunotolerance by mPEG modification of allogeneic cells. (A) Schematic
showing altered T cell differentiation. PEGylation of donor leukocytes leads to altered cell differentiation,
resulting in increased suppressive cells (Treg and apoptotic cells) and decreased inflammatory cells. The
size of the cell denotes the increase or decrease of the population. (B) Previous studies indicate
enhanced DNA laddering (indicative of apoptosis) of polymer-modified cells compared to control. In
addition, mice injected with mPEG-modified splenocytes show elevated levels of Treg cells and
decreased levels of inflammatory Th17 cells compared to the control. Shown are the results from analysis
of cell types in the spleen, 5 days post transfusion. Similar results were found from the examination of the
lymph nodes and blood. These effects were long-lived, showing similar results 30 days post transfusion.
Modified from Chen 2003 [138], Wang 2011 [190].

The receptor-mediated interactions between allogeneic cells and immune components
are somewhat analogous to receptor interactions between viruses and host cells. Therefore,
PEGylation was also investigated on viruses and their target cells as a means of broad-
spectrum prophylaxis against viral infection. Several studies demonstrated that both direct
PEGylation of virus (both enveloped and non-enveloped) and target cells resulted in effective
attenuation of viral infection [140,141,191]. Furthermore, the direct PEGylation of a wide variety
of viruses has shown that both receptor-mediated and fusion entry can be prevented. The size
of the PEGylated target determined the efficacy of immunocamouflage and the prevention of
virus infection, with the smaller polymers showing increased efficacy for virus camouflage and
the larger polymers showing increased efficacy for cell camouflage [140,141].

Applications of cell PEGylation have also been explored in pancreatic islet cells, showing
that PEGylation of islets could provide immunological protection of renal subcapsular

allotransplanted islets, while maintaining normoglycemia, cell viability, and the functional

40



capacity of islets [105,139,192,193]. Furthermore, PEGylated islets demonstrate benefits to
early transplant periods and long-term outcomes when combined with immunosuppressants,
remaining functional for more than one year in vivo [192]. Thus, the ability of PEG to prevent
interactions between immune components and cells, while maintaining cell viability, generates
exciting possibilities for the PEGylation of allogeneic cells and tissues in transplantation and

transfusion medicine.
1.7 Hypothesis and Specific Aims

Allorecognition initiates the adverse events associated with RBC alloimmunization and
tissue rejection. Current clinical approaches utilize tissue matching (HLA and blood typing) as
well as immunosuppressive agents in an effort to attenuate allorecognition and control the
alloresponse. However, these practices lead to both inventory and drug toxicity issues for
patients.

Approved PEGylated proteins have been widely used for drug delivery to enhance
bioavailability and decrease immune responses. More recently, the direct PEGylation of intact
cells (e.g., RBC, WBC) and tissues (e.g., pancreatic islets) have been examined. These studies
demonstrated efficient camouflage of cell antigens and decreased allogeneic response, with no
substantial effects on cell survival. This suggests that PEGylated cells and tissues may have
significant utility in transfusion and transplantation research, where prevention of allorecognition
is critical. Therefore PEGylation, unlike current immunosuppressive drugs, is a novel approach
that could prevent initial allorecognition events by the global camouflage of allogeneic cells.
Although, many aspects of immunocamouflage are well understood, the efficacy of alternative
polymers and the effect of grafted polymer on leukocyte signaling cascades have not been fully
explored.

While mPEG is the dominant polymer used in today’s clinical products, a search for

alternative polymers with improved properties would be beneficial to expand the repertoire of
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polymers for therapeutic use. Polyethyloxazoline (PEQOZ) exhibits several attributes that make it
an attractive alternative to traditional mPEG for the immunocamouflage of cells and tissues.
Therefore, the first part of this thesis compared PEOZ to mPEG in order to assess the utility of
PEOZ for immunocamouflage of intact cells. Furthermore, our studies to date have not fully
defined the underlying molecular events (altered cell-cell interactions and intracellular signaling
cascades) leading to the reduced allogeneic response observed during PEGylated allogeneic
leukocyte studies. Maximizing immunocamouflage efficacy and understanding the mechanism
of the induced immune quiescent state, following the polymer modification of cells, is important
for producing improved and/or novel cellular blood products.

Our hypothesis is that allorecognition (e.g., blood group antigens or MHC) can be
prevented by the covalent membrane grafting of non-immunogenic polymers. Moreover,
it is anticipated that the efficacy of immunocamouflage will be a function of both polymer
species and polymer size. For leukocytes, it is further proposed that the grafted polymer
affects both cell-cell interactions and intracellular signaling cascades. To test this
hypothesis, as illustrated in Figure 1.12, the specific aims were to assess:

1. The comparative utility and differential effects of grafted PEOZ and mPEG on blood
cells. PEOZ was compared to mPEG in terms of grafting efficiency, structural and functional
consequences of polymer attachment, and comparative immunocamouflage of RBC and WBC
in vitro.

2. The effect of grafted polymer on surface marker (CD) immunocamouflage and cell-cell
interaction. The surface immunocamouflage of various lymphocyte receptors involved in
adhesion and activation events were investigated. Moreover, the inhibition of allorecognition
was examined by assessing lymphocyte-APC conjugation events during allogeneic challenge
using mMPEG-modified lymphocytes. The effect of surface protein immunocamouflage and
inhibition of cell interactions was explored in relation to the proliferative capacity of mPEG-

modified cells during allogeneic and mitogen challenge.
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3. The consequence of grafted mPEG on intracellular signaling cascades. Activation and
cell death pathways were evaluated to determine their involvement in the decreased
proliferative response seen in modified cells during allogeneic challenge. To test this, alterations
to mRNA and protein expression involved in allorecognition and cell activation pathways (NFkB)
as well as changes in early and late apoptotic events were assessed.

Allorecognition can be prevented by covalent membrane grafting

of non-immunogenic polymers. Morever, it is anticipated that the
efficacy of immunocamouflage will be a function of both polymer

species and polymer size. For leukocytes, it is further proposed
that the grafted polymer affects both cell-cell interactions and
intracellular signaling cascades.

Efficacy of Novel Polymer-Mediated Polymer-Mediated
Polymer Species: Loss of Alterations to
PEOZ vs. mPEG Cell:Cell Intracellular
(RBC and WBC) Interactions Signaling Cascades
) Surface Activation ivati i
Grafting l | Efficacy Ofﬂ Receptor & Activation  Apoptosis
Efficacy mmunocamoutiage Immunocamouflage Proliferation / \A
Structure mRNA  Protein
& Lymphocyte: APC Profiles Expression
Viability Conjugation

Figure 1.12 Outline of project. To expand the repertoire of polymers for potential therapeutic use in
transplantation and transfusion medicine, a novel polymer (PEOZ) was investigated. PEOZ was
compared to mPEG in terms of grafting efficacy, structural and functional assays and comparative
immunocamouflage of RBC and WBC. To clarify the cellular mechanism of immunocamouflage imparted
by polymer grafting, important for the development of novel immunocamouflage therapeutics, both
alterations to cell-cell interactions as well as changes to intracellular activation and apoptosis pathways
during allogeneic challenge (mixed lymphocyte reaction) were investigated.
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2 CHAPTER 2: Methods and Materials

21 Polymer Species

Succinimidyl valerate activated mMPEG (mPEG,; 5, 20 and 30 kDa) was purchased from
Laysan Bio Incorporated (Arab, AL, USA). N-hydoxysuccinimidyl ester of polyethyloxazoline
propionic acid (PEOZ; 20 and 30 kDa) was obtained from Serina Therapeutics Incorporated
(Huntsville, AL, USA). The structures and characteristics of MPEG and PEOZ are shown in
Figure 2.1.

Figure 2.1 Structure and
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2.2 Cell Models

221 Red Blood Cell (RBC) and Peripheral Blood Mononuclear Cell (PBMC) Extraction
and Isolation
Whole blood was collected from donors, following informed consent, into tubes
containing sodium heparin. For packed red blood cell (pRBC) collection, whole blood was

washed 3x in phosphate buffered saline (PBS) and centrifuged for 5 minutes at 1000 x g.
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Peripheral blood mononuclear cells (PBMC) were isolated using Histopaque-1077 (Sigma-

Aldrich, St. Louis, MO, USA) according to manufacturer’s protocol.

2.2.2 Generation of Monocyte Derived Dendritic Cells (moDC)

Freshly prepared PBMC were seeded in 6-well plates (Becton Dickinson, Franklin
Lakes, NJ, USA) at 5 x 10° cells/ml in AIM V medium (Invitrogen, Grand Island, NY, USA).
PBMC were incubated at 37°C, 5% CO,, and 95% humidity for 3 hours to allow cells to adhere.
After 3 hours, non-adherent cells were removed by washing the plate twice with pre-warmed
AIM V medium. The remaining monocyte rich adherent cells were incubated in AIM V medium
supplemented with IL-4 (100 ng/ml) and GM-CSF (50 ng/ml) (R&D Systems, Minneapolis, MN,
USA). IL-4 and GM-CSF was added again on day 3. On day 6, cells were removed with cell
scrapers, washed twice, centrifuged at 400 x g and suspended at 5 x 10° cells/ml in AIM V
medium. Cells were supplemented again with IL-4, GM-CSF and maturation/activating cytokines
TNF-a (5 ng/ml), IL-1B (5 ng/ml), IL-6 (150 ng/ml) (R&D systems Inc., Minneapolis, MN, USA)
and prostaglandin E2 (1 pg/ml) (Sigma-Aldrich, St. Louis, MO, USA). Mature monocyte derived
dendritic cells (moDC) were harvested on day 7 and assessed by flow cytometry for maturation
markers CD80 and CD86 (BD Biosciences, San Jose, CA, USA) prior to downstream assays
(Figure 2.2). Briefly, 4 l of antibody was added to 5 x 10° cells total in flow tubes and incubated
for 30 minutes in the dark. Cells were washed twice in PBS+0.2% bovine serum albumin (BSA),
centrifuged for 5 minutes at 300 x g and suspended in 500 ul PBS+0.2% BSA prior to flow
cytometry. Data acquisition and analysis was performed using Cell Quest Software. A minimum

of 20,000 events was collected per sample.
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Figure 2.2 Generation of monocyte derived dendritic cells (MoDC). Freshly isolated human PBMC
were plated in 6-well culture plates and incubated at 37°C, 5% CO,, and 95% humidity for 3 hours to
allow cells to adhere. On day 0 and 3, cells were supplemented with IL4 and GM-CSF. Cells were
harvested from the plate on day 6, washed and plated with maturation/activating cytokines for 24 hours
before being harvested for downstream assays.

2.3 Polymer Modification of Cells

Isolated RBC and PBMC were suspended to 12% hematocrit (5 g%Hb) and 4 x 10°
cells/ml, respectively in mPEG buffer (50 mM K,;HPO,, 105 mM NaCl, pH 8.0) with desired

amount of mPEG (2, 5, 20, 30 kDa) or PEOZ (20, 30 kDa) to reach appropriate grafting

concentrations (0-4 mM). Cell suspensions (RBC or leukocytes) were mixed by gentle inversion

and the reaction was performed for 1 hour at room temperature. RBC or leukocytes were
washed 3x with PBS or RPMI-1640 supplemented with 25 mM HEPES and 0.01% human
albumin (Invitrogen, Carlsbad, CA, USA), respectively. Leukocytes were stained with trypan

blue (Invitrogen, Grand Island, NY, USA) and enumerated using a hemocytometer.

46



24 Two-Phase RBC Partitioning

To quantify the efficiency of polymer grafting, aqueous two-phase partitioning studies of
control, mPEG, or PEOZ-modified human RBC (2, 5, 20 and 30 kDa mPEG or 20 and 30 kDa
PEOZ; 0-5 mM) were performed as previously described [194-196]. In this system, polymer-
modified RBC partition to the upper PEG layer, whereas unmodified or poorly modified cells
partition to the lower Dextran layer or remain at the phase-interface. The two-phase system
consisted of 5% ww Dextran, 4% ww PEG8000, 0.15 mol/L NaCl and 6.84 mmol/L NaHPO,4. A
10 pl aliquot of the control RBC, mPEG-RBC, or PEOZ-RBC suspension (5% Hb) was added to
0.5 ml of the PEG rich phase, mixed and overlaid on the Dextran rich phase (0.5 ml). The RBC-
phase solution was mixed thoroughly by inversion and phases were allowed to separate at room
temperature for 20 minutes. A 250 ul aliquot was removed from the upper phase and washed 3x
in PBS. Hemoglobin was assessed by Drabkin’s assay [197]. For Drabkin’s assay, the
hemoglobin concentration is determined by a colourmetric cyanmethemoglobin method using
Drabkin’s Reagent (Sigma Aldrich, St. Louis, MO, USA). Total hemoglobin is converted to a
cyano derivative and the absorbance is determined at 540 nm. The following equation was used
to calculate the concentration of total hemoglobin in the samples.

[Hb]= ODs4 x (final volume/sample volume)
6.8 (extinction coefficient)

The percent recovery was determined by dividing the initial hemoglobin concentration by

the recovered hemoglobin concentration in the upper phase.
2.5 Morphological Analysis of Polymer Modified Cells

For morphology studies, freshly derivatized RBC or PBMC (5, 20 and 30 kDa mPEG or
20 and 30 kDa PEOZ; 0-4 mM) were fixed in 4% methanol free formaldehyde and assessed
using Zeiss Axioplan 2 (Micro-Optik, Deursen, Netherlands) or Olympus CK40 microscope
(Olympus America Inc., Melville NY, USA) fitted with Q-imaging camera (QICAMFAST,

Qimaging Corporation, Surrey, BC, Canada). Transmitted light images were taken at 1000x
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maghnification with Northern Eclipse software or at 200x and 400x magnification with Q-capture

imaging software (v.2.8.1).
2.6 Osmotic Fragility and Hemolysis

The structural stability of mMPEG and PEOZ-modified RBC, relative to unmodified cells,
was examined via osmotic fragility studies as previously described [135,136]. After polymer
modification, RBC were processed immediately (T=0) or incubated in PBS at 37°C water bath
for 24, 48, and 68 hours. Samples were suspended to 10% hematocrit and 100 pl of unmodified
(0 mM) or polymer modified RBC (20 and 30 kDa mPEG or PEOZ; 0-2 mM) was added into
tubes containing 1 ml of various saline concentrations (0-0.9%) and mixed by inversion. Total
and supernatant hemoglobin concentrations were measured at the indicated timepoints by

Drabkin’s assay to determine percent lysis.

2.7 Surface Marker Analysis

271 Red Blood Cell Antigens

The immunocamouflage of RBC RhD and Kell (k) blood group antigens was determined
via flow cytometry (FACSCalibur flow cytometer; BD Biosciences, San Jose, CA, USA) following
cell derivatization (5, 20 and 30 kDa mPEG or 20 and 30 kDa PEOZ; 0-4 mM). For measuring
the comparative efficacy of MPEG and PEOZ on the immunocamouflage of the RhD and Kell
blood group antigens, a 3% hematocrit solution was placed into flow tubes with primary antibody
anti-k (Immucor Inc., Norcross, GA, USA) and/or anti-RhD (Novaclone anti-D, Dominion
Biologicals Ltd., Dartmouth, NS, Canada). The mixture was incubated for 30 minutes with gentle
rocking at 37°C. Cells were washed 3x with PBS and incubated with FITC conjugated
secondary antibody anti-lgG (Abdserotec, Oxford, UK) for 1 hour, as previously described
[195,198]. Control samples for background signal as well as non-specific antibody binding

consisted of unstained RBC or RBC incubated with primary or secondary antibody only. Cells
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were washed 3x with PBS and suspended in 0.5 ml of 1% methanol free formaldehyde prior to
flow cytometry. Analysis of the efficacy of inmunocamouflage was analyzed based on total
mean cell fluorescence (MCF) and percent positive cell values (PPC). Data acquisition and
analysis was performed using Cell Quest Software (BD Biosciences, San Jose, CA, USA). For

all studies a minimum of 20,000 events per sample was collected.

2.7.2 Cluster of Differentiation (CD) Markers

Freshly isolated control or polymer modified PBMC (5, 20 and 30 kDa mPEG or 20 and
30 kDa PEOZ; 0-4 mM) was assessed for immunocamouflage by the exclusion of fluorescently
labeled antibodies to leukocyte cluster of differentiation (CD) markers: CD3, CD4, CD11a,
CD25, CD28, CD62L and CD71. Surface marker analysis was done via flow cytometry following
cell derivatization. PBMC cell suspensions (1 x 10° cells) were placed into flow tubes with anti-
CD3 PerCP, anti-CD4 PE, anti-CD11a FITC, anti-CD25 PE, anti-CD28 FITC, anti-CD62L PE or
anti-CD71 FITC according to manufacturer’s instructions (BD Biosciences, San Jose, CA, USA)
and incubated for 1 hour on ice. Unstained cells and isotype control antibodies were utilized for
each fluorophore to determine the degree of non-specific binding and background fluorescence.
PBMC were washed 3x (PBS, 1% bovine serum albumin, 0.1% NaN3) and suspended in 0.5 ml
wash buffer before being analyzed by flow cytometry. Analysis of the efficacy of

immunocamouflage was performed as described previously for RBC surface antigens.
2.8 Monocyte Monolayer Assay (MMA)

The monocyte monolayer assay (MMA) was used to measure the effect of MPEG and
PEOZ on immune recognition (Figure 2.3). The MMA measures FcyR-mediated phagocytosis
in vitro using adherence-purified allogeneic monocytes isolated from PBMC [199-202]. To
prepare the monocyte monolayer, isolated PBMC were suspended in AIM V medium, aliquoted
onto tissue cultures slides, and incubated for 1 hour in a humidified 5% CO,, incubator at 37°C.

Non-adherent cells were removed by washing. RhD+ or RhD- RBC were incubated with RBC-
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matched serum (negative control) or opsonized using a commercial anti-RhD antibody (Rho(D)
Immune Globulin (Human) RhoGAM Ultra-Filtered PLUS, Ortho Clinical Diagnostics, Markham,
ON, Canada), washed and overlaid on the monocyte monolayer in humidified, 5% CO,,
incubator at 37°C for 1 hour. Excess media from red cell suspensions were aspirated from each
slide. Slide chambers were removed and slides were stained with Wright-Giemsa stain. The
number of phagocytized control or modified RBC (20 and 30 kDa mPEG or PEOZ; 2.0 mM) was
enumerated per 100 monocytes (Monocyte Index; MI). Positive (i.e., anti-D opsonized
unmodified RhD+ RBC) control values typically yield an Ml of between 60 and 100. Using the
MMA, MI values of < 5-6 indicate that the donor cells can be transfused with minimal risk of an
acute hemolytic reaction (though the MMA is less predictive of long-term circulation of donor
RBC). Within the transfusion medicine community, the MMA is considered to be the best assay
currently available for correlation of the in vitro evaluation of FcyR-mediated phagocytosis of

antibody-coated human red cells with in vivo clinical relevance [203,204].
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Figure 2.3 Monocyte monolayer assay. A monocyte monolayer was prepared by incubating PBMC on
culture slides for 1 hour at 37°C, 5% CO,, and 95% humidity to allow monolayer to adhere. Control or
opsonized RBC (unmodified or modified) was overlaid on the monolayer and cells were incubated for 1
hour to allow phagocytosis of RBC. Monocytes were washed, slide chambers were removed and cells
were stained. Monocyte engulfment index was calculated by counting the number of RBC ingested per
100 monocytes.
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29 Two-Way Mixed Lymphocyte Reaction (MLR)

The mixed lymphocyte reaction is an in vitro assay used to assess HLA disparity
between individuals. When two disparate PBMC populations are co-cultured, both populations
are capable of acting as stimulator and responder cells, resulting in activation and cell
proliferation (two-way MLR). To assess the effects of polymer modification of leukocytes during
allorecognition, one disparate PBMC population (or both where indicated) was modified with
polymer (20 and 30 kDa mPEG or PEOZ; 0-2 mM) as described previously. An equal number of
cells from two disparate PBMC populations were suspended in AIM V medium to a final
concentration of 2 x 10° cells/ml using 24 or 48 well tissue culture plates (Becton Dickinson,
Franklin Lakes, NJ, USA). Negative and positive control wells consisted of PBMC alone from
each PBMC donor (‘resting PBMC’) as well as mitogen (phytohaemagglutinin; PHA) stimulated
unmodified PBMC from each PBMC donor (2 pug/ml), respectively. The resting PBMC control
wells were used to assess any background cell activation during PBMC isolation, whereas
mitogen stimulation was used to examine the proliferative capacity of control PBMC
preparations. Wells containing MLR and PBMC controls were incubated in a humidified, 5%
CO; incubator at 37°C. Cells were harvested for downstream assays at various timepoints as
indicated. For proliferation and conjugation assays, cells were stained with amine reactive

fluorescent probes prior to cell modification with polymer (see section 2.10 and 2.12 for details).
210 CFSE Proliferation Assay

The proliferative response of PBMC was used to assess the effects of cell modification
on allorecognition (MLR) as well as the response to mitogen challenge (PHA) (Figure 2.4). MLR
was used to evaluate the efficacy of polymers to prevent allorecognition, whereas PHA was
utilized to assess the polymer-mediated exclusion of small stimulatory molecules. PBMC
proliferation was evaluated using a dye-dilution assay. Freshly isolated human PBMCs from two

disparate donors were counted and stained with carboxyfluorescein diacetate succinimidylester
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(CFSE; Cell Trace- Molecular Probes, Invitrogen, Carlsbad, CA, USA). Following CFSE
staining, PBMC from one donor population was derivatized with mPEG or PEOZ (20 or 30 kDa)
using 0-2 mM grafting concentrations. PBMC from one donor (PHA) or both donors (MLR) were
suspended in AIM V medium to a final concentration of 2 x 10° cells/ml. For mitogen stimulation,
PHA was added at 2 ug/ml. Cells were incubated in a humidified 5% CO, incubator at 37°C.
Proliferation of the CD3+CD4+ population was assessed on days 7, 10 and 14 for MLR and day
5 for PHA stimulation by flow cytometry, which measured the progressive halving of CFSE
fluorescence following cell division. The CD3+CD4+ population was determined using anti-CD3
PE and anti-CD4 APC antibodies (BD biosciences, San Jose, CA, USA) following a 1-hour
incubation at room temperature in the dark according to manufacturer’s instructions. Data

acquisition and analysis was performed using Cell Quest Software as previously described.
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211 Time-Lapse Microscopy

Matured moDC were co-cultured with control or PEGylated allogeneic human PBMC (20
kDa mPEG; 2.0 mM) to examine the effect of PEGylation on direct allorecognition of foreign
antigen. Co-cultures of moDC and control or mMPEG-PBMC were suspended in RPMI
supplemented with 25 mM HEPES and 0.01% human albumin, in a ratio of 1:5 (moDC: PBMC),
and seeded on chambered cover glass (Becton Dickinson, Franklin Lakes, NJ, USA) at a cell
concentration of 5 x10° cells/ml in a 37°C heated humidity chamber. Images were taken at 200x
magnification every 20 seconds for 90 minutes using a Nikon Eclipse Ti microscope mounted
with a camera (Digital sight DS-U3) and analyzed using NIS-elements software. Cell trajectories
were obtained by tracking the location of moDC in unmodified and modified co-cultures every 20

seconds over a time course of 90 minutes using NIS-elements software.
212 Cell Conjugate Assay

To quantify the effects of MPEG modification on cell conjugation events, matured moDC
were co-cultured with PEGylated allogeneic human PBMC, syngenic, or unmodified allogeneic
control PBMC. The number of conjugates formed after 20 minutes was assessed by flow
cytometry. Enumeration of cell conjugation events was modified from Grebe et al [205]. Briefly,
PBMC and moDC were stained with amine reactive fluorescent probes at a final concentration
of 0.5 yM CFSE and 2.5 uM Far Red DDAO (CellTrace, Molecular Probes) per 2 x 10° cells,
respectively. Cells were washed 3x in excess RPMI to remove any unincorporated stain.
Following CFSE staining, PBMC were derivatized with mPEG (2 or 20 kDa) at 0-2 mM grafting
concentrations. MoDC and human PBMC co-cultures were suspended in AIM V medium in a
ratio of 1:10 (moDC: PBMC) for a final concentration of 1 x 10 cells/ml. Co-cultures were
centrifuged for 30 seconds at 200 x g and incubated at 37°C, 5% CO2, and 95% humidity for 20
minutes to allow conjugation of cells. After 20 minutes, cells were fixed by addition of 0.5 ml of

2% methanol free formaldehyde and incubated at room temperature for 15 minutes before being
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evaluated by flow cytometry. The double-staining population (CFSE+Far Red-DDAO+) was
examined to determine the percentage of cell conjugation using flow cytometry as previously

described.
213 Real-Time PCR (qPCR)

To assess the effects of polymer modification of cells on T cell activation pathways
during allogeneic recognition, real-time PCR was performed using the human NFkB signaling
targets RT? Profiler PCR arrays (Qiagen, Limberg, Netherlands). NFkB is an important
transcription factor for the activation of cells during an alloresponse, including the regulation of
IL2 production. This array provides a profile of the expression of 84 genes that are responsive to
NFkB signal transduction, including genes involved in inflammation, immune response,
differentiation and apoptosis (Table 2.1) as well as appropriate housekeeping genes and
controls for data normalization. Results can be used to assess activation or inhibition of NFkB
signaling. To examine the effects of mMPEG-PBMC modification on NFkB signaling during a
MLR, the mRNA expression of NFkB target genes was examined in control and mPEG modified
MLR (20 kDa; 2.0 mM) at 2, 6 and 24 hours. Cells were harvested, washed 2x in cold PBS and
centrifuged at 400 x g, 4°C for 10 minutes and then placed on ice. Total MRNA was extracted
using MirVana Paris Kit (Ambion Life Technologies, Carlsbad, CA, USA) according to
manufacturer’s instructions. The concentration of RNA eluent was determined by nanodrop and
samples were stored at -80°C until further use. cDNA synthesis and genomic DNA elimination
from total RNA preparation was done using RT? First Strand kit, according to manufacturer’s
protocol, using Eppendorf Mastercycler gradient (Hamburg, Germany). cDNA samples were
processed immediately or stored at -20°C for further use. Real-time PCR was performed using
Applied Biosystems StepOnePlus (Life Technologies, Carlsbad, CA, USA) with Human NFkB
Signaling Targets RT? PCR array and RT? SYBR Green Mastermix (Qiagen, Limberg,

Netherlands) according to manufacturer’s protocols. Threshold, baseline and CT values were
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calculated using StepOnePlus software (v.2.1). Analysis of PCR results was performed using

Qiagen GeneGlobe data analysis.

Table 2.1 NFkB Profiler Array Kit: Functional Gene Groupings for Gene Targets in Array Plate

Functional Gene Genes
Groupings
. CCL11, CCL2, CCL22, CCL5, CSF1, CSF2, CSF3, CXCL1, CXCL10,
Cytokines &

Chemokines

CXCL2, CXCL9, FASLG, IFNB1, IFNG, IL12B, IL15, IL1A, IL1B, IL1RN,
IL2, IL4, IL6, IL8, LTA, LTB, TNF, TNFSF10

Inflammation

AGT, AKT1, C3, CCL2 CCL5, CCL11, CCL22, CCRS5, CD40, CFB,
CXCL1, CXCL2, CXCL9, CXCL10, F3, F8, IL1A, IL1B, IL1RN, IL2,
IL2RA, IL6, IL8, IL15, INS, MYD88, PTGS2, SELE, SELP, STATS,
STATSB, TNF, TNFRSF1B

Apoptosis

AGT, BIRCZ2, EGFR, FASLG, GADD45B, IFNB1, IFNG, IL2RA, IL4,
IL12B, INS, LTA, MAP2K6, MMP9, NQO1, NR4A2, PTGS2, STAT1,
TNFRSF1B, TNFSF10, TP53, TRAF2

Anti-Apoptosis

ADM, AKT1, BCL2A1, BCL2L1, BIRC3, CCL2, CDKN1A, CSF2, F3,
FAS, IL1A, IL1B, IL2, IL6, MYD88, NFKBIA, SOD2, STATSB, TNF,
XIAP

Immune Response

C3, CCL2, CD40, CD80, CD83, CFB, FAS, FASLG, ICAM1, IFNB1,
IFNG, IL1B, IL1R2, IL2, IL4, IL6, IL8, IL12B, INS, LTA, LTB, MYD88,
NFKBIA, STAT5B, TNF, TNFSF10, TRAF2

Type | Interferon
Responsive Genes

ADM, CCL2, CCL5, CD69, CD80, CDKN1A, CFB, CXCL9, CXCL10,
IL15, IL1RN, IRF1, MYD88, NCOA3, STAT1, TNFSF10

Development and
Differentiation

Lymphoid: CD80, CD83, IL2, IL2RA, IL4, IL12B, IL15, IRF1, STATSB,
TP53, VCAM1

Myeloid: CCL5, CSF1, CSF2, CSF2RB, CSF3, IL4, MMP9, NFKBIA,
STATSB, TNF

Nervous System: AGT, ALD3A2, CXCL1, EGFR, EGR2, IFNG, NR4A2,
SNAP25, SOD2, STAT3, TP53

Stress Response

ADM, AKT1, BCL2L1, BIRC2, CCND1, CDKN1A, GADD45B, IFNG,
IL1A, IL1B, MAP2K6, NQO1, PDGFB, PLAU, SOD2, TNF, TP53, XIAP

NFkB Pathway

BIRC2, CD40, EGR2, FASLG, IL1B, IRF1, MYD88, MYC, NFKB1,
NFKB2, NFKB1A, NR4A2, REL, RELA, RELB, STAT1, STAT3,
STATSB, TNF, TNFSF10, TP53

2.14 Preparation of Protein Lysates

As previously discussed, an important pathway for the activation of naive T cells during

allorecognition is NFKB. To assess the mRNA targets differentially regulated in the PCR array

between control and mPEG MLR, the protein expression of IL2Ra, IL2R[3, and IL1R2 was

examined on day 4 and 7 of an MLR by western blot. Since IL1R2 can be secreted as well as

membrane bound, both cell culture supernatants and cells were harvested on day 4 and 7. Cells
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were washed 2x in ice cold PBS and lysed with RIPA buffer (150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM Tris pH 8.0 and 1x Halt™
protease and phosphatase inhibitor cocktail) on ice for 30 minutes with regular mixing. The
lysate was centrifuged at 14,000 x g, 4°C for 30 minutes. The supernatant (total cell extract)
was removed and frozen at -80°C. Protein concentrations of all lysates were determined by the
BCA protein assay (Thermo Scientific Pierce, Waltham, MA, USA) according to manufacturer’'s

instructions.
2.15 SDS-PAGE and Western Blot

Control and experimental lysates (20 ug) as well as molecular weight standards (Dual
Color precision plus protein standards Bio-Rad Laboratories, Hercules, CA, USA) were
separated on 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels and transferred for
60 minutes onto Immun-Blot PVDF membranes (Bio-Rad Laboratories, Hercules, CA, USA).
IL1R2 from cell culture supernatant was concentrated using protein A/G PLUS-agarose
immunoprecipitation reagent (Santa Cruz Biotechnology, Dallas TX, USA) according to
manufacturer’s instruction, prior to SDS-PAGE analysis. Membranes were blocked overnight in
5% non-fat milk at 4°C with rocking, washed 3 x in tris buffered saline with tween (TBST) and
probed with primary antibodies against IL1R2 (R&D Systems, Minneapolis, MN, USA) and IL2a
(ab61777), IL2B (ab137699) and anti-beta actin (ab88229) used as a loading control (Abcam,
Cambridge, MA, USA). Membranes were washed 3 x in TBST, followed by labeling with Licor
IRDye® secondary antibodies (Licor, Lincoln, NE, USA) for 1 hour. Protein band signals were
assessed using Licor Odyssey and intensities were analyzed by densitometry and normalized to

actin loading control using Odyssey software v3.0.
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2.16 Cell Viability and Apoptosis

Cell viability studies were done to assess the effect of polymer species and polymer
grafting concentration on the viability of resting PBMC and PBMC during a MLR (Figure 2.5).
To compare the effect of polymer species during polymer modification of PBMC, cell viability of
control, mPEG- and PEOZ-modified PBMC (20 or 30 kDa; 0-4 mM grafting concentrations) were
examined using 7-amino-actinomycin D (7AAD; BD biosciences, San Jose, CA, USA)
immediately after cell modification. 7AAD are fluorescent nucleic dyes that are excluded from
viable cells but are able to permeate non-viable cells due to increased membrane permeability.
Cells were stained with 7AAD to a final concentration of 0.05 mg/ml and incubated at room
temperature for 10 minutes prior to flow cytometric analysis as previously described. Heat-killed
PBMC were used as positive control cells.

Previous studies have suggested that polymer modified cells undergo increased
apoptosis during an MLR as a result of weak stimulation events during allorecognition.
Therefore, flow cytometry was used to assess early and late apoptotic events in mPEG-modified
PBMC (20 kDa; 0-2 mM) and during allogeneic (MLR) challenge over 72 hours (Figure 2.5). To
evaluate early apoptotic events, caspase activation was examined. Caspases are cysteine
proteases that play a role in the cleavage of protein substrates during apoptosis. Caspase 3 and
7 are effector caspases that exist as inactive pro-enzymes in the cell. During apoptotic pathway
activation caspase pro-enzymes are cleaved to become active proteases. To monitor early
apoptotic events in polymer modified PBMC, PBMC were incubated with a cell permeable
peptide conjugated to a fluorescent probe (CellEvent® Caspase-3/7 Green flow cytometry
assay kit, Molecular Probes Invitrogen, Eugene, OR, USA), according to manufacturer’'s
protocol. Cleavage of the peptide conjugate by active caspase 3 or 7, results in release of the
fluorescent moiety and production of a fluorescent signal that can be assessed by flow

cytometry. Additionally, to examine late apoptotic events, cells were also stained with Sytox
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(Molecular Probes Invitrogen, Eugene, OR, USA) according to manufacturer’s protocol. Sytox is
similar to 7AAD, both are DNA binding fluorescent probes that can permeate dead cell
membranes and be evaluated by flow cytometry. Flow cytometric data acquisition and analysis
was performed as previously described. A potent apoptosis inducer, anisomycin was added to

PBMC cultures and served as the positive control.

Naive PBMC ]
PBMC + 20/30 kDa mPEG or PEOZ
Early Apoptosis
AIIorecognition 0-72 hours (Caspase Activation)
MLR 1 donor popl + 20 kDa mPEG Late Apoptosis/Necrosis
_________________________ (7AAD and/or Sytox)

MLR both donor popl + 20 kDa mPEG

Figure 2.5 Experimental design for apoptosis study. Caspase 3/7 activation (early apoptosis) as well
as 7AAD or Sytox incorporation (late apoptosis) were used to assess apoptotic events in polymer
modified PBMC (0-4 mM) and during allogeneic (MLR) challenge over 72 hours.

2.17 IL2 Stimulation

IL2 is an important cytokine for lymphocyte activation, proliferation, and survival. To
investigate whether reduced viability was a consequence of decreased IL2 stimulation in mPEG
modified PBMC, the production and consumption of exogenous IL2 was examined in control
and mPEG modified PBMC using Biosource IL2 EASIA kit (Life Technologies, Carlsbad, CA,
USA). In addition, parallel samples of unmodified and PEGylated PBMC were used to assess
the effect of exogenous IL2 on cell proliferation (CFSE assay) as well as apoptosis (caspase 3/7
activation) (Figure 2.6). PBMC were isolated and modified with mPEG (20 kDa; 0-2 mM) as
previously described, and plated in 48-well tissue culture plates (Becton Dickinson, Franklin
Lakes, NJ, USA) to a final concentration of 2 x 10° cells/ml in AIM V Medium. Exogenous IL2
(R&D Systems, Minneapolis, MN, USA) was added at 25 and 250 U/ml. Cell culture

supernatants and cells were harvested at 24 and 48 hours for EASIA and caspase activation
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and on day 6 for proliferation. Prior to EASIA, cell culture medium was diluted to reach
appropriate concentration within the reference curve (0-30 U/ml) and EASIA was performed
according to manufacturer’s protocol. Caspase and CFSE proliferation assays were performed

as previously described.

Extract PBMC using Histopaque

o
—» Plasma Stain Subset
—» PBMC of PBMC Samples
—» Histopaque with CFSE for
Proliferation Assay
e » Modifiy PBMC
(mPEG 20 kDa 0-2 mM)
IL2 Production/ gjrveﬂ gills l
i an rs
Consumption '\: — —
Cell Apoptosi 3335000000
ell Apoptosis Harvest Cells Day 6 | 3539 o
(CFSE+) 0000000000
Cell Proliferation < 0000000000

Add Exogenous IL2

Figure 2.6 Experimental design for IL2 study. To investigate whether reduced PBMC viability was a
consequence of decreased IL2 stimulation in mMPEG-modified PBMC, the effect of exogenous IL2 on cell
consumption/production, cell proliferation (CFSE assay) and apoptosis (Caspase 3/7 activation) was
assessed. PBMC were isolated and modified with mPEG (20 kDa; 0-2 mM), and plated in 48-well tissue
culture plates at a final concentration of 2 x 10° cells/ml. Exogenous IL2 was added at 25 and 250 U/ml.
Cell culture supernatants and cells were harvested at 24 and 48 hours for EASIA and caspase activation
and on day 6 for proliferation.

2.18 Statistical Analysis

All results were expressed as means + standard error mean (SEM). A minimum of 3
independent replicates was completed for all studies in duplicate. In some instances
representative images were presented (i.e., microscopy). Data analysis was conducted using
SPSS v.16.0 statistical software (Statistical Products and Services Solutions, Chicago, IL, USA).
For significance, a minimum p-value of < 0.05 was used. For comparison of two mean values,
an independent variable t-test was performed. For comparison of three or more means, a one-
way analysis of variance (ANOVA) was performed followed by Post hoc analysis using the

Tukey test.
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3 CHAPTER 3: Comparative Efficacy of Methoxypoly(ethylene glycol)
(mPEG) and Polyethyloxazoline (PEOZ) for Red Blood Cell and

Leukocyte Modification

3.1 Overview

PEGylation of intact, biologically viable cells has demonstrated potential utility in
transfusion and transplantation medicine, where prevention of immune responses to allogeneic
tissues is critical [135,137,190]. However, despite the experimental and clinical success of
PEGylation, some concerns exist as to the immunological recognition of PEG and the potential
peroxidation of the PEG polymer itself, leading to unwanted biological consequences. A search
for alternative polymers with improved pharmacological and biological properties relative to PEG
may be beneficial for the development of new generations of immunocamouflaged proteins and
cells.

A novel polymer class, polyoxazoline (POZ) may be suitable as an alternative polymer
for the induction of immunocamouflage. Polyoxazolines exhibit lower viscosity, increased
stability and lowered degradation potential compared to current mPEG polymers [150].
However, limited information exists as to the efficacy of polyoxazolines for the
immunocamouflage of allogeneic cells [157]. Therefore, we examined the comparative efficacy
of covalently grafted polyethyloxazoline (PEOZ) and mPEG on the direct and indirect
immunocamouflage of human blood cells (RBC and leukocytes). PEOZ and mPEG were
assessed, using various polymer lengths and grafting densities, for their effects on RBC
structure and viability, immunocamouflage of blood group antigens (RhD and Kell), and the
prevention of phagocytic recognition. Moreover, the differential efficacy of PEOZ and mPEG

grafting to leukocytes was evaluated by their effects to cell viability, immunocamouflage of
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cluster of differentiation (CD) markers, and the prevention of HLA-mediated allorecognition

using mixed lymphocyte reactions (MLR).
3.2 Efficiency of Polymer Grafting

The differential grafting efficacy of mMPEG and PEOZ was assessed via two-phase
partitioning. As shown in Figure 3.1A, the transition of RBC to the upper PEG phase is a
function of grafting concentration and polymer size. Quantitative analysis (Figure 3.1B)
demonstrated that RBC modified with shorter polymers (2 and 5 kDa) were significantly less
abundant in the upper phase compared to RBC modified with longer polymers (20 and 30 kDa)
at matched grafting concentrations (= 0.5 mM; p<0.05) (Figure 3.1B; Figure 3.1B insert).
Comparing the longer 20 and 30 kDa lengths, there was a slight decrease in RBC migration to
the upper phase using 20 kDa polymers vs 30 kDa polymers at low grafting concentrations (<
0.8 mM). However, as grafting concentration increased (= 1.0 mM) no significant difference in
recovery was observed between the 20 and 30 kDa polymers with mPEG- or PEOZ-RBC
(p>0.05). The size dependent migration to the upper phase was likely a consequence of the
smaller number of ethoxy units per chain in the smaller polymers, resulting in decreased
alteration of cell surface properties compared to the larger polymer chains at low grafting
concentrations.

Comparing the degree of cell modification between mPEG and PEOZ, the percent
hemoglobin recovered from the PEG layer indicated that both polymers had similar partitioning
profiles. However, at low grafting concentrations (< 1.0 mM) mPEG-RBC demonstrated
improved partitioning compared to RBC modified with corresponding PEOZ polymers (20 and
30 kDa; Figure 3.1B denoted by Aa and Aa’, respectively). For example, at 0.5 mM mPEG-RBC
showed 36% and 77% recovery, while PEOZ-RBC showed 11% and 25% recovery (20 and
30kDa respectively). In contrast, at 1.0 mM there was little difference between polymer species

or polymer size. Interestingly, at the 2.0 mM grafting concentration, PEOZ-RBC showed slightly
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improved recovery relative to mPEG-RBC (72% to 59%, 20 kDa; 71% to 56%, 30 kDa; Figure

3.1B Ab) suggesting that mPEG could have some adverse effects on the RBC, although there

were no significant differences between polymer species at matched polymer lengths (p>0.05).
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Figure 3.1 Grafting of PEOZ
and mPEG yielded similar
partitioning in a two-phase
PEG-Dextran system.
Polymer modified RBC
migrate to the upper PEG
layer whereas unmodified or
poorly modified RBC
preferentially partition to the
lower Dextran layer or
interface region. (A)
Representative photos of
phase separation of the 20
and 30 kDa PEOZ- and
mPEG-RBC (0-2 mM). The
migration of RBC to upper
phase increased in a dose
dependent manner. Both
PEOZ- and mPEG-RBC
showed comparable PEG
phase separation. Photos
were taken 20 minutes post
mixing. (B) Phase separation
is a function of polymer
grafting concentration, size
and species. Quantification of
phase separation was done
via hemoglobin concentration
in the PEG layer. Results
indicated differences in phase
separation between large
polymers (mPEG and PEOZ;
20 and 30 kDa) and small
mPEG polymers (2 and 5 kDa)
[insert]. The Aa (20 kDa) and
Aa’ (30 kDa) denotes the
difference between the
maximum phase separation
for mMPEG- and PEOZ-RBC at
low grafting concentrations.
The Ab denotes the difference
between the 20 and the 30
kDa mPEG and PEOZ species
at the 2.0 mM grafting
concentration. Results (n=4)
are expressed as mean +
SEM. Modified from Kyluik-
Price 2014 [148].
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3.3 Cell Morphology and Viability: Effect of Polymer Species, Grafting

Concentration and Size

3.31 Red Blood Cell Morphology

RBC morphology is a sensitive indicator of RBC viability. To assess the effects of mPEG
and PEOZ grafting on RBC viability in vitro, photomicrographs of control, mPEG and PEOZ-
modified RBC were taken immediately post modification (Figure 3.2). RBC modified with the 20
kDa mPEG (Figure 3.2C) or PEOZ (Figure 3.2E) at < 2.0 mM were similar in morphology to the
sham treated, unmodified control cells (Figure 3.2A). Indeed, in support of this finding, previous
studies of murine RBC modified at the 2.0 mM grafting concentration with 20 kDa mPEG
showed normal in vivo survival [135]. In contrast, the 30 kDa mPEG-RBC modified at = 2.0 mM
showed significant morphological aberrations (Figure 3.2D) while the 30 kDa PEOZ-RBC
showed slightly less morphological abnormalities (Figure 3.2F). Consistent with previous results
using mPEG [136], higher polymer concentrations (4.0 mM grafting concentration shown) of
both the 20 and 30 kDa mPEG or PEOZ gave rise to significant RBC morphological
abnormalities compared to the control. However, at the 4.0 mM grafting concentration, less
morphological defects were observed in PEOZ-modified RBC compared to the matched mPEG-
RBC (Figure 3.2). Polymer length did have a clear effect on RBC morphology as demonstrated
by the reduced morphological changes noted for RBC modified with the 5 kDa chains, even at

high grafting concentrations (Figure 3.2B).
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Control RBC
(Sham Treated)

20 KDa 5 KDa

30 KDa

mPEG

3.3.2

Osmotic Fragility and Hemolysis

Figure 3.2 PEOZ
grafting to RBC yielded
improved morphology
relative to mPEG at
high grafting
concentrations
immediately post
modification.
Unmodified control RBC
(A) are shown relative to
RBC modified with
increasing concentrations
of 5, 20 or 30 kDa mPEG
(B, C and D; respectively)
or 20 or 30 kDa PEOZ (E
and F; respectively). At
higher concentrations
(4.0 mM) morphological
aberrations were
observed in all modified
cells, relative to the
control cells, though this
was most pronounced
with the 30 kDa mPEG.
PEOZ demonstrated
improved morphological
characteristics compared
to the corresponding
molecular weight mPEG
at grafting concentrations
= 2.0 mM. Polymers were
grafted to RBC as
previously described and
fixed in 4% methanol free
formaldehyde.
Representative RBC
images (n=4) were taken
at 1000x magnification.
Size bar = 10 ym. From
Kyluik-Price 2014 [148].

The differential effects of mMPEG and PEOZ grafting on RBC structure and viability was

assessed by osmotic fragility and spontaneous lysis studies. Altered osmotic fragility profiles

(left or right shift) and increased spontaneous lysis are indicative of decreased RBC viability. As
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shown in Figure 3.3, there were no significant differences between mPEG- and PEOZ-RBC at
equivalent polymer lengths, immediately post modification and after 24, 48 and 68 hours
(p>0.05). Compared to the unmodified RBC, both polymers showed elevated spontaneous lysis
immediately after modification (Table 3.1), which increased at later points (24, 48 and 68 hours)
(0.9% saline; dotted box in Figure 3.3). This suggests that both mPEG and PEOZ (20 and 30
kDa) may exert similar pro-lytic effects for a subset of cells under these metabolically harsh in
vitro incubation conditions. Lysis was also a function of grafting concentration as shown by the
rise in spontaneous lysis at higher grafting concentrations (0.5 vs 2.0 mM). However, the
inflection point for rapid lysis (~0.4% saline at 0 hours) was similar for all of the polymer grafted-
RBC and was comparable to unmodified RBC. Importantly, previous studies show that murine
mPEG-RBC modified under identical conditions (i.e., 2.0 mM mPEG) exhibit normal in vivo

survival (~50 days) when compared to unmodified murine RBC [136,195].

Table 3.1 Spontaneous Lysis (=0) During Osmotic Fragility

Condition Percent Lysis
Sham Treated 0.98 £ 0.44
Grafting Conc. | mPEG-20 kDa | PEOZ-20 kDa | mPEG-30 kDa | PEOZ-30 kDa
0.5 mM 2.35+0.18 4.71+0.19 4,19 £ 0.31 5.14+0.13
2.0 mM 5.73+0.20 8.86 + 0.86 16.06 £ 1.26 10.33£0.24
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Figure 3.3 PEOZ- and
mPEG-RBC showed similar
osmotic fragility profiles
compared to control RBC
over a 68-hour incubation.
However, at 0.9% saline,
both mPEG-RBC and PEOZ-
RBC (0.5 and 2.0 mM
grafting concentration)
exhibited elevated RBC
spontaneous lysis (dashed
box) relative to unmodified
RBC. Percent lysis was
determined by Drabkin's
assay. Results (n=3) are
expressed as mean + SEM.
Modified from Kyluik-Price
2014 [148].
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3.3.3  Leukocyte Viability

The effects of polymer species on PBMC viability was measured by flow cytometry using
7AAD incorporation. Shown in Figure 3.4A, are the percentages of viable cells at various
grafting concentrations using the 20 or 30 kDa polymers. PBMC modified with either mPEG or
PEOZ demonstrated > 90% viability, even at high grafting concentrations (4.0 mM), with no
significant differences from controls (p>0.05). Photomicrographs (Figure 3.4B) indicate no
significant morphological changes observed in mPEG or PEOZ grafted PBMC with either

polymer size when compared to unmodified control cells.
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Figure 3.4 PEOZ and mPEG-modification yielded viable and morphologically normal PBMC over a
grafting concentration of 0-4 mM. (A) Cell viability was determined by 7AAD exclusion. Cell viability
was > 90% of control cells for all polymers and molecular weights assessed. Shown are the mean + SEM.
(B) Representative photomicrographs (n=4) are shown of control and polymer grafted PBMC fixed in 4%
methanol free formaldehyde immediately post grafting. From Kyluik-Price 2014 [148].

3.4 Induction of Inmunocamouflage: Effect of Grafting Concentration, Polymer

Species and Size

3.41 Camouflage of RhD and Kell Antigens

The goal of immunocamouflaging RBC in transfusion medicine is to prevent immune
recognition of mismatched non-ABO blood group antigens on donor RBC. Therefore, the
differential efficacy of MPEG- and PEOZ-grafting on the immunocamouflage of RhD" and Kell-k*

RBC was assessed using commercial antibodies. These antigens were chosen in part for their
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topographic features (RhD is close to the membrane while the Kell protein extends well above
the RBC surface) and for their known immunogenicity in clinical transfusion medicine (Table
1.1). As shown in Figure 3.5, the immunocamouflage of RhND'RBC and k'RBC was dose, size
and polymer species specific as shown by both percent positive cells (PPC; as shown a +/-
measure of bound antibody) and mean cell fluorescence (MCF; relative amount of bound
antibody). All polymers induced significant immunocamouflage of RhD and k as measured by
PPC (p<0.05 at 4.0 mM) and MCF (p<0.05 at = 2.0 mM). For both RhD and k, mPEG provided
significantly better immunocamouflage (PPC) than PEOZ at grafting concentrations > 1.0 mM
with matched molecular weights (p<0.05). The superior immunocamouflage of both RhD and k
by mPEG relative to PEOZ may be due to the improved charge camouflage of the protein
surface arising from the heavily hydrated mPEG. Surprisingly, at high grafting concentrations
(i.e., 2 2.0 mM) of mMPEG and PEOZ, the 20 kDa polymers demonstrated superior
immunocamouflage, relative to the 30 kDa polymer, of RhD* and k™ RBC despite similar grafting
efficiency (Figure 3.1). This may reflect the tendency of initially bound large polymers to ‘self-

exclude’ additional polymer binding, resulting in reduced polymer density.
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Figure 3.5 Both PEOZ and mPEG modified RBC exhibited a dose dependent decrease in percent
positive cells (PPC) and mean cell fluorescence (MCF) of RhD and Kell (k) blood group antigens.
mPEG demonstrated a significant decrease, relative to PEOZ, in PPC at high grafting concentrations (=
2.0 mM) with matched polymer lengths (p<0.05). However, both mPEG and PEOZ showed significant
decreases in the amount of antibody bound (MCF) compared to the control, which may be a more
biologically relevant measure of immunocamouflage. Results are expressed as the percent of unmodified
cells (mean £ SEM) incubated with antibodies and set to equal 100%. Shown graphically is the
interpretation of PPC and MCF; PPC is a measure of antibody positive versus antibody negative RBC,
while the MCF value accounts for the mean amount of bound antibody for the total cell population. From
Kyluik-Price 2014 [148].

3.4.2 Prevention of Phagocytic Recognition Using the Monocyte Monolayer Assay
(MMA)
While flow cytometric analysis of blood group antigens provides valuable quantitative
evidence for the efficiency of immunocamouflage, it was also necessary to assess the efficacy
of mMPEG and PEOZ grafting to RBC at a biological level. To accomplish this, the monocyte

monolayer assay (MMA) was used. Previous studies have shown that a low monocyte
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engulfment index (Ml < 5-6) is clinically correlated with good in vivo circulation and a low risk of
an acute transfusion reaction [203,204]. As shown in Figure 3.6, anti-RhD opsonization of RhD*
mPEG- and PEOZ-RBC demonstrated significantly different immunoprotective effects at
comparable grafting concentrations (MPEG 20 or 30 kDa vs PEOZ 20 or 30 kDa; p<0.01). While
mPEG-grafting with either the 20 or 30 kDa chains yielded RhD*-RBC that could be deemed
potentially safe (if other blood was not available) for transfusion into an alloimmunized RhD"
patient, PEOZ provided only a partial reduction in immunorecognition. Moreover, unlike mPEG,
PEOZ demonstrated a size dependent effect with the 30 kDa polymer providing better, though
again incomplete, protection from phagocytosis. The MMA findings agreed with the flow
cytometric analysis of the efficacy of mMPEG and PEOZ immunocamouflage of RhD; though
neither polymer fully obscured RhD as measured by flow cytometry. The comparison of the flow
cytometric and MMA data results clearly indicate the need to assess the biological efficacy of
modified cells and not to solely rely upon more quantitative measures of immunocamouflage. In
addition, this data suggests that the aggregate effects of immunocamouflage is not limited to
camouflaging a specific antigen, but rather confers a more global immunocamouflage, thus

preventing phagocytic recognition.
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3.43 Camouflage of CD Antigens

The immunocamouflage efficiency of MPEG and PEOZ was also explored for surface
camouflage of leukocyte CD markers. The differential efficacy of mMPEG and PEOZ grafted to
leukocytes was assessed via flow cytometric detection of CD3, CD4 and CD28 — all of which
are critical for allogeneic recognition. As with RBC blood group antigens (Figure 3.5) both
mPEG and PEOZ resulted in significant immunocamouflage of the selected CD markers
(Figure 3.7) as measured by both PPC and MCF. The efficacy of immunocamouflage was
grafting concentration dependent and both the 20 and 30 kDa mPEG and PEOZ were highly
effective in obscuring the CD markers at higher (e.g., = 2.0 mM; p<0.02) grafting concentrations.
This is shown at the 2.0 mM grafting concentration, where the PPC for CD3, CD4 and CD28
was reduced by 89 + 1.3%, 98.4 + 0.2%, and 94.2 + 2.4% with 20kDa mPEG and 86.5 + 1.4%,
97.0 £ 0.8% and 94.6 + 1.6% with 20 kDa PEOZ. Overall, neither mPEG nor PEOZ
demonstrated any reproducible superiority for the immunocamouflage of CD markers (0.2-4.0
mM; p>0.05). Comparable results were found when MCF was used as the measure of
immunocamouflage (Figure 3.7). The MCF data showed that both mPEG and PEOZ could
decrease antibody recognition of all three CD markers at very low grafting concentrations. While
the PPC data demonstrated that at grafting concentrations < 2.0 mM, a significant percentage of
cells were detected as CD positive, the amount of antibody bound (i.e., the MCF) was very low

and would likely result in impaired allorecognition due to weak signaling.
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Figure 3.7 Both mPEG and PEOZ grafting resulted in significant imnmunocamouflage of leukocyte
CD markers. The degree of CD immunocamouflage occurred in a dose-dependent manner that was
similar using either mPEG or PEOZ. Shown are the effects of grafting concentration and polymer size on
the percent positive cells (PPC) and mean cell fluorescence (MCF) of control and modified cells. Results
(n=3) are expressed as the percent of unmodified cells (mean £ SEM) incubated with antibodies and set
to equal 100%. Shown graphically is the interpretation of PPC and MCF; PPC is a measure of antibody
positive versus antibody negative RBC while the MCF value accounts for the mean amount of bound
antibody for the total cell population. Modified from Kyluik-Price 2014 [148].
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3.44 Prevention of Leukocyte Proliferation During Mixed Lymphocyte Reaction (MLR)
The ability of both mPEG and PEOZ to prevent allorecognition was demonstrated in
MLR studies. Efficient allorecognition requires substantive adhesion, recognition and
costimulatory interactions between the disparate donor cells that can be readily disrupted by the
bound polymers, thereby preventing allorecognition and cell proliferation. As shown in Figure
3.8, a dose-dependent decrease in proliferation (p<0.05 at = 0.5 mM) was observed with both
mPEG- and PEOZ-modified PBMC on day 14, as measured by a CFSE-dye dilution assay. No
polymer size or species dependency was observed, suggesting that the global camouflage of
multiple components of the adhesion, recognition and costimulation pathways was sufficient to
impair successful allorecognition and proliferation. Moreover, as shown in Figure 3.8B, this
finding was supported by the absence of proliferative foci in micrographs of mPEG-MLR and
PEOZ-MLR, compared to foci present in the control MLR (black arrowheads). Indeed, modified-

MLR closely resembled the resting naive PBMC.
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Figure 3.8 Polymer modification of lymphocytes resulted in a dose dependent decrease in
allorecognition and proliferation. (A) As shown, on day 14 PEOZ- and mPEG-grafted PBMC resulted in
similar inhibition of allorecognition as shown by the loss of cell proliferation. (B) Photomicrographs taken
on day 14 showed foci of proliferating cells (arrow) in the control MLR, while both PEOZ- and mPEG-
modification of one donor population inhibited proliferation and were morphologically similar to resting
PBMC. The degree of CD3"CD4" lymphocyte proliferation was measured by a decrease in CFSE (dye-
dilution assay). Proliferation is expressed as the percent proliferation of control MLR (n=4; mean + SEM),
set to equal 100%. Modified from Kyluik-Price 2014 [148].
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3.5 Conclusion

Polyoxazolines (e.g., PEOZ) are capable of mediating significant immunocamouflage of
both human RBC and PBMC in a manner similar to grafted mPEG. Activated PEOZ and mPEG
both demonstrated similar grafting efficacy and both polymers attenuated antibody recognition
of blood group antigens and CD markers. Interestingly, mPEG and PEOZ exhibited some
differential effects based on the type of cell being modified. While both polymers exhibited very
similar immunocamouflage of human PBMC at both the antigenic (CD marker; Figures 3.7) and
biological efficacy (MLR; Figure 3.8) level, RBC grafting exhibited some polymer-dependent
effects. For example, phagocytic recognition (MMA) studies demonstrated that mPEG was
vastly superior to PEOZ in preventing immune recognition and phagocytosis of anti-RhD
opsonized RhD'RBC (Figure 3.6). While overall, mPEG appears to be superior to PEOZ in the
immunocamouflage of cells, PEOZ may still be a valuable addition to the repertoire of
immunomodulatory polymers used for the immunocamouflage of allogeneic cells in transfusion
and transplantation medicine. Moreover, for the small subset of patients that may produce anti-

PEG antibodies, PEOZ-modified cells (or proteins) could prove to be a highly useful alternative.
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4 CHAPTER 4: The Effect of Methoxypoly(ethylene glycol) Grafting

During Allogeneic Challenge

4.1 Overview

Our polymer comparison studies demonstrated the immunocamouflage potential of
PEOZ. However, the RBC data indicated that PEOZ was significantly less effective than mPEG
in preventing allorecognition. Therefore, the remainder of the thesis utilized the overall more
efficacious mPEG polymers in order to fully explore the effects of surface immunocamouflage
on downstream cellular events during allorecognition.

Tissue rejection occurs subsequent to the recognition of foreign antigens, via contact
between APC and T cells. Initial cell contacts are achieved by various receptor and ligand
interactions between these cells, resulting in initialization of signaling cascades and T cell
proliferation. While previous PEGylation studies involved monitoring late events in T cell
activation, such as decreased proliferation, little information has been provided concerning the
early cellular events governing this response. Therefore, the effect of PEGylation was assessed
by examining initial cell-cell interactions (camouflage of surface proteins, lymphocyte-APC
conjugation events), changes to activation pathways (NFkB), and apoptosis to understand the
role that each may play in the decreased proliferative response observed in modified cells
during the course of an MLR. mPEG-modified PBMC resulted in significant immunocamouflage
of lymphocyte surface proteins and decreased interactions with APC. Furthermore, mPEG-MLR
exhibited decreased NFkB pathway activation, while exhibiting no significant differences in
degree of cell death compared to the control MLR. Thus, the exclusion of immune cells and
components by modified cells is an important factor leading to the decreased cell proliferation

observed subsequent to allogeneic challenge.
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4.2 Immunocamouflage of Surface Markers

To assess polymer mediated cell surface camouflage, we examined the effects of
PEGylation on surface proteins involved in cellular adhesion (CD11a and CD62L), TCR
signaling (CD3, CD4 and CD28) and receptors involved in activation and proliferation (CD25
and CD71). These proteins were assessed for immunocamouflage efficacy, in part, because of
their importance during allorecognition, as drugs preventing their individual functions resulted in
delayed rejection [206-208] and prolonged allograft survival [73,209-212]. The efficacy of
polymer camouflage was examined by measuring the inhibition of antigen-antibody binding
using fluorescently labeled antibodies. The amount of antibody bound was measured by flow
cytometry and assessed as both percent positive cells (PPC) and mean cell fluorescence
(MCF). Percent positive cells is a measure of the total percentage of cells in which any antibody
is bound, whereas mean cell fluorescence is the average amount of antibody bound and was
measured as MCF of the total population. PBMC were PEGylated with 5, 20 and 30 kDa SVA-
mPEG at 0-4 mM grafting concentrations and the results were normalized to the value of the

unmodified cells, set to equal 100%.

4.21 Adhesion Receptors CD11a and CD62L

mPEG modified PBMC demonstrated significant reduction in PPC for both CD11a and
CD62L (p<0.01; 4.0 mM) for all polymer lengths, compared to the control (Figure 4.1).
However, the longer polymers (20 and 30 kDa) resulted in significantly improved camouflage
efficiency compared to the shorter (5 kDa) polymers at moderate grafting concentrations (2.0
mM). For example, detection of CD11a at 2.0 mM with the 5 kDa polymer resulted in a PPC of
57.2 + 11.3%, while the 20 kDa and 30 kDa polymers reduced PPC to 30.7 + 6.8% and 35.1 +
8.4%, respectively. Similarly, the detection of CD62L at 2.0 mM grafting concentrations was
82.6 + 4.5% using the 5 kDa, 31.2 £ 6.3% using the 20 kDa and 24.8 + 6.6% using the 30 kDa

polymer. The size dependent nature of immunocamouflage may be due to the topography of the
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proteins as well as the Flory radius that governs the surface area of polymer exclusion. Both
CD11a and CD62L have large extracellular domains with multiple lysine residues capable of
polymer attachment. Therefore, the larger polymers may provide extended surface area
coverage (Rr20 kDa= 13.8 nm) compared to the smaller polymers (Rr 5 kDa= 6.0 nm). At high
grafting concentrations (4.0 mM) there was no significant difference between polymer sizes
(p>0.05), likely due to attachment of multiple small polymers near the antibody-binding site.
Mean cell fluorescence is a measure of the average amount of antibody bound and
resulted in a steady decline of MCF intensity of the total cell population at lower concentrations
relative to percent positive cells, which declined more abruptly at higher grafting concentrations.
Compared to the control cells, the MCF values of CD11a and CD62L on modified cells showed
a significant decrease in the amount of antibody bound that was apparent at low grafting
concentrations for all polymer sizes assessed (p<0.05 at = 1.0 mM) (Figure 4.1). The very large
decrease in MCF seen at low grafting concentrations is influenced in part by the abundance of
protein expression. Both CD11a and CD62L are highly expressed on human lymphocytes,
exhibiting 4 x 10* integrin sites per cell [213]. Therefore, even low concentrations of bound

polymer would likely result in attachment to or near these proteins.
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Figure 4.1
Immunocamouflage of
lymphocyte adhesion
receptors CD11a and CD62L.
Covalent modification of
PBMC with mPEG resulted in
a dose and size dependent
decrease in percent positive
cells (PPC) and mean cell
fluorescence (MCF). Results
are expressed as mean £+ SEM
(n=3). Values are expressed
as percent of unmodified cells
incubated with antibody and
set to equal 100%.

TCR Complex (CD3), Coreceptor (CD4) and Costimulatory Receptor (CD28)

The modification of PBMC with mPEG resulted in a polymer size and grafting

concentration dependent decrease in the detection of CD3, CD4 and CD28 as measured by

PPC (Figure 4.2; 20 and 30 kDa mPEG done previously for polymer comparison Figure 3.7,

results shown for polymer size comparison). All polymers resulted in significantly decreased

PPC compared to the control (p<0.05; = 2.0 mM). The longer polymers (20 and 30 kDa) showed

improved surface camouflage compared to the shorter 5 kDa chain at moderate grafting

concentrations. For example CD3, CD4 and CD28 at 2.0 mM grafting concentrations resulted in

the detection of 61.7 £ 7.0%, 50.5 £ 11.9% and 34.1 £ 6.5% using the 5 kDa polymer while the

20 kDa polymer resulted in detection of 11.0 + 1.3%, 1.6 £ 0.2% and 5.84 + 2.4% (p<0.02; 5 vs

20 kDa), respectively. While the difference in camouflage efficacy by polymer size can be

explained in part by the height of the CD4 and CD28 receptors (7 and 13 nm from the

membrane respectively) [214,215], CD3 is a relatively short protein (3 nm) [216]. Due to the

short topography of CD3, it was expected that polymer length would not influence the degree of
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immunocamouflage. However, the increased immunocamouflage efficacy observed for CD3 by
the long polymers, may be due to CD3 close association with the TCR (approximately 7 nm in
height) leading to the indirect camouflage of CD3 via the taller TCR. This would result in
polymer size dependency as suggested previously [156]. In addition, for the camouflage of CD3,
the 20 kDa polymer provided improved immunoprotection at higher grafting concentrations
compared to the 30 kDa polymer. This could be a result of self-exclusion of the larger polymers
binding to the TCR complex.

mPEG-modified cells also demonstrated a significant dose dependent decrease in the
MCF for CD3, CD4 and CD28 (Figure 4.2). However, the decreased MCF was initially more
significant for CD3 and CD4 than for CD28. For example at 0.5 mM, the MCF was reduced to
between 35-40% and 6-19% for CD3 and CD4 respectively (p<0.05), while CD28 was
decreased to only 67-88% (p>0.05), compared to the controls. As previously discussed, protein
expression may influence the MCF at low grafting concentrations. For example, CD3 and CD4
are highly expressed on the cell, approximately 3 x 10° and 1.5 x 10°[58,217], respectively,
compared to CD28 with approximately 1.5 x 10° on naive T cells [211]. As shown, all polymer-
modified cells displayed significantly low MCF at grafting concentrations of 2 1.0 mM (p<0.05),

compared to the controls.
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Figure 4.2 Immunocamouflage of lymphocyte TCR (CD3), coreceptor (CD4) and costimulatory
receptor (CD28). Covalent modification of PBMC with mPEG resulted in a dose dependent decrease in
percent positive cells (PPC) and mean cell fluorescence (MCF). The longer polymers (20 and 30 kDa)
resulted in increased camouflage efficacy compared to the shorter (5 kDa) polymers. Results are
expressed as mean + SEM (n=3). Values are expressed as percent of unmodified cells incubated with
antibody and set to equal 100%.

4.2.3 Activation Receptors CD25 and CD71

Similar to previous surface targets, polymer modification of PBMC also significantly
reduced the detection of CD25 (high affinity IL2 receptor) and CD71 (transferrin receptor) in a
dose and size dependent manner (Figure 4.3). Smaller polymers resulted in decreased
camouflage efficacy compared to the larger polymer chains. At high grafting concentrations (4.0
mM) for most surface proteins assessed (CD4, CD11, CD25, CD28, CD62L), there were no
significant differences between the polymer sizes (p>0.05), likely due to attachment of multiple
small polymers on or near the antibody-binding site. However, the polymer size difference
remained pronounced for CD71, even at high grafting concentrations (4.0 mM; p<0.03). For
example at 4.0 mM, detection of CD71 positive cells was decreased to 55.5 £ 7.6%, 14.7 £

3.5% and 19.5 £ 4.1% using the 5, 20 and 30 kDa polymer chains, respectively. The polymer
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size dependency observed at high grafting concentrations may be influenced by the location of

CD71. CD71, unlike many other proteins, are generally excluded from lipid rafts containing

protein micro-domains and instead occurs as randomly organized single entities on the

membrane [218-220]. Since CD71 has a fairly large extracellular domain, the results suggest

that the smaller Flory radius of the 5 kDa may be hindered by its lower exclusion radius and lack

of indirect camouflage provided by neighboring proteins, resulting in relatively higher detection

of positive cells compared to the longer polymer chains.
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Figure 4.3 Immunocamouflage
of lymphocyte CD25 and
CD71. Similar to previous
targets, the covalent
modification of PBMC with
mPEG resulted in a dose and
size dependent decrease in
percent positive cells (PPC) and
mean cell fluorescence (MCF).
The longer polymers (20 and 30
kDa) showed improved efficacy
compared to the shorter (5 kDa)
polymers. Results are
expressed as mean + SEM
(n=3). Values are expressed as
percent of unmodified cells
incubated with antibody and set
to equal 100%.

Similar to previous surface markers, MCF resulted in a significant dose dependent

decrease in the relative amount of antibody bound to CD25 and CD71 (Figure 4.3). For

example, by 2.0 mM all polymer lengths resulted in significant reduction in MCF values for both

CD71 and CD25, compared to the controls (p<0.05). However, in contrast to CD25, the MCF of

CD71 did not decrease as abruptly. Although only a small number of cells in PBMC

preparations express CD25 and CD71, the number of sites per cell on the CD25+ population is

generally high (i.e., Treg cells), compared to the very low expression of CD71 per cell.
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4.2.4 Surface Marker Inmunocamouflage Summary

Similar to RBC surface antigens in Chapter 3, the camouflage of leukocytes by polymer
modification resulted in significantly decreased antibody binding compared to the unmodified
control cells for all surface proteins assessed. For example, all polymer lengths resulted in
significant decrease of PPC compared to the control (p<0.05; = 4.0 mM). However, the longer
polymers (20 and 30 kDa) resulted in increased camouflage capability compared to the shorter
(5 kDa) polymers at moderate grafting concentrations. In addition, relative to the control cells,
the MCF values showed a significant decrease in amount of antibody bound (p<0.05; = 2.0
mM), and the decrease in MCF was apparent at lower grafting concentrations. The relationship
between percent positive and MCF is somewhat complicated for assessing the efficacy of
immunocamouflage. Cells that are deemed negative will have no significant MCF, while positive
cells may exhibit low to high MCF consequent to the amount of polymer bound to an individual
cell and therefore the amount of fluorescently labeled antibody that is capable of binding to
receptors. As seen in CD3 immunocamouflage, a slight increase in MCF at high grafting
concentrations (4.0 mM) reflects the presence of a very small subset of cells with low amounts
of grafted polymer. However, the slight increase in MCF was not significantly different from the
MCF at 2.0 mM for any polymer length examined (p>0.05). In contrast, a large percentage
(~80%) of cells were CD62L positive at 1 mM, but the MCF value was significantly decreased
(by ~90%), suggesting that cells were positive but were sufficiently camouflaged with polymer,
resulting in very little bound antibody per cell. Therefore, it is crucial that both the percent
positive and MCF values be properly evaluated in assessing the efficacy of immunocamouflage.
Indeed, MCF may be of greater biological significance, as the large decrease in MCF indicates
that cells modified with mPEG have surface proteins with very small amounts of antibody
bound, even though they were considered positive as measured by PPC. Together, these
studies suggest a very effective global immunocamouflage induced by mPEG grafting. The

slight differences in immunocamouflage efficacy of surface proteins assessed can be attributed
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to protein height, the number of lysine residues, membrane topography, protein abundance and

the location of the antibody-binding site relative to the polymer-binding site.

4.3 Polymer Mediated Inhibition of Cell-Cell Interactions During a Two-Way

Mixed Lymphocyte Reaction: Time-Lapse Microscopy

Immunocamouflage of cell surfaces was shown to significantly reduce antibody binding
to RBC (Figure 3.4) and PBMC (Figures 4.1-4.3). Thus, PEGylation resulted in exclusion of
small molecules such as antibodies that may lead to a reduction in immune responses to
alloantigens. However, initial cell contacts between naive lymphocytes and APCs are important
events that mediate the alloresponse to foreign cells and tissues. To assess the effects of
PEGylation on cell conjugation events between lymphocytes and APCs, time-lapse microscopy
was utilized. Human monocyte derived dendritic cells (moDC) were matured, activated, and co-
cultured with control or PEGylated allogeneic human PBMC to examine the effects of
PEGylation on the direct allorecognition of foreign antigens. Co-cultures were plated on
coverslips in a heated humidity chamber and micrographs were acquired every 20 seconds for
90 minutes. Representative micrographs from 0-90 minutes are shown in Figure 4.4. Within 30
minutes of acquisition in all replicates, unmodified (control) lymphocytes were observed forming
prolonged contacts with MoDC (indicated by arrows in Figure 4.4). In contrast, PEGylated
lymphocytes (20 kDa; 2.0 mM) failed to generate sustained interactions with moDC over the
time period assessed. While studies indicate that there may be a spectrum of behavior between
antigen bearing DC and naive T cells, which consist of both transient and prolonged contacts
(minutes to hours) [72,221,222], very few interactions were observed between PEGylated cells
and moDC. This suggests that PEGylation may prevent the direct recognition of foreign

alloantigens by decreasing the stability and duration of initial cell-cell interactions.
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Figure 4.4 PEGylation decreased prolonged interactions between allogeneic cells. Shown in (A) are representative micrographs
from 90 minute time-lapse (nh=3). Within 30 minutes of acquisition, unmodified lymphocytes were seen forming prolonged contacts
with moDC (indicated by arrows). In contrast, lymphocytes PEGylated with 20 kDa SVA-mPEG (2.0 mM) failed to generate

sustained interactions with moDC over the time period assessed. Size bar = 10 ym.



Both APCs and lymphocytes are motile cells capable of covering fairly large distances in
order to both present and detect foreign antigen via cell surface receptors. Studies show that 3-
dimensional T cell velocities can be as high as 10 um/minute [223], while dendritic cells have
been shown to display high motility both in vitro and in vivo, averaging approximately 6.6
pm/minute [222,224]. However, upon cell-cell contact and recognition of foreign antigens, cell
mobility decreases [72,225,226]. Therefore, to assess cell-cell interactions between PEGylated
cells and APC during allogeneic challenge, the distances travelled by moDC were tracked for 90
minutes. Since PBMC preparations contain a heterologous population of cells, including T and B
cells that are indistinguishable from each other microscopically, the velocities of moDC were
examined to assess the extent of cell conjugation as reflected by the loss of cell motility. The
superimposed trajectories of moDC movements in the control and PEGylated samples showed
that DC movements were inversely correlated with antigen encounter (Figure 4.5). Indeed, the
movements of moDC in control samples demonstrated an overall decrease in the 2-dimensional
area covered, compared to moDC co-cultured with PEGylated PBMC, further demonstrating the

loss of cell interactions between PEGylated lymphocytes and MoDC.
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Figure 4.5 The superimposed trajectories of moDC movements in the control and PEGylated
samples showed that DC movements were inversely correlated with antigen encounter. The
movements of moDC in control samples showed an overall decrease in the 2-dimensional area covered
compared to moDC co-cultured with PEGylated PBMC, demonstrating the loss of cell interactions
between PEGylated lymphocytes and MoDC.

4.4 Polymer Mediated Prevention of Conjugate Formation Between Cells: Effect

of Grafting Concentration and Polymer Size

To quantify cell interactions between control or PEGylated PBMC and MoDC, flow
cytometry was utilized. PBMC and MoDC were labeled with distinct fluorescent dyes and,
following a 20-minute co-incubation, the number of lymphocyte-moDC conjugates were
quantified using two-color flow cytometry. Shown in Figure 4.6 are the percentages of double
staining cells over various polymer-grafting concentrations (0-4 mM) using 2 and 20 kDa mPEG.
Results showed a significant dose dependent decrease in the number of cell conjugates, with
both the 2 and 20 kDa polymers displaying similar efficacy (p<0.03 at = 0.5 mM). For example,
at 2.0 mM polymer grafting concentration percent conjugation was reduced to 1.07 £ 0.1% (2
kDa) and 1.04 + 0.1% (20 kDa) compared to the control 2.36 + 0.2%. In fact, the number of
PEGylated PBMC and allogeneic moDC conjugates were not significantly different from the

syngeneic co-culture (1.05 + 0.1%) at all polymer lengths and concentrations assessed
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(p>0.05). Furthermore, at very low grafting concentrations, the small polymer (2 kDa) showed a
slightly greater decrease in conjugation events compared to the larger polymer chain (20 kDa),
while at high grafting concentrations (4.0 mM) the larger polymers displayed somewhat better
efficacy. Together, the results demonstrated that PEGylated cells led to decreased conjugate

formation with allogeneic cells, in support of time-lapse microscopy studies.
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4.5 Inhibition of Lymphocyte Proliferation by PEGylation

To assess the downstream effects of surface camouflage, which prevented the approach
of both cells and small molecules (antibodies), the proliferative response to allogeneic cells
(MLR) and mitogens (PHA) was examined (Figure 4.7). PEGylation of PBMC with 20 kDa
mPEG (0-2 mM) resulted in a significant dose dependent decrease in the proliferation of
CD3+/CD4+ lymphocytes. These results suggest that the camouflage of surface proteins can
prevent activation via receptor ligand binding of either stimulatory cells (APC) or small activating
mitogens (PHA). Furthermore, the decreased proliferation of PEGylated lymphocytes during an

MLR was related to the decrease observed in cell conjugate studies (Figure 4.6).
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4.6 Effect of Polymer Grafting on Leukocyte Activation

Consequent to surface immunocamouflage studies, inhibition of cell interactions, and
decreased proliferative response of modified PBMC during MLR, we investigated the
consequence of polymer attachment to intracellular signaling events involved in cell activation.
To assess the effects of polymer modification on cell activation pathways during allogeneic
recognition, real-time PCR was performed using the human NFkB signaling targets RT? Profiler
PCR arrays. mRNA targets of interest were further assessed for protein expression by western
blot. NFkB is an important transcription factor for the activation of cells during an alloresponse.
This includes the regulation and production of IL2 as well as other inflammatory molecules and
growth factors. The importance of this pathway has been demonstrated by the induction of T

cell hyporesponsiveness and prevention of GVHD in mice after NFKB blockade [227].

4.6.1 mRNA Expression of NFkB Pathway Target Genes During Mixed Lymphocyte
Reaction: Effect of Polymer Modified Leukocytes
To examine the intracellular effects of mMPEG-PBMC modification during MLRs, the
MRNA expression of genes transcribed during NFkB pathway activation were examined in
control and mPEG modified MLRs (20 kDa; 2.0 mM) as well as unmodified ‘resting’ PBMC at 2,

6 and 24 hours. Changes in fold regulation are shown as heat maps in Figure 4.8, which
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compared control MLR vs resting PBMC (Figure 4.8- a, d and g), mMPEG-MLR vs resting PBMC
(Figure 4.8- b, e and h) and mPEG-MLR vs control MLR (Figure 4.8- ¢, f and i) for each
timepoint assessed. Genes responsive to NFkB signal transduction include those involved in
inflammation, immune response, differentiation and apoptosis and the heat map is organized
according to these functional gene groupings. Results showed similar mRNA profiles at 2 hours
for resting PBMC, control MLR and mPEG-MLRs (Figure 4.8 a-c). However at 6 and 24 hours,
control MLR mRNA expression increased compared to resting PBMC (Figure 4.8 d and g)
indicating activation of cells as a result of allorecognition. In addition, mPEG-MLR profiles show
a considerable decrease in mMRNA expression of several NFkB targets compared to control
MLRs (Figure 4.8 f and i). Indeed, mMPEG-MLR profiles were more similar to resting PBMC
profiles (Figure 4.8 e and h). Together this suggests a considerable loss of activation in mPEG
modified MLRs compared to the control. However, the activation NFKB pathways were not
completely abrogated in mMPEG-MLRs, as mMRNA expression remained somewhat increased

compared to resting PBMC.
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Figure 4.8 mPEG-MLR demonstrated decreased expression of mRNA involved in NFkB signal

transduction. Mean changes in fold regulation (n=3) are shown as heat maps, comparing control MLR vs
resting PBMC (a,d and g), mMPEG-MLR vs resting PBMC (b,e and h) and mPEG-MLR vs control MLR (c,f
and i) for each timepoint (2, 6 and 24 hours). Genes (listed in left column) responsive to NFkB signal
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To illustrate the differences between control MLR and mPEG-modified MLRs, volcano
plots are shown for 6 and 24 hour timepoints in Figure 4.9. Volcano plots illustrate both fold-
change and significance (x- and y-axes, respectively) between control and mPEG-MLRs.
Although the results suggest that mMRNA expression of many inflammatory cytokines and
chemokines characteristically upregulated during MLRs were considerably decreased in mPEG-
MLRs at both 6 and 24 hours, only a small number of targets were statistically significant
(p<0.05; n=3). For example at 6 hours, IL2 and CSF3 produced by lymphocytes and
monocytes, respectively, were significantly downregulated in mPEG-MLR. While at 24 hours,
IL1R2, STAT1, IL2 and F3 mRNA were all significantly decreased in mPEG-MLR. Although fold-
expression of multiple mRNA targets were downregulated in mMPEG-MLR, the relatively low
statistical significance observed may be due to the increased variability in the alloresponse of
disparate donor PBMC populations during MLRs (ranging from 1-10% of cells). However,
biologically, the decreased mRNA expression of various inflammatory chemokines and
cytokines may be cumulative, creating a decreased inflammatory milieu during the MLR and

decreased cell proliferation.
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Figure 4.9 Inflammatory
cytokines and chemokines
characteristically
upregulated during MLRs
were considerably
decreased in mMPEG-MLRs
at both 6 and 24 hours.
Volcano plots illustrate both
fold change and significance
(x- and y-axes, respectively)
between control and mPEG-
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shows targets that displayed
both large magnitude fold
changes and statistical
significance. Dashed line
specifies where p=0.05.
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4.6.2 Protein Expression During Mixed Lymphocyte Reaction: Effect of Polymer-
Modified Leukocytes

Subsequent to mMRNA expression profiles, we determined the level of protein expression
of various mRNA targets that were significantly downregulated in mPEG-MLRs compared to
control MLRs. Since PBMC preparations contain a heterologous population of cells, proteins of
interest to further pursue were chosen based on the significance to naive lymphocyte activation
and inflammatory response subsequent to allorecognition (i.e., IL2, STAT1, IL1R2).

The protein expression of IL2 and STAT1, both of which promote inflammation and
proliferation, have been investigated previously showing that both IL2 and cytokines (INFy) that
promote and are the product of STAT1 activation, were significantly downregulated in mPEG-
MLR [190]. Therefore, we chose to pursue the differential expression of IL2 receptors (a and B)
in mMPEG-MLR compared to control. Increased expression of high affinity IL2Ra is indicative of
the response to IL2 production as well as an indicator of cell activation subsequent to the
stimulation of the auto- and paracrine action of IL2.

The western blots and analyzed band intensities on day 4 and 7 of IL2Ra and IL2R[ for
resting PBMC, control MLR and mPEG-MLR are shown in Figure 4.10 A and B. Results
indicate a significant increase in IL2Ra expression on day 7 in control MLR compared to mPEG-
MLR (Figure 4.10A) (p<0.05). Conversely, no significant differences were seen in the
expression of IL2Ra between mPEG-MLR and resting PBMC on either day 4 or 7. These results
corresponded with mRNA data that indicated an upregulation in IL2Ra in control MLR compared
to mMPEG-MLR and suggests an increased receptor expression response to IL2. As expected,
no significant differences were seen in the constitutively expressed IL2Rp between mPEG-MLR,

control MLR or the resting PBMC population on day 4 or 7 (p>0.05) (Figure 4.10B).
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Figure 4.10 (A) The expression of IL2Ra was significantly decreased (p<0.05) in mPEG-MLR
compared to the control-MLR on day 7. (B) Conversely, no significant differences were observed
between mPEG-MLR and control MLR for IL2RB. Shown are western blot results of triplicate experiments
(I-111) and the corresponding actin loading controls of resting PBMC (a,d), control-MLR (b,e) and 2.0 mM
mPEG-MLR (c,f) on day 4 and 7. Values analyzed by densitometry are expressed relative to unmodified
control day 4 and set to equal 1. Results are expressed as mean + SEM.

While mRNA profiles indicated that IL1R2 was not upregulated in control MLRs
compared to mPEG-MLR at 6 hours, IL1R2 was significantly upregulated at 24 hours (Figure
4.9). IL1R2 is an early response protein expressed by many cells including lymphocytes and
monocytes that acts as a decoy receptor. IL1R2 is upregulated in response to inflammatory
cytokines via NFkB transduction, to control the biological effects of IL1 during an inflammatory
immune response [228]. Thus, IL1R2 protein expression can be indicative of NFKB activation
and inflammatory responses.

To assess the expression of IL1R2 subsequent to mMRNA experiments, the protein
expression of decoy receptor IL1R2 was examined on day 4 and 7 of an MLR. Since IL1R2 is

expressed on both the cell membrane as well as in secreted form, control-MLR, mPEG-MLR,
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and resting PBMC were assessed for IL1R2 in both membrane and supernatant components.
The western blot results showed a small increase in the expression of IL1R2 on both the
membrane (day 4 and 7) (Figure 4.11A) as well as the secreted protein (day 7) (Figure 4.11B)
in control MLR compared to mPEG-modified MLR, however there was no statistical significance
noted between mMPEG-MLR and control MLR at either location or timepoints assessed,

suggesting a post-transcriptional inhibition of IL1R2.
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Figure 4.11 No significant differences were observed between mPEG-MLR and control-MLR for
membrane expressed IL1R2 (A) or secreted IL1R2 (B). Shown are western blot results of triplicate
experiments (I-111) and the corresponding actin loading controls of resting PBMC (a,d), control-MLR (b,e)
and 2.0 mM mPEG-MLR (c,f) on day 4 and 7. Values analyzed by densitometry are expressed relative to
unmodified control day 4 and set to equal 1. Results are expressed as mean £ SEM.

4.7 Influence of Polymer Grafting on Apoptosis

Previous studies have suggested a small decrease in cell viability of polymer modified
PBMC over time [229] and during an MLR [138] in vitro. Therefore, we sought to determine
whether apoptosis was increased in polymer-modified cells and whether the loss of viability

played a role in the decreased proliferative response seen in mPEG modified MLRs (Figure

95



4.7). Decreased viability of mPEG-modified cells may be due to subthreshold or weak cell
stimulation by allogeneic cells during an MLR or by loss of survival factor stimulation in modified
cells. Both early apoptotic events (caspase 3/7 activation) as well as late apoptotic/necrotic
(Sytox staining) were used to assess the cell viability of resting PBMC (0-72 hours), PBMC
during the course of an MLR (2-72 hours) as well as the ability of survival cytokine (IL2) to

rescue mPEG-modified cells from apoptosis.

471 Viability of Leukocytes During a Mixed Lymphocyte Reaction

To determine whether mPEG-modified cells resulted in decreased viability during
allogeneic challenge, control and mPEG-modified MLR (20 kDa; 0-2 mM) were assessed at 2,
6, 24, 48 and 72 hours for caspase 3/7 activation (early apoptosis) and degree of membrane
permeabilization characteristic of late apoptosis/necrosis (Sytox staining). The viability studies
can be separated into two components, cell viability during the early activation phase of an MLR
2-24 hours and the proliferation phase of an MLR 24-72 hours (Figure 4.12A). Cell death as a
result of weak activation events may be more pronounced during the early activation phase.
Results of both early and late apoptotic events during the early activation phase of an MLR (=
24 hours) showed a small increase in cell death in mMPEG-MLR compared to the control MLR
that was somewhat more pronounced with higher grafting concentrations (2.0 mM). While, this
slight increase was statistically significant at 2 hours (p<0.05), there was no significant
difference from control MLR at any subsequent timepoints assessed. Furthermore, there were
no substantial differences between early and late apoptotic markers, suggesting that the small
number of apoptotic cells all progress to the late apoptotic (i.e., secondary necrotic cell) stage.
Similarly, results corresponding to the proliferative phase of an MLR (48-72 hours)
demonstrated no increase in the degree of apoptosis in modified cells compared to control MLR,

and no significant differences between early and late apoptotic markers.
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Figure 4.12 The slight increase in cell death of mMPEG-modified cells during an MLR was not a
consequence of weak costimulatory events, but likely resulted from polymer modification itself.
(A) Cell death was slightly increased in mMPEG-MLR < 24 (activation phase), but not significantly different
from control MLR at > 2 hours (p>0.05). (B) Conversely, unstimulated resting mPEG-PBMC demonstrated
a small, but significant increase of both early and late apoptotic markers compared to the resting
unmodified control PBMC at = 2 hours. The differences in cell viability between mPEG modified resting
cells and mPEG-MLR may be due to the proportion of cells modified. PBMC in the modified resting
samples were all modified, whereas in the MLR only one disparate donor population was modified,
resulting in only half the total cells with polymer attached. Results are expressed as mean + SEM (n=3).

The small decrease to the viability of mMPEG modified cells observed during an MLR may
not be a consequence of weak costimulatory events as previously proposed, but instead a result
of polymer modification itself. As shown in Figure 4.12B, resting mPEG-PBMC demonstrated a
small, but significant increase in both early and late apoptotic markers compared to the resting
unmodified control PBMC at = 2 hours. Although, similar to previous viability data (Figure 3.4),

immediately post modification, polymer modified cells show no significant difference from
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controls. The differences in viability between mPEG modified cells during a MLR and modified
resting PBMC likely occurred due to the proportion of cells modified. For example, PBMC in the
modified resting samples were all modified, whereas in the MLR only one disparate donor
population was modified, resulting in only half the total cells with polymer attached.

The differences in viability observed between mPEG-resting PBMC and mPEG-MLR
was further investigated by comparing MLRs in which one, or both, populations were PEGylated
(20 kDa; 0.5 and 2.0 mM). The results (Figure 4.13) suggest that the degree of cell death
(caspase activation) is increased in a simply additive manner. For example, MLR in which both
populations were modified showed increased apoptosis compared to samples in which only one
donor was modified, and caspase activation was not significantly different from the unmodified

resting PBMC at corresponding grafting concentrations (Figure 4.12B).
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In summary, while there was a significant degree of cell death in resting mMPEG-PBMC
compared to unmodified resting controls, there was no meaningful increase in modified cells
during the course of an MLR (activation or proliferation phases) compared to control-MLR. This
suggests that cell death may be a result of polymer modification itself, rather than weak
interactions between polymer-modified cells. Taking into account the small difference in the

extent of apoptotic cells in mMPEG modified cells during an MLR (i.e., less than 7% compared to
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control cells), apoptosis is not likely a major contributor to the loss of proliferative response seen
in mPEG-modified MLRs (Figure 4.7). The small loss of cell viability seen in mPEG-modified
PBMC may be due to immunocamouflage of surface receptors required for the binding of

essential growth factors.

4.7.2 Response of PEGylated Leukocytes to IL2 Stimulation: Effect on IL2 Production,
Apoptosis and Proliferation

We next investigated whether growth factor deprivation occurs in highly modified cells,
where growth factors and cytokines may be unable to penetrate the PEG layer. IL2 is an
important growth factor cytokine, responsible for survival of effector cells and for promoting
survival of resting human T cell populations. Consequently, IL2 deprivation can result in the
induction of passive cell death by cytokine withdrawal, and upon exogenous IL2 addition has
been shown to rescue T cells from apoptosis [230]. To assess if IL2 deprivation may be a
contributing factor to the cell death observed in polymer modified resting cells, IL2 production
and consumption was examined as well as the ability of exogenously added IL2 to rescue cells
from apoptosis and promote cell stimulation (proliferation) in control and mPEG-modified PBMC.

To examine whether IL2 is produced or consumed differently in polymer modified cells
compared to control PBMC, an EASIA was done on the supernatant of control and modified
resting PBMC, 24 and 48 hours after IL2 media supplementation. As shown in Figure 4.14A, no
significant differences in endogenous IL2 levels could be detected at 24 or 48 hours of PBMC
cell culture. Furthermore, no significant differences could be detected in consumption of
exogenously added IL2 (25 U/ml) after 24 or 48 hours. These results may be due to the
confounding effects of both consumption and production of IL2 by stimulated cells [231].

To evaluate whether addition of IL2 could rescue polymer-modified cell from apoptosis,
both early and late apoptotic events were assessed using high concentrations of IL2 (25 and

250 U/ml) (Figure 4.14B). Additionally, to monitor the stimulatory effects of exogenously added
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IL2, cell proliferation was monitored on day 6 by CFSE staining (Figure 4.14C). High levels of
exogenously added IL2 were used, as previous studies have determined that these
concentrations may both rescue apoptotic cells as well as stimulate resting cell cultures. This
allowed an evaluation, by the degree of proliferation, of the capacity of IL2 to penetrate the PEG
layer. Results shown in Figure 4.14B, indicated that IL2 may have some inhibitory effects on
the degree of cell death in PEGylated cells at very high levels of exogenous IL2 (250 U/ml).
However, even at these very high levels of IL2, only a slight decrease in the degree of cell death
was detected in modified PBMC, at either 24 or 48 hours. Furthermore, the degree of cell death
in polymer-modified cells at high grafting concentrations (2.0 mM) remained significantly
increased compared to resting cell controls. The failure to rescue modified cells from cell death
and return viability to control cell levels was not due to exclusion of these high levels of IL2 by
the mPEG layer, as mPEG-modified PBMC demonstrated a similar degree of proliferation
compared to the control PBMC as assessed on day 6 (p>0.05) (Figure 4.14C). This indicated
that the function of IL2 as a survival cytokine/growth factor was not the contributing factor to the
small increase in apoptosis seen in polymer modified cells and rather, suggests that a small

number of modified cells are likely irreversibly damaged during polymer grafting.
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Figure 4.14 IL2
deprivation was not the
contributing factor to the
small increase in
apoptosis observed in
polymer-modified cells.
(A) No significant
differences in endogenous
IL2 levels were detected at
24 or 48 hours of PBMC
cell culture (£ 25 U/ml) after
24 or 48 hours. (B) IL2 may
have a slight inhibitory
effect on the degree of cell
death in PEGylated cells at
very high levels of
exogenous IL2. However,
even at very high levels of
IL2 (250 U/ml) only a slight
decrease in the degree of
cell death was observed in
modified PBMC, at either
24 or 48 hours.
Furthermore, the increased
cell death of polymer-
modified cells at high
grafting concentrations (2.0
mM) remained significantly
increased compared to
resting cell controls. (C)
The failure to rescue
modified cells from cell
death and return viability to
control cell levels was not
due to exclusion of these
high levels of IL2 by the
mPEG layer, as mPEG-
modified PBMC
demonstrated a similar
degree of proliferation
compared to the control
PBMC as assessed on day
6 (p>0.05). Results are
expressed as mean + SEM
(n=3).
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4.8 Conclusion

Studies often involve monitoring late events in T cell activation such as proliferation and
cytokine secretion. Although valuable, these studies cannot provide the dynamic information on
early T cell activation events. Therefore we sought to evaluate the relationship between surface
camouflage, cell-cell interactions, intracellular activation pathway (NFkB), and cell death to the
decreased proliferative response seen during allogeneic challenge.

The covalent attachment of mPEG to PBMC resulted in significant immunocamouflage
of various surface receptors involved in adhesion, TCR signaling and activation. This suggests
that moderate polymer grafting concentrations (= 2.0 mM) impart global camouflage effects,
rendering modified cells unable to form the cell interactions necessary for activation during
allogeneic challenge. This is supported by the dose dependent decrease in proliferation of
modified cells during MLRs. Further investigation into the intracellular events of modified PBMC
during allogeneic challenge showed that NFKB was downregulated, but not fully abrogated,
resulting in the decreased transcriptional regulation of inflammatory cytokines. An important
cytokine involved in allorecognition is IL2. mMRNA expression studies showed a significant
decrease of IL2 in mMPEG-MLR compared to control MLR. These results were confirmed in both
previous studies and in the decreased expression of the high affinity IL2Ra, which unlike IL2Rj3,
is upregulated in response to increased production and consumption of IL2. Furthermore, the
decrease in proliferation of modified PBMC during allogeneic challenge was not due to cell
death, as no significant loss in cell viability was observed in modified cells over 72 hours of an
MLR. Although a small subset of modified PBMC demonstrated loss of viability, this was not
attributed to weak signaling events during an MLR or deprivation of survival cytokine IL2, but
likely a consequence of irreversible damage to cells during modification. However, this small
decrease in viability would not be sufficient to mediate the significant loss in proliferation
observed. Thus, immunocamouflage of PBMC creates stealth cells that are prevented from

foreign recognition and activation, with minimal effect on cell viability.
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5 CHAPTER 5: Discussion

5.1 Overview

For purposes of clarity the discussion is divided into two sections, the effects of polymer
species on the efficacy of immunocamouflage, and the consequences of surface modification
during allorecognition. In the first section, we compared a traditionally utilized polymer (mPEG),
to a novel polymer species (PEQOZ), to explore the efficacy of immunocamouflage. The
differential effects of MPEG and PEOZ were examined using two cell models (RBC and WBC)
to explore the effects of polymer grafting on cell structure, function, viability and allorecognition.
Consequent to the polymer comparison studies, we utilized the overall more efficacious mPEG
to examine the consequences of surface modification on cell interactions and intracellular
events during allorecognition. We examined mPEG-modified cells in terms of changes to cell
interactions, intracellular activation pathways (NFkB) and apoptosis during mixed lymphocyte
reactions (MLR). The discussion addresses how these events may contribute to the decreased

proliferation of leukocytes during allogeneic challenge.

5.2 Comparative Efficacy of Methoxypoly(ethylene glycol) (mPEG) and

Polyethyloxazoline (PEOZ) on Red Blood Cell and Leukocyte Modification

The immunocamouflage of cells and tissues by the bioengineering of cell membranes
with low-immunogenic polymers may be clinically useful for preventing adverse immunological
events. While PEG and PEG-derivatives (e.g., mPEG in particular) have been the gold standard
in both the research laboratory and the clinic for several decades, a limited number of studies
have indicated that PEG may have some immunological and chemical characteristics that could
be improved upon. Therefore, examination of alternative low-immunogenic polymers that exhibit
improved clinical utility and/or greater immunocamouflage efficacy is of potential clinical value.

To this end, the differential effects of PEOZ relative to mPEG on cell structure, function, viability,
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and allorecognition was examined. As demonstrated in these studies, PEOZ shows some
strengths and weaknesses relative to mPEG for the immunocamouflage of allogeneic cells.

Although structurally distinct (Figure 2.1), the PEOZ polymer shares many chemical,
physical, immunological, and economic characteristics with PEG. Both are relatively simple
polymers, easily and cheaply synthesized, are known to be of low immunogenic potential, have
large hydrodynamic volumes consequent to intra-chain rotational flexibility, and very low toxicity.
Similarly to PEG, PEOZ has historically been synthesized for use as a food and cosmetic
additive [150]. In contrast to the hydrophilic and viscous mPEG, PEOZ is characterized by low
viscosity and, unlike mPEG, does not form potentially toxic peroxides during storage. From a
cellular bioengineering perspective, it was hypothesized that the low viscosity and decreased
hydrophilicity of PEOZ could offer some biological and therapeutic advantages; especially at the
higher grafting concentrations required for the immunocamouflage of cells and tissues.

Overall, both polymers displayed significant efficacy for the immunocamouflage of RBC
and WBC. However, mPEG and PEOZ exhibited differential effects based on the type of cell
being modified. While both polymers exhibited very similar immunocamouflage of human PBMC
at both the antigenic (CD marker; Figures 3.7) and biological efficacy (MLR; Figure 3.8) level,
RBC grafting demonstrated some polymer-dependent differential effects. Indeed, our results
demonstrated that mPEG was more effective for RBC camouflage compared to PEOZ.

The difference in the efficacy of immunocamouflage, relative to cell type, may be related
to the membrane protein distribution on RBC and WBC, and the structural differences of
polymers. For example, large protein macrocomplexes are found on the RBC membrane,
composed of multiple proteins that interact with each other and cytoskeletal components [232].
Conversely, the membrane protein distribution of quiescent lymphocytes are more diffuse, with
proteins found as smaller nanoclusters or monomeric proteins. These small protein units diffuse
across the membrane forming larger micro-clusters upon antigen stimulation or interactions with

APC [233]. Thus, polymers bound to large protein clusters on RBC may ‘self-exclude’ additional
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polymer attachment due to steric hindrance in these protein dense domains. Therefore, the
camouflage of RhD and Kell antigens found in these large complexes could be more dependent
on indirect coverage, compared to the modification of more diffuse protein structures such as
CD4, CD28 and the TCR (CD3).

Due to the dense protein distribution of RBC complexes, camouflage efficacy would be
influenced by the polymer’s ability to impart indirect camouflage to neighboring proteins. The
Flory radius (Rg) influences the efficacy of indirect camouflage, which is a function of both
polymer length and flexibility. While the grafting efficacy of PEOZ and mPEG to RBC were
similar (Figure 3.1), though mPEG showed improved grafting at lower concentrations,
differences between polymer species may be a consequence of the slightly decreased rotational
capabilities of PEOZ compared to mPEG. The smaller intra-chain rotational flexibility of PEOZ,
due to the side chain moiety (Figure 2.1), may decrease the degree of indirect camouflage,
essential for the protein dense macroclusters on the RBC. This is supported by studies using
branched polymers that show decreased camouflage efficacy compared to more highly flexible
linear polymers [156].

Our RBC data further demonstrated the differential effects of direct and indirect
immunocamouflage of antigenic sites. Based on the linker chemistries used in the activated
mPEG and PEOZ, external lysine residues were targeted for the covalent grafting of the
polymer. As shown in Figure 5.1A, the RhD carrier protein is lysine poor containing only 3
potential lysine targets per molecule with 2 of the residues being present at the protein-lipid
bilayer interface. The scarcity of lysine residues makes the direct immunocamouflage of the
RhD protein virtually impossible to achieve when viewed in the context of the radius of gyration
(Rr: Flory Radius) of grafted polymers [234-236]. However, as shown experimentally in this
study, grafted polymers did significantly attenuate both flow cytometric (Figure 3.5) and biologic
(MMA; Figure 3.6) immunological recognition of RnD*-RBC. This demonstrates that indirect

immunocamouflage plays a critical role in preventing the detection of RhD (as well as other
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blood group antigens, leukocyte cluster of differentiation). In contrast to RhD, the Kell carrier
protein contains 20 external lysine residues, many in very close proximity to multiple Kell blood
group antigens (including k used in this study), making it more likely to be directly modified by
the added polymers (Figure 5.1B). Indeed, as shown in Figure 3.5, polymers exhibited superior
immunocamouflage of kell relative to RhD at equivalent polymer grafting concentrations. Shown
in Figure 5.1B are the theoretical effects of alloantibody (as exemplified by Kp®*© and the K/k
antigens; arrows) binding to the Kell protein consequent to the direct grafting of increasing
concentrations of 2, 5 or 20 kDa polymers (increased polymer concentration are noted by
dashed circles; Figure 5.1c-f) to an unfolded protein chain. Although, the unfolded Kell protein
model is biologically unrealistic in that not all lysines would be available for grafting in a folded
state (globular structure shown in Figure 5.1B), nor does it take into account that proteins rarely
exist in an isolated form on the cell surface.

Considering the topography of RBC protein complexes, not all proteins would be equally
accessible to the activated polymer as schematically illustrated in Figure 5.1C. For example,
the lysine-poor RhD is buried within RBC complexes while the lysine-rich Kell protein is more
accessible to the activated polymer. These data support the contention that indirect
immunocamouflage maybe a critical mechanism for many blood group antigens (or clusters of
differentiation). Our RhD data suggests that this is the case and that polymers grafted to
topologically superior proteins on the RBC (e.g., CD47, ICAM4, Kell, glycophorin A/B) may
prevent immunological recognition of RhD in the MMA. This is also supported by CD3
immunocamouflage, based on the proximity to the membrane, the low number of lysine
residues, and the size dependent camouflage efficacy demonstrated by our data, all suggests

that polymer attachment to the TCR results in indirect immunocamouflage of CD3.
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Figure 5.1 Immunocamouflage of
membrane proteins occurs via
both direct and indirect
camouflage. (A) Direct polymer
grafting to RhD would provide
modest camouflage. Only 2-3
available lysine sites are on the
exterior face of the protein and
reside very close to the membrane
surface, making RhD less
susceptible to direct polymer
modification. However, other
proteins may serve as binding sites
for the activated polymers, leading
to indirect immunocamouflage.

The circles shown bound to protein
lysine residues illustrate the Flory
radii of the covalently bound
polymers. The Rg (in nm) values for
2, 5 and 20 kDa polymers are also
shown. Lysine residues of RhD are
noted in red. (B) The Kell protein
contains 20 exterior lysine residues
(noted in red), many in very close
proximity to specific Kell blood
group antigens. Shown (c-f) are the
theoretical effects of the direct
grafting of 2, 5 and 20 kDa
polymers (increasing concentration
are denoted by dashed circles) on
alloantibody binding to the Kell
protein. Approximate protein
folding is also illustrated. (C) While
most commonly studied as simple,
isolated protein structures;
membrane proteins on cells exist
as complexes. This is readily
observed on RBC. Not all proteins
in the complex topology will be
equally accessible to the activated
polymer (e.g., RhD is buried in the
complex unlike Kell). Thus, indirect
immunocamouflage may be more
critical for many blood group
proteins. Modified from Kyluik-Price
2014 [148].
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Conversely, the structural and chemical attributes of PEOZ relative to mPEG, may
confer some biomechanical benefits. For example, at high polymer concentrations, the 20 and
30 kDa mPEG-modified RBC exhibited some RBC morphological changes, in agreement with
previous studies using mPEG [136], not observed in the PEOZ-RBC (Figure 3.2). Indeed,
consequent to the hydrophilicity and viscosity of the grafted mPEG, mechanical instability could
arise in the modified RBC due to changes in fluid transport (i.e., water balance and lipid bilayer
microenvironment dehydration) and membrane dynamics (e.g., lipid and protein raft
movements, protein-protein interactions). Importantly however, murine studies demonstrate that
the 20 kDa mPEG modified RBC (2.0 mM grafting concentration) show normal in vivo circulation
even after repeated transfusions (Figure 1.9) [136,198]. These transient hydrodynamic changes
could also underlie some of the molecular weight (i.e., 20 vs 30 kDa) and polymer species
disparities seen between mPEG and PEOZ for the immunocamouflage of RhD and Kell proteins
(Figure 3.5). For example, morphological aberrations observed at high grafting concentrations
of the 30 kDa could expose antigenic sites of the protein and result in increased antibody
binding.

As shown in the MMA using IgG-opsonized RhD* RBC, mPEG confers significantly
superior biological immunocamouflage (Figure 3.6). While it is important to note that direct
antibody binding does not always correlate with immunological recognition, a good correlation
did exist between the direct antibody detection of RhD and protection from phagocytosis of
RhD" cells in the MMA (Figures 3.5 and 3.6). Moreover, to achieve this biological
immunocamouflage, it is not necessary for the grafted mPEG to fully camouflage RhD from
antibody binding. As assessed via flow cytometry, PPC measurements indicated that a small
percentage of cells remained RhD positive, however, MCF data showed that cells had relatively
low amounts of bound antibody. Indeed, studies suggest that there is a relationship between the
quantity of antibody bound and RBC clearance [237,238]. Furthermore, studies have clearly

documented that significant numbers of normal human RBC have bound antibodies, but this
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does not appear to effect in vivo viability, suggesting that a ‘threshold’ effect for immune
recognition may exist [239]. This threshold effect may be critical, as unlike other non-primate
RBC, the human RBC is a critical component in the trafficking and removal of immune
complexes via the complement receptor 1 (CR1) on the RBC membrane [240,241]. The
biological viability of antibody-positive RBC also arises from the fact that the majority of IgG
alloantibodies are not complement fixing thus do not cause direct lysis of the RBC (Table 1.3).
Hence biological allorecognition, as measured by the MMA, may be a better determinant of the
utility of grafted polymers to mediate effective immunocamouflage of an allogeneic cell.
Consequent to the MMA findings, mPEG appears to be vastly superior to PEOZ for the
immunocamouflage of RBC. This may result from the greatly enhanced charge and steric

camouflage of the heavily hydrated and flexible mPEG polymer [156] relative to PEOZ.
5.3 Summary of Discussion on Comparative Efficacy of mPEG and PEOZ

Polyoxazolines (e.g., PEOZ) mediate significant immunocamouflage of both human RBC
and leukocytes (PBMC). However, phagocytic recognition (MMA) studies demonstrated that
mPEG was vastly superior to PEOZ in preventing immune recognition and phagocytosis of anti-
RhD opsonized RhD'RBC. Conversely, both polymers very effectively prevented leukocyte
allorecognition. Furthermore, the role of polymers in the direct and indirect immunocamouflage
of cells suggests that indirect camouflage (steric and charge camouflage of unmodified
antigenic sites) may be more critical than the direct modification of an antigenic site. However,
PEOZ may be a useful addition to the repertoire of polymers (e.g., mPEG and HPG) that can be
used for the immunocamouflage of allogeneic cells in transfusion and transplantation medicine.
Moreover, in the small subset of patients who exhibit anti-PEG antibodies, PEOZ-modified cells

(or proteins) could prove to be a highly useful alternative.
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5.4 The Effect of Methoxypoly(ethylene glycol) Grafting During Allogeneic

Challenge

While our polymer comparison studies demonstrated the immunocamouflage potential of
PEOZ, the RBC MMA data indicated that PEOZ was significantly less effective than mPEG for
preventing allorecognition. Therefore, the remainder of the thesis focused on mPEG in order to
fully explore the effects of surface immunocamouflage on downstream cellular events during
allorecognition. Using various polymer sizes and grafting concentrations of mPEG to modify
human PBMC, extensive studies were conducted to determine the efficacy of global cell surface
camouflage, focusing on a number of receptors involved in cell adhesion, T cell receptor
signaling, as well as activation and proliferation. The surface CD markers examined, consisted
of proteins of various heights, differing numbers of modifiable lysine residues, as well as
proteins found either in multi-protein complexes or as isolated entities on the membrane.

The results demonstrated a very effective camouflage of all surface proteins, which
increased with grafting concentration and polymer size (Figure 4.1-4.3). The size dependent
nature of immunocamouflage was due to the decreased Flory radius of small polymers
compared to longer polymers. The longer polymers provided increased surface area coverage
compared to shorter chains, resulting in improved exclusion of antibodies using the longer
polymers even if the lysine-binding site of the polymer was distant from the antibody-binding
site.

The size dependent nature of immunocamouflage was also a function of protein
topography, which was consistent with previous data [137,156]. For example, CD4, CD11a,
CD28, CD62L, and CD71 have large extracellular domains with multiple lysine residues capable
of polymer attachment, whereas CD3 has a relatively short extracellular domain and few lysine
residues. However, the results indicated that even CD3 demonstrated polymer size dependency

(Figure 4.2). This may be due to the close association of CD3 with the TCR (approximately 7
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nm in height), leading to indirect camouflage of CD3 via the taller TCR [156]. This indirect
camouflage may occur in a manner similar to RhD proteins discussed previously. The lack of
indirect camouflage may also be responsible for the relatively small decrease observed for the
immunocamouflage of CD71 (Figure 4.3). CD71 is generally excluded from lipid rafts containing
protein micro-domains, and often occur as randomly organized components on the membrane
[218-220]. Thus, the efficacy of surface coverage would be more dependent on the location of
the lysine-binding site in relation to the antibody-binding site, with little additional surface
camouflage provided by the attachment of polymers to nearby proteins. However, for most
proteins modified at higher grafting concentrations, the size dependent nature of
immunocamouflage was less significant. This may be due to the additional attachment of short
chain polymers on or near the antibody-binding site.

The modification of PBMC with mPEG demonstrated a global camouflage of cell
surfaces that was proficient in obscuring topographically complex and protein dense cell
surfaces. Previous biophysical studies indicate that surface camouflage is achieved through
both charge and steric camouflage of cell surfaces owing to the large hydrodynamic shielding
capability of the neutral water binding PEG, as well as steric repulsion governed by the polymer
occupying a large 3D surface area [141,156]. Thus, the attachment of polymers to surface
proteins results in the exclusion of immune components (as shown by inhibition of antibody
binding) (Figure 4.1-4.3) [156,242]; viruses [141]; and RBC, as shown previously by decreased
RBC rouleaux formation [195]. Moreover, our studies showed decreased recognition of
allogeneic cells, demonstrated in both the RBC model (MMA; Figure 3.6) and leukocyte model
(cell conjugates; Figure 4.4-4.6, MLR; Figure 4.7).

The interaction of cells with allogeneic immune components (i.e., receptor-ligand,
antibodies) is not the only factor that influences leukocyte activation. As shown schematically in
Figure 5.2A, the protein distribution on quiescent lymphocyte membranes take the form of small

nanoclusters or monomers. During cell conjugation and cell activation events, surface receptors
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often form complexes, coming together to form larger micro-domains that add to the strength
and extent of cell contacts, thereby increasing signaling intensity and duration [233,243] (Figure
5.2B). Efficient TCR signaling often involves the clustering of CD3, CD4, and CD28, as well as
adhesion molecules (i.e., CD11a) [244,245]. For example, studies have shown that prevention
of micro-cluster formation leads to reduced contact times between APC and lymphocytes,
decreased activation signals, and decreased IL2 production [246,247]. Thus, surface
camouflage prevents the approach of cells bearing receptors and ligands (Figure 5.2C-a), but
would also inhibit the formation of clustered micro-domains due to both steric and charge
camouflage exerted by polymers when bound to surface proteins (Figure 5.2C-b). Therefore,
disturbances of both ‘vertical’ (the approach of immune cells and components) and ‘horizontal’
(protein-protein interactions on the membrane) interactions would likely both contribute to the
decreased cell contacts, activation signaling (NFkB), IL2 production, and proliferation during an
MLR observed in our studies. Disturbances in the horizontal interactions of skeletal or
membrane proteins may also lead to instability and alterations to RBC membrane morphology.
Indeed, as demonstrated by Bradley et al, polymer grafting interfered with the lateral mobility of
the complement binding receptor (CR1), preventing CR1 capping and complex binding [240].
This ‘horizontal’ hindrance may also be supported in part by RBC morphology studies done in
Chapter 3. Protein interactions would likely be disrupted to a greater extent with longer polymers
than with short chain polymers. As shown in Figure 3.2, longer chain polymers demonstrated
increased morphological aberrations compared to short chain polymers at high grafting

concentrations.
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Figure 5.2 Protein distribution during cell activation. (A) Quiescent cells have surface proteins
consisting of segregated protein islands, nanoscale clusters or monomers. (B) Upon antigen recognition,
reorganization of signaling proteins takes place, which often involves assembly of multi-protein signaling
complexes. (C) The attachment of polymers to cell surfaces prevents signaling and proliferation during
allogeneic challenge due to steric hindrance and charge camouflage of receptor-ligand interactions and
prevents cell approach. Additionally, steric and charge camouflage by polymers may also sustain the
segregation of signaling proteins into distinct components, preventing the formation of protein signaling
complexes necessary for cell activation. Lymphocyte protein distribution modeled on Klammt 2012 [248]
and Lillemeier 2010 [233].

Upon examining conjugation events between APC and lymphocytes, results
demonstrated a significant dose dependent inhibition of prolonged cell contacts during
allorecognition (Figure 4.6). Surprisingly, the short chain polymers were as effective as the long
chain polymers for preventing cell conjugation as assessed by flow cytometry. This is contrary

to results showing decreased immunocamouflage of surface proteins by short chain polymers
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(Figure 4.1-4.3), and to previous MLR data showing that short chain polymers were less
effective for preventing proliferation than long chain polymers [156,242]. While our model
focused on prolonged or static contacts between cells at certain timepoints during
allorecognition, several studies have shown that prolonged cell interactions, and decreased cell
mobility, may not always be necessary to achieve lymphocyte activation both in vitro
[221,222,249] and in vivo [72]. In these studies, short-lived interactions with APC resulted in the
expression of activation markers on T cells, suggesting that TCR signaling was occurring. Thus,
the decreased number of prolonged cell contacts observed may not be solely indicative of cell
signaling abrogation. Indeed, this suggests that short chain polymers may not effectively
prevent transient interactions. As shown in Figure 5.3, the decreased camouflage of surface
protein receptors, when modified with small polymers (Figure 5.3B), may allow transient
interactions between cells, resulting in proliferation during the MLR. The long chain polymers,
shown to effectively camouflage cell surfaces, may lead to reduced transient interactions and
decreased proliferation observed during the MLR (Figure 5.3C).
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MLR studies showed that even with long chain polymers, cell-cell interactions, NFkB
signaling, and proliferation, were not completely abrogated compared to resting PBMC (Figure
4.8). However, mRNA profiles did indicate that both inflammatory and growth cytokines were
decreased at =2 6 hours during modified-MLR compared to control-MLR. While only a few genes
were significantly different, possibly due to the variation in the intensity of allogeneic responses
(1-10% of cells respond depending on the disparate donor MHC mismatches) [250], IL2 was
consistently and significantly downregulated at both 6 and 24 hours in the modified-MLR
(Figure 4.9). Since IL2 is produced almost exclusively by T cells in response to antigenic
stimulation, the observed decrease of IL2 in the mPEG-MLR is an important indicator of
decreased T cell activation during allogeneic challenge. The decreased mRNA regulation of IL2
demonstrated in this thesis is supported by previous data showing a significant decrease in IL2
release during mMPEG-MLR compared to controls [190]. Furthermore, western blot analysis of
the expression of IL2Ra, a receptor upregulated during inflammation and in response to IL2,
was significantly decreased in mPEG-MLR compared to control-MLR. Moreover, in mPEG-
MLRs IL2Ra was not significantly different from resting PBMC populations at all timepoints
assessed (Figure 4.10A). The regulated expression of IL2Ra in response to IL2 is supported by
several studies showing that TCR ligation triggers the transcription of genes, including both IL2
and IL2Ra [251,252], and that decreased IL2Ra expression is correlated with decreased
lymphocyte proliferation [253].

Furthermore, the significant decrease in the proliferation of modified PBMC during a
MLR was not due to cell death, as no significant increase was observed in modified cells over
72 hours of an MLR. Although a very small subset of modified cells demonstrated a loss in
viability, this was not attributed to weak signaling events during an MLR, or deprivation of
survival cytokines (IL2), but likely a consequence of irreversible damage to cells during
modification. We propose that this decrease in cell viability would not be a major contributor to

the significant loss in proliferation observed during an MLR, and this is based on several
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assumptions. Firstly, the small (< 7%) loss of viability compared to the control MLRs is not large
enough to produce the significant decrease in proliferation seen in mPEG-MLRs. Secondly,
during a two-way MLR, non-viable cells are still able to act as stimulator cells. Indeed, one-way
MLRs used to assess MHC disparity are done where one population is irradiated.

Our results showed that modification of cells with polymers led to a global camouflage
of cell surfaces, which resulted in decreased activation and proliferation upon allogeneic
challenge. We investigated NFkB because of its role in T cell receptor signaling, and its
importance in transducing signals via environmental stimuli (cytokines and nutrients). Thus,
NFkB is an important pathway for both cell activation and survival. Although other pathways
were not specifically assessed in this thesis, the transcription of many cytokines that were
downregulated in the mRNA analysis, including IL2, are also controlled by other major pathways
[254]. For example, as discussed in the Introduction, the regulation of IL2 is controlled by
several transcription factors such as AP-1 and NFAT, in addition to NFkB (Figure 1.4). Thus,
the coordination of several pathways contributes to the activation threshold of the cell, which
would ultimately determine the degree of IL2 release. Therefore, the global camouflage of cell
surfaces would likely affect several activation pathways, making it a viable alternative to the
singular blockade of activation pathways by current immunosuppressive drugs (Figure 5.4).
Indeed, the use of singular IL2 pathway blocking agents has been shown to reduce acute
rejection and improve short-term graft survival, but exhibit acute kidney toxicities and fail to
prevent chronic rejection [255]. Additionally, therapies blocking adhesion or costimulatory
receptors are often inadequate alone, due to the redundancy of these pathways. Therefore,
combination therapy is often utilized. Although some combinations have shown a synergistic
effect, certain drug combinations show no improvement, or even contradict each other
[256,257]. Furthermore, most currently utilized drugs and combinations thereof elicit serious
side effects and may increase rates of infections and malignancies. Thus, the global camouflage

of allogeneic cell surfaces via polymer modification may be a viable and non-toxic therapeutic
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strategy for transfusion and transplantation medicine, preventing allorecognition through the

inhibition of adhesion, costimulation, recognition and activation pathways as shown in Figure

5.4.
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Figure 5.4 Global camouflage of
surface proteins may be a
viable therapeutic alternative to
the singular blockade of
stimulatory pathways and
receptors. Current
immunosuppressive drugs
specifically target individual
surface receptors (red box) or
broadly prevent late stages of T
cell activation (purple box).
Conversely, the global
camouflage of cell proteins
(shaded blue areas) inhibits cell
interactions, cell adhesion,
antigen recognition and
costimulation necessary for cell
signaling and activation. This may
be of significance for therapeutic
purposes, as the biological
redundancy of surface adhesion,
costimulatory and growth
receptors inhibit the long-term
efficacy of many drugs, which are
specific to one receptor or specific
pathway. This approach would
prevent systemic cytotoxic events
and may enhance allospecific
tolerance.

5.5 Summary of Discussion on mPEG Grafting During Allogeneic Challenge

Significant global immunocamouflage of surface proteins was achieved by the covalent

attachment of polymers to PBMC. Overall, longer polymers resulted in improved inhibition of

antibody binding compared to short chain polymers. Moreover, the efficacy of

immunocamouflage was governed by the topography of surface proteins, the number of lysine
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residues, the location of antibody binding sites as well as the degree of direct and indirect
surface camouflage.

In addition to the exclusion of antibodies, our results demonstrated a significant polymer
mediated exclusion of cells, as shown by the decreased conjugation events between allogeneic
cells. The exclusion of allogeneic APC was likely a result of polymer mediated ‘vertical’ and
‘horizontal’ hindrance of protein interactions. However, contrary to our cell conjugation studies,
polymer size dependent proliferation was observed in previous MLR studies, suggesting that
transient interactions may be occurring to a greater extent in cells modified with short chain
polymers. Our results demonstrated decreased pathway activation (NFkB), inflammatory
cytokine release (IL2) and receptor expression (IL2Ra), leading to reduced cell proliferation
(MLR), using the 20 kDa mPEG polymer.

Furthermore, while cell viability studies demonstrated a small degree of cell death in
polymer modified cells, this was not a consequence of weak signaling events during an MLR or
deprivation of survival cues, but likely a consequence of cell damage during modification.
However, the slight decrease in cell viability would not be sufficient to explain the significant
decrease observed during MLR. Rather, the global camouflage of surface proteins likely results
in decreased activation of numerous pathways responsible for cell proliferation, making

PEGylation a viable non-toxic alternative to current immunosuppressive therapies.

5.6 Future Directions

Future PEGylation studies should be aimed at the clinical applications of polymer
technology for prevention of allorecognition in transfusion and transplantation. The preliminary
structural and functional studies, which assessed the use of a potential novel polymer PEOZ in
vitro, could be further characterized in vivo to bring about a more fulsome analysis of its
potential applications. While, in vivo studies have been done showing that PEOZ exhibits low

toxicity and decreased tendency to elicit anti-polymer antibodies [150,258], experiments to
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explore the efficacy and survival of PEOZ-modified cells in a PEG-sensitized animal model
would be beneficial. Indeed, the use of this novel polymer may be especially valuable for
patients with anti-PEG antibodies.

Furthermore, we utilized the MMA to assess the polymer-mediated prevention of
phagocytosis using opsonized RhD+ RBC with commercial antibody. However, ongoing work is
being done using the MMA to determine the efficacy of immunocamouflage on additional non-
ABO antigens, using alloantibodies from patient serum. This is important to predictably map the
efficacy of immunocamouflage for non-ABO antigens. Similarly, this could be applied to
allogeneic immunized transplant patients. Antibodies to HLA in transplant patients have been
shown to be composed of multiple isotypes and have the ability to fix complement [259]. Thus,
the efficacy of polymers to prevent antibody binding to allogeneic tissues using alloimmunized
transplant patient serum, could be used to explore the efficacy of immunocamouflage in a more
biologically relevant context.

The use of mMPEG-modified leukocytes to prevent allorecognition and induce tolerance is
based on results indicating a decreased inflammatory milieu and decreased proliferative
response. However, previous studies (both in vitro and in vivo) also demonstrated altered cell
differentiation during mPEG-MLRs [190]. Cell differentiation studies would be important for the
translation of polymer-modified leukocytes into therapeutic tools to induce transplantation
tolerance. Further investigation of intracellular pathways that are more specifically involved in
cell differentiation, such a mechanistic target of rapamycin (mTOR) pathway, may be beneficial.
Recently, it has been shown that (nTOR) pathway has a critical role in determining the outcome
of TCR recognition. mTOR is important for the coordination of extracellular cues (cytokines,
ligand-receptor interactions and nutrients) that promote and guide the outcome of antigen
recognition. Studies show that absence of mTOR signaling leads to the generation of Treg cells
[260,261]. This pathway may be important to further define the effects of polymer modification

for prevention of allorecognition, as previous studies demonstrated increased Treg generation
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during mPEG-MLRs both in vitro and in vivo [190]. An increased understanding of the molecular
mechanisms of the mPEG induced immunotolerant state is important for the development of
novel polymer therapeutics.

Indeed, developing therapies to induce donor specific tolerance to foreign tissues would
reduce the need for broad and generalized immunosuppression and the associated toxic side
effects of currently utilized therapeutics. Cell-based therapies can be used to deliver antigens
with regulatory signals to reduce the immune response and elicit antigen specific tolerance. This
may be effective therapy for preventing both acute and chronic rejection, unlike current
immunotherapies. Previous research has shown that the transfusion of polymer modified murine
splenocytes decreased the induction of inflammatory cytokine and cells (i.e., Th17) while
increasing suppressive cells (i.e., Treg). Furthermore, these immunomodulatory effects were
long-lived and were sustained even upon rechallenge with unmodified splenocytes [190]. It
would be valuable to assess the efficacy of modified allogeneic splenocytes for the prevention of
transplant rejection and further studies could be employed to assess the use of polymers for the
prevention/treatment of allograft rejection. For example, studies consisting of injections of
mPEG-modified haplotype-mismatched splenocytes prior to transplantation (such as skin or
cardiac allografts) in a murine model, may determine whether rejection could be prevented or
delayed. These studies could be done using various polymer lengths and concentrations as well
as using both long and short course treatment regimes with polymer modified splenocytes.
Moreover, additional studies could be done to examine the antigen specificity of polymer
modified cell therapies. For example, subsequent to injection of polymer modified allogeneic
splenocytes, injections of unmodified splenocytes consisting of a third murine haplotype could

be utilized to assess the specificity of polymer-induced tolerance.
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5.7 Conclusions and Overall Significance

The structural and functional characterization of a novel polymer species showed that
PEOZ mediated significant immunocamouflage of both RBC and leukocytes in a similar manner
to grafted mPEG. For polymer comparison studies, it was our hypothesis that owing to the
structural and chemical attributes inherent to PEOZ that this polymer may result in improved
immunocamouflage utility. Preliminary structural and functional studies showed that PEOZ
demonstrated some improved utility, in regards to morphological studies, although mPEG did
show improved efficacy in RBC allorecognition studies. PEOZ, however, would be a useful
addition to the repertoire of polymers for the immunocamouflage of cells, especially for a subset
of patients that may exhibit anti-PEG antibodies.

Moreover, the analysis of initial cell events during allorecognition in polymer modified
leukocytes helped to define the mechanisms of cell surface immunocamouflage and how it was
related to the decrease proliferation and immunotolerance observed during allogeneic
challenge. In support of our hypothesis, it was shown that surface immunocamouflage was dose
dependent and was more effective using longer chain polymers. Furthermore,
immunocamouflage of surface proteins led to significantly decreased prolonged cell interactions.
It was also demonstrated that an important pathway during allorecognition (NFkB) was
decreased in polymer-modified cells during an MLR. Although NFkB was not completely
abrogated, both IL2 production and high affinity receptor (IL2Ra) were significantly
downregulated, indicating a decrease in TCR signaling. Since optimal IL2 production is the
result of coordinated pathway expression and nonspecific global camouflage of cells by polymer
grafting, this likely prevents several activation pathways. Immunocamouflage may be of
significance for therapeutic purposes as the biological redundancy of surface adhesion,
costimulatory and growth receptors inhibit the long-term efficacy of many drugs, which are often

specific to one receptor or one specific pathway. In addition, the prevention of allorecognition by
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inhibition of cell interactions or binding of immune components may be superior to the majority
of current immunosuppressants that target downstream events such as T cell activation and
proliferation. This approach would prevent systemic cytotoxic events and may enhance
allospecific tolerance.

These findings demonstrated the therapeutic potential of both traditional mPEG and
novel polymer alternatives. Furthermore, this work defined several mechanisms responsible for
the decreased alloresponse of immunocamouflaged cells. Our results showed the clear
potential for polymer-based bioengineering to modulate the immune response to allogeneic cells
and would be useful for the prevention of allorecognition in transplantation and transfusion

medicine.
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