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The complement system appears to play a paradoxical role in the pathogenesis of
autoimmune diseases. Although the activation of complement contributes to tissue injury
and inflammation, individuals with a genetic deficiency in Clq, the first component of the
classical complement pathway, have shown to be highly susceptible for developing
systemic lupus erythematosus (SLE), which is characterized by the generation of self-
reactive antibodies (Abs) and aberrant lymphocyte activation. Research indicates that the
development of SLE can be traced back to a breakdown in the clearance of apoptotic cells
and the subsequent deposition of immune complexes (ICs). To investigate the role of ICs
in autoimmune pathology, circulating immune complexes were physiologically replicated
i n  \hiodgh the utilization of recombinant immunoglobulin G1 (IgG1) Fc multimers
(GL-2045). IC-mediated engagement of FcyRs on NK cells resulted in the upregulation of
the cosignaling molecule, 4-1BB (CD137), demonstrating a comparable response to
immobilized intravenous immunoglobulin (IVIG), but not to soluble IVIG or recombinant
IgG1 Fc monomers (GOO1). Since the binding sites for C1q and FcyRs on IgG molecules
overlap, the extent to which Clq decoration of immune complexes (ICs) influences their

ability to engage FcyRs remains unknown. Experimental data demonstrate that Clq



engagement of ICs directly and transiently inhibits their interactions with FcyRIII (CD16)
on NK cells. This inhibition occurs by Clq engagement alone as well as in concert with
other serum factors. Furthermore, the inhibition of CD16 engagement mediated by avid
binding of Clq to ICs is directly associated with IC size and dependent on the
concentrations of both Clq and Fc multimers present. Functionally, Cl1g-mediated Fc
blockade limits the ability of NK cells to induce CD137 upregulation, and to mediate
antibody-dependent cell-mediated cytotoxicity (ADCC). Although Clq is traditionally
viewed as a soluble effector molecule, we demonstrate that C1q may also take on the role
of an “immunologic rheostat,” buffering FcyR-mediated activation of immune cells by
circulating ICs. Thus, the unchecked IC-mediated immune activation may be a functional
consequence attributed to a genetic deficiency in Clq, leading to the etiopathogenesis of
SLE. These data define a novel role for Clq as a regulator of immune homeostasis and add

to our growing understanding that complement factors mediate pleiotropic effects.
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CHAPTERNI:RODUCTI ON

Immunology is a study of the immune system in all organisms and is a firmly
established branch of biology and medicine. This dissertation will cover the fundamental
dynamics of immune complex biology and investigate how antibodies bridge the gap
between the innate and adaptive arms of immunity. The introductory chapter will be split

into 6 sections:

1) History of the Antibody

2) Antibody Structure

3) Antibody Receptors and Binding Factors
4) Antibody Effector Responses

5) Translational Aspects of Antibody Biology

6) Statement of Purpose

The information contained within these sections should impart you, the reader, with the
knowledge and terminology to attain a familiarity with the studies presented in the

subsequent chapters. Please sit back, get comfortable, and follow me on this journey.

Section 1 History of the Antibody

Emil von Behring and Baron Shibasaburo Kitasato’s Antitoxin

At the end of the 19" century, Emil von Behring and Baron Shibasaburd Kitasato
identified a neutralizing agent in blood that could block infectionsto Cor ynebact er i un
di pht WiphtharigaadC|l o st r i d(tetanus) [1{. Bhéy demanstrated that blood

sera collected from infected animals contain ‘antitoxins’ that can be passively transferred



to a naive animal to confer protection against infection or actively transferred to an infected
animal as a form of treatment for infection. Such “serum therapy” allowed for better control
of diphtheria infections leading to a significant reduction in the mortality rate of this
predominant childhood disease and an overall increase in the quality of life [2]. Behring
demonstrated that serum from animals immunized with Bacillus anthracis (anthrax) killed
anthrax i N ybuttnét@ a ci | | us , ugeostnygy thanteede Santitoxins’ were
soluble, inducible, and specific [3]. These pioneering serotherapy studies helped establish

the foundation for the theory of adaptive humoral immunity.

Paul Ehrlich and the ‘Magic Bullet’

Paul Ehrlich described the antitoxin as a “magic bullet” that specifically targeted
and neutralized toxins rendering them innocuous without considerable collateral damage
to the host [4]. He coined the term “antikérper,” which is the German word for antibody
(Ab), for these “magic bullets,” stating that if two substances give rise to two different Abs,
then they themselves must be different [5, 6]. He conceptualized the side-chain theory,
which postulated the existence of distinct structures on the cell membrane capable of
specifically interacting with extracellular molecules, as a means to create a model
explaining Ab inducibility and specificity [7]. Similar to the lock and key mechanism
proposed by Emil Fischer, which describes the high degree of specificity between an
enzyme and the substance it reacts with, Ehrlich proposed that cells under threat formed
specific side chains in order to neutralize the danger [8]. Moreover, he posited that these
cell membrane-bound side chains have the propensity to break off and release Abs that

circulate throughout the body. Functions attributed to the side chains include the ability to:



1) neutralize toxin, 2) agglutinate pathogens, 3) opsonize pathogens, and 4) recruit effector

molecules, e.g., complement.

Antibody: Friend or Foe?

Although Ehrlich’s standardization of immunization strategies and utilization of
horse-derived Abs for serum therapy greatly reduced the mortality and morbidity of
infectious diseases, Abs could also be observed as a double-edged sword. For example,
blood transfusions between individuals would often lead to agglutination and hemolysis.
The cause of this clumping and cytolysis of red blood cells was in part due to an
immunological reaction between host-derived Abs against the donated blood cells. The
blood recipient’s immune system would perceive the expression of antigen (Ag) on
incompatible donor blood as a potential threat leading to the production of Abs against
these blood Ags and subsequent rejection of the transfusion. Karl Landsteiner’s discovery
of human ABO blood groups made it possible to classify different blood types and paved
the way for hematological transfusions to be carried out safely [9]. All in all, Abs appeared
to be both friend and foe to humankind and warranted careful consideration of the dangers
Abs may pose from their utilization. These observations also demonstrate early examples
of self-tolerance as self-reactivity is limited towards our own inherent blood groups, as

well as compatible donor blood.

Oswald Avery and Michael Heidelberger: Antibodies are Proteins

At the dawn of the 20™ century, Abs were still shrouded in mystery and were
regarded as a substance that “floated around” in serum until the discoveries made by
Oswald Avery and Michael Heidelberger [10, 11]. Decades prior to the introduction of

antibiotics, e.g., penicillin, the only effective treatment for St r e pt ococcus pneurt
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infection, which causes pneumococcal pneumonia, was administration of pneumococcal-
specific antisera. Avery revealed that pneumococcal bacteria secreted a substance that
precipitated out of solution when cultured with pneumococcal-specific antisera [12].
Surprisingly, Heidelberger and Avery’s purification experiments of the reactive substance
not only proved the immunogenicity of a bacterial polysaccharide, but also the
proteinaceous nature of Abs [13-15]. Due to pneumococcal sugars lacking nitrogen, the
quantification of nitrogen in the precipitated reaction originated from Abs. Moreover, the
prevailing notion that only proteins can act as an Ag was proven incorrect, albeit with much

pushback from the scientific community.

The field of immunology was still in its infancy and many discoveries in this field
stemmed from cross-disciplinary research. Although Avery was a bacteriologist and
Heidelberger was a chemist, they were both card-carrying immunologists. Heidelberger
utilized his unique trade skills in chemistry and developed methods to isolate and quantify
the nature of Abs [16, 17]. Derived from the laws of mass action, which states that the rate
of a reaction is proportional to the product of the concentrations of each reacting substance,
a quantitative equation was applied to the Ab:Ag interaction [17]. Moreover, the

multivalency of Abs and Ags was also deduced from these studies.

Elvin Kabat: the Antibody is a Jack of all Trades

Proteinaceous Abs have been shown to: 1) protect against infection, 2) precipitate
with Ag forming insoluble immune complexes (ICs), or 3) agglutinate particulate Ags
forming large solid aggregates. Whether these distinct mechanisms of action were inherent
functions for all Abs or rather were dependent on distinct Ab species was unknown.

Heidelberger, along with his graduate student, Elvin Kabat, quantitatively proved that all

4



Abs intrinsically possessed the functions of protectant, precipitin, and agglutinin [18].
Following the development of novel Ab isolation strategies via salt dissociation and
ultracentrifugation, Kabat observed the electrophoretic migration of Abs in the y-globulin
(gamma-globulin) fraction of serum. Moreover, based on the mass and sedimentation rate,
two predominant flavors of serum Abs were determined, large (19S) and small (7S), which
we know today as IgM and IgG, respectively [19]. These methodologies clinically
translated to more efficient xenogeneic antisera production and ultimately more lives

protected.

The Two Arms of Adaptive Immunity

By the mid-20" century, following advances on the chemical nature of Abs,
scientists began to ask questions regarding Ab biosynthesis, specifically its cellular origins,
Ab structure, and involvement in immune regulation. The current notion at the time was
that Abs were solely responsible for protecting the body from disease. However, in the
1940s, Merril Chase’s work on contact dermatitis, a type of delayed hypersensitivity
reaction in the skin, would challenge this belief [20]. Karl Landsteiner, Merril Chase’s
predecessor at the time, was certain that Abs were the cause of contact dermatitis.
Nevertheless, passive serum transfer experiments in guinea pigs did not produce the
intended hypersensitivity response. Perhaps by chance, Chase transferred incompletely
clarified exudate, which contained lymphocytes, and the recipient animals demonstrated
positive hypersensitivity responses suggesting that the reaction was not mediated by Abs,
but by lymphocytes [21]. This groundbreaking work led to the establishment of the second
arm of the immune system, cell-mediated immunity, setting the foundation for the

identification of a division of labor among white blood cell populations.



Where Do Antibodies Come From?

In patients, it was observed that higher serum concentrations of y-globulin
correlated with an increased frequency of plasma cells in tissues. Moreover, repeated
immunizations in rabbits resulted in plasma cell proliferation (or at least more plasma
cells), which correlated with increases in Ab concentration [22]. Astrid Fagraeus
demonstrated that plasma cells generate Abs i n 23]t Mogeover, splenocytes from
immunized rabbits demonstrated increased frequency of plasma cells, suggesting a strong
positive correlation with the strength of Ag stimulation. These observations indicate that
Ag stimulation results in higher levels of plasma cells, leading to an increase in Ab

production.

Linus Pauling and the Antibody:Antigen interaction

While the establishment of two arms of adaptive immunity was taking hold of the
scientific community, the debate on Ab specificity and Ag sensitization was ongoing. Linus
Pauling’s instructive theory of Ab formation, or template theory, expanded on conjecture
of his predecessors and investigated the nature of Ab binding and specificity in biochemical
interactions [24]. Through his understanding of chemical bonds, he suggested that the
macromolecular interactions between Ab and Ag were established by weak intermolecular
forces, such as hydrogen bonding (electronegativity), van der Waals forces (dipole
interactions), and electrostatic attraction. Thus, the culmination of many weak
intermolecular forces surpasses the forces repelling the protein:protein interaction,

allowing a productive bond to form between Ab and Ag.



The Specificity Problem

Pauling’s instructive theory of Ab formation also proposed that the body uses Ags
as a template, resulting in the generation of Abs that specifically binds to that Ag like a
“cookie in a cookie cutter.” He theorized that when a foreign Ag encountered the nascent
Ab, the Ab chain would “fold around the Ag,” taking on a shape complementary to e Ag.
Although Pauling was fundamentally correct regarding the nature of the chemical bonds
manifesting the Ab:Ag interaction, experiments performed in the 1950s by Niels Jerne,
David Talmage, and F. Macfarlane Burnet proved that Pauling’s view on Ab specificity was

not correct.

Clonal Selection Theory

Two general flaws were evident in the template theory [25]. First, the template
theory could not explain the exponential increase in Ab production during the initial stages
of an immune response. Moreover, this theory does not explain how Ab production
continues after the Ag stimuli is removed and how Abs increased their binding affinity as
the immune response progressed. The second flaw is based on observations regarding
immunological tolerance. For the induction of tolerance, Ag stimulation is needed,
however, the template theory failed to reasonably explain how Ag can induce both

immunity and tolerance.

Rooted in Ehrlich’s side chain theory, one of the first general theories on immunity,
Niels Jerne attempted to reconcile these flaws about the development of Abs in his “natural-
selection theory of Ab formation” [26]. Jerne included concepts such as the presence of
natural and induced Abs, the duality of immunological memory (immunity vs. tolerance),

Ab titer dynamics, Ab avidity, and the prefabrication of Ab diversity. The notion that Ab
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diversity is ready-made and awaits Ag interaction rather than being a consequence of Ag

exposure set the foundation for what we know as the clonal selection theory [27].

To investigate the formation of Abs, Talmage immunized rabbits with I'3!-labeled
bovine gamma globulin and observed a short period of radiosensitivity, followed by
radioresistance for the duration of the initial Ab response [28]. Upon Ag challenge, a
subsequent anamnestic, or memory, response was also radioresistant, suggesting that the
first encounter with Ag leaves a long-lasting impression on the immune landscape for this
specific Ag. Talmage demonstrated that during the induction phase, which occurs during
the first few days of initial Ag exposure and where radiosensitivity occurs, the Ab
synthesizing cell/machinery becomes primed prior to the generation of Abs [29]. Thus,
upon secondary exposure to the same Ag, the primed Ab generating cells can bypass the
radiosensitive phase, resulting in a rapid and robust secondary response. This led Talmage
to propose a “cell selection” theory, suggesting that it is not the Ab, but the Ab-producing

cell that gets selected by Ag [30].

(13

Burnet’s “clonal selection theory of Ab formation” proposed the idea that each Ab-
producing cell makes only Abs of one specificity [31]. Moreover, the Ab-producing cells
would proliferate upon Ag stimulation, increasing the number of Ab producers of only one
specificity. Therefore, a cellular mechanism was thought to govern the diversity of Ab
specificities. Gustav Nossal, a protégé of Burnet’s, tried challenging the clonal selection
theory, but in a turn of events provided the first experimental evidence supporting this
theory [32]. Using rat cells, Nossal demonstrated that one plasma cell always produces one

type of Ab. The work on the clonal selection theory helped to unify the humoral and cell-

mediated arms of adaptive immunity.



Primary and Secondary Structure of Antibodies

As the clonal selection theory started gaining acceptance for the formation of Abs,
the structure of the Ab was still an enigma. In the 1960s, Rodney Porter and Gerald
Edelman started work on elucidating the biochemical structure of the Ab. Porter’s
experiments involved rabbit-derived Ag-specific Immunoglobulin G (IgG), where he used
papaya proteinase I, or papain, to enzymatically cleave the Ab molecule into three
fragments, with each approximately 50 kiloDaltons (kDa) [33]. When derived from Abs of
different specificities, the Fragment -crystallizable (Fc) fragments, due to their
homogeneity, readily formed crystals, however, due to the structural heterogeneity and
amino acid (AA) sequence differences of the Fragment Ag-binding (Fab) fragments,
crystals did not readily form. The three fragments corresponded to two Fab fragments and
one Fc fragment. Edelman utilized agents to reduce the disulfide bonds of the Ab,
dissociating the protein into its individual polypeptide counterparts, the light and heavy
chains [34]. Based on the approximate molecular weight of the whole Ab (~150 kDa),
Edelman determined that Abs are made up of two heavy and two light chains linked

together via disulfide bonds and non-covalent interactions.

The development of monoclonal gammopathy in myeloma patients and the
presence of Bence-Jones proteins, facilitated the resolution of Ab structure due to the
homogeneous composition of patient Abs compared to the heterogeneous Abs derived from
a normal immune response [35]. Upon sequencing different Bence-Jones proteins, Norbert
Hilschmann demonstrated that the structural heterogeneity of the light chain was restricted
to the amino-terminal (N-terminal) variable regions, whereas the carboxy-terminal (C-

terminal) constant regions were structurally homogeneous in all chains of the same type



[36]. Edelman followed up these studies by sequencing the complete AA sequence of the
entire Ab [37]. Edelman’s domain hypothesis proposed that AA sequences in each region
would fold into compact domains each with a single disulfide bond, which suggested to

Edelman that Igs evolved by gene duplication events [38].

Monoclonal Antibodies

In 1975, César Milstein and Georges Kohler produced the first monospecific Ab,
the monoclonal Ab (mAb). To generate mAbs, Milstein and Kdhler fused myeloma cell
lines, which can be cultured indefinitely, with Ab-producing B cells to create Ab-producing
hybridomas of murine origin [39]. This approach allows for the production of an unlimited
supply of Ab since the hybridomas are immortal and gives control over the specificity of
the generated Ab for a target Ag. After decades of painstaking research and contributions
from many individuals, Ehrlich’s vision for the ‘magic bullet’ was finally realized and it

would not be long until Abs could be tailor-made to any specification.

Section 1 Concluding Remarks

Almost a century has passed from the discovery of Abs to the generation of the first
mADb. In the half decade that has since followed Milstein and Kohler’s 1975 discovery and
countless Nobel Prize winners, mAbs are now essential in many applications, such as
research, diagnostics, and therapeutics. Today, development pipelines are rapidly
producing the next generation of mAbs, which are functionally more effective and less
immunogenic. Moreover, with current recombinant cell technologies, the production of
designer mAbs has never been easier. The purpose for inclusion of this section in the
dissertation was to firmly lay the groundwork for all subsequent studies regarding Ab

biology.
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Section 2 Antibody Structure

Antibody Nomenclature: Isotypes and Subclasses

Immunoglobulins (Igs), or Abs, are glycoproteins belonging to the Ig superfamily
(IgSF) with an approximate molecular weight of ~150 kDa [40]. This protein resembles
the shape of the alphabet letter ‘Y’ due to its three globular regions [41]. Ab nomenclature
is rooted in the small differences found in the largely conserved AA sequence of the
polypeptide chains that make up the Ab. Differences in the sequence of the heavy chain
constant region classifies Abs into five isotypes, designated as p, 0, a, €, and y, which
correspond to Immunoglobulin M (IgM), Immunoglobulin D (IgD), Immunoglobulin A
(IgA), Immunoglobulin E (IgE), and IgG respectively (F i g u-f).eln hiimans, the IgA
and IgG isotype is further subdivided into two and four additional isotype subclasses,
respectively. The IgA subclasses are categorized as al and a2, which correspond to
Immunoglobulin A1 (IgAl) and Immunoglobulin A2 (IgA2), respectively. The IgG
subclasses are categorized as y1, y2, y3, and y4, which correspond to Immunoglobulin G1
(IgG1), Immunoglobulin G2 (IgG2), Immunoglobulin G3 (IgG3), and Immunoglobulin G4

(IgG4), respectively (F i g u-t).e 1

Two types of light chains, classified based on the conserved AA sequence of the
light chain constant regions, are designated as k (Kappa) and A (Lambda) light chains.
Distinguishing isotypic features not only include the minute AA sequence differences, but
also differences in the size of the Ab hinge region, as well as the number and location of
the disulfide bonds connecting the Ab chains. Since the primary scope of this dissertation
is focused on the IgG isotype, the context of all referrals to Ab isotype will be of IgG origin

unless otherwise noted.
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Figure 1-1: Antibody Isotypes.

(Top) Within the immunoglobulin heavy chain gene locus located on chromosome
14, multiple heavy chain genes exhibit subtle variatins in the conserved sequence
of the constant regions allowing the classification of antibodies into five distinct
isotypes denoted by the Greek letters, p, 6, a, €, and y. (Bottom) Schematic
representation of the five antibody isotypes in mammals including the two IgA and
four IgG subclasses. IgM and IgA can also exist in a pentameric or dimeric form,
respectively, through its association with the J-chain. Figure adapted from [42]
and created with BioRender.com.
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Antibody Isotype Distribution

IgM is primarily secreted as a pentameric complex through its association with the
joining chain (J-chain) and is found predominantly in blood (~1 gram/liter). To a much
lesser extent, IgM is secreted in its monomeric form. IgD constitutes about 0.25% of the
total serum Igs and is the least understood of the five major isotypes [43]. Nevertheless,
the secretion of IgD seems to be compartmentalized to the mucosa as observed in IgM-IgD
class switched plasma cells with a role in immune homeostasis [44, 45]. IgA is found in
serum predominantly in its monomeric form [46]. However, in the mucosal lamina propria,
two monomers of IgA associate in the plasma cells with the J-chain to form dimeric IgA,
which can be secreted into the mucosa. IgE is primarily found under the epithelial surface
of the skin and mucosa bound to the surface of mast cells due to its high affinity for Fc
Epsilon Receptor I (FceRI) [47]. IgG is the most abundant isotype and can be found in
most areas of the body. Serum levels of IgG can exceed 10 grams/liter and due to the
maternal transfer of IgG across the placenta, high concentrations are also detectable in

neonates [48].

Antibody Structural Composition

Ab biomolecules consist of four polypeptide chains, specifically two identical light
(~25 kDa) and two identical heavy chains (~50 kDa) (Figure 1-2). An inter-chain disulfide
bond connects each « or A light chain to a heavy chain partner. Interestingly, in mice, the
K/A ratio is 95:5, whereas in humans this ratio is closer to 60:40 [49]. However, whether
differences in this ratio have any biological significance remains to be tested. The two
heavy chains are linked to each other via multiple disulfide bridges forming the

heterodimeric Ig [50]. There are also 12 intra-chain disulfide bonds, one for each of the 12
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individual 1gSF domains [51]. The flexibility of the Ab molecule, its turnover rate, and
perhaps its function, depends on not only the length of the hinge region, but also the
disulfide bonds that are formed. IgG3, having 11 disulfide bonds, possesses the longest
hinge region and has more flexibility compared to the other 1gG isotypes, which have 2, 4,
and 2 disulfide bonds for the IgG1, 1gG2, and 1gG4 hinge regions, respectively [51, 52].
Although the effect of intrachain disulfide bonding has little influence on the Ab’s tertiary
structure, stability of the protein is significantly increased. The stability afforded by the
disulfide bonds stems from a decrease in the conformational entropy of the unfolded

protein [53].

Variable and Constant Regions

The variable region, located at the N-terminal side of each heavy and light chain, is
determined by three, non-consecutively arranged complementarity-determining regions
(CDRs) (Figure 1-2). Each CDR possesses a unique AA arrangement, which confers the
Ab with Ag specificity. Six CDRs, three from each light and heavy chain, make up each
Ag binding site. Moreover, two identical, structurally conforming Ag-binding sites
underpin the bivalent nature of the soluble B cell receptor (BCR). While the variable region
at each light (VL) and heavy (VH) chain is made up of a single variable domain, the
constant regions, located on the C-terminal side of the Ab chain, are comprised of one (CL)
or three (CH1, CH2, CH3) constant domains for each light or heavy chain, respectively.
The constant regions are evolutionarily highly conserved with relatively few differences in
AA sequence compared to the highly diverse variable regions, which undergo V(D)J

recombination and somatic hypermutation.
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Antibody Structure

Antigen-binding
site

— Fab region

Light (L) chain

J L

Disulfide bonds Hinge region

Heavy (H) chain

' ' — Fe region
Figure 1-2: Antibody Structure.

A schematic representing the antibody structure of IgG. Antibodies are composed
of four polypeptide chains: two Light (L) chains and two Heavy (H) chains. Each
light chain is made up of two domains (VL and CL) and each heavy chain is made
up of four domains (VH, CH1, CH2, CH3). The polypeptide chains are joined
together by disulfide bonding. The specificity of the antibody is contained within
the Fab region, making up four antigen-binding site in the VL and VH domains of
each light and heavy chain, respectively. Each antigen-binding site is made up of
three non-consecutively arranged complementarity-determining regions (CDRS).
The highly conserved Fc region of the antibody contains binding sites for receptors
and soluble protein mediators, allowing effector cell engagement and subsegeuent
immunoregulation. The hinge region is found between the Fab and Fc regions
conferring the antibody with additional flexibility. Figure created with
BioRender.com.
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During V(D)J recombination, the generation of combinatorial diversity is achieved
through the availability and rearrangement of multiple gene segment copies (Heavy chain:
51 VH (variable) genes, 6 JH (joining) segments, 25 D (diversity) segments; Kappa Light
chain 50 Vk genes and 5 Jk segments; or Lambda light chain 50 VA genes and 7 J segments)
[54]. Coupled with different combinations of rearranged heavy and light chains, the
combinatorial diversity theoretically gives rise to approximately 4.6 x 10° different Ab
specificities [54]. Moreover, with the inclusion of junctional diversity, where nucleotides
are randomly, in a template-independent fashion, added or removed between the different
gene segments, an Ab repertoire of more than 10%° is theoretically possible [54]. To put
this number into perspective, there are approximately 10** total B cells in the human body
at any given time, which is a number 10,000 times less than the upper limit of the

theoretical Ab repertoire.

Antibody Fab and Fc fragments

As mentioned previously, papain, is a non-specific thiol-endopeptidase capable of
digesting the Ab into three fragments of similar size (~50 kDa): two identical Fab
fragments and one Fc fragment (Figure 1-2), the latter named due to its feasibility in
forming crystals. The Fab fragment consists of one constant and one variable domain from
both heavy and light chains and is the region on the Ab that binds Ag. On the other hand,
the Fc fragment is composed of only the constant domains and is the area on the Ab that
interacts with cell surface receptors, primarily Fc receptors, and soluble proteins, such as
complement components. Pepsin, another endopeptidase, also digests the Ab, however the

cleavage occurs below the disulfide bonds (towards the C-terminal side) resulting in a
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bivalent F(ab’), fragment. The use of these two enzyme digestion methods greatly

facilitated our understanding of Ab structure.

Antibody Allotypes

In addition to the isotypic variations, there are also allotypes, or allelic variations
in the IgG subclasses [55]. Differences in allotype diversity can be observed among
different individuals and ethnic groups [56]. These differences were suitable for paternity
testing and forensic applications prior to the availability of Human Leukocyte Antigen
(HLA) testing [57]. Moreover, exposure to a non-self allotype, such as in transfused
individuals, may induce an immune response generating allotype-specific Abs. There are
no known allotypic variations significantly altering the function of the Ab. Nevertheless,
some isoallotypic variants for IgG3, which are allotypic variations found among the Ab
subclasses, resulted in extending the half-life of the Ab or altering the binding kinetics with
soluble binding factors, such as Clq [58]. Ab allotypes confer an additional level of

diversity and complexity to an already multi-functional biomolecule.

Antibody Post-Translational Modifications

Ab post-translation modifications (PTMs) constitute an additional variable of
complexity to the overall Ab structure, as well as having implications in regulating Ab
effector functions. Each IgG heavy chain contains a highly conserved N-linked
glycosylation site at asparagine 297 (Asn297), located between the CH2 and CH3 domains
of the Fc hinge region (F i g u-B) §9].IThe sugar modifications are attached to the Ab
chains during translation, specifically in the endoplasmic reticulum and modified in the
Golgi apparatus. The glycan at Asn297 contains up to 13 monomers, consisting of N-

acetylglucosamine (GlcNAc), mannose, galactose, sialic acid and fucose, with distinct

17



N-linked
Glycosylation ©
[Asn™7]

B GIcNAc & Galactose
@ Mannose < Sialic Acid
B A TFucose

Figure 1-3: N-linked glycosyation of IgG at Asn297

Crystal structure of the 1gG antibody with Asn297 N-linked glycosylation. Adapted
from PDB ID: 1HZH [60]. (Inset Zoom) The core structure of the glycan molecule
consists of four N-acetylglucoasamine (GIcNAc) and three branched mannose
residues. The core sugar can be modified with the addition of GIcNAc, fucose,
galactose, and sialic acid. Figure created with BioRender.com.
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glycan combinations differentially impacting Ab conformation and function [61]. Removal
of the Asn297 oligosaccharide via tunicamycin treatment or replacement of the asparagine
with the incorporation of a missense mutation, A297Q, abrogated both complement and Fc
receptor (FcR) binding, however, Ag binding as wellas St a p h y | Peoteic Aobinding
were intact [62, 63]. Moreover, aglycosylated Abs fail to bind FcRs and abrogates effector
function i n ,wdémwnetrating the importance of sugar modifications in generating a

productive immune response [64].

For any given Ab specificity, combinatorial diversity within the constant region
constitutes up to 144 potential functional states, derived from 36 possible glycan structures,
of which a majority have been observed by mass spectrometry, in conjunction with the four
different IgG subclasses [61, 65]. Another factor increasing Ab diversity stems from
asymmetric glycosylation of the heavy chain, which is found to occur in 70% of IgG
molecules [66]. Moreover, 15-20% of circulating IgG also contain sugar modifications in
the variable regions, likely generated during somatic hypermutation [65, 67]. While the
sugar modifications to the Fab region may affect Ab specificity, there has been no evidence

demonstrating its effect on FcR engagement.

Specific sugar modifications have been linked to both pro- and anti-inflammatory
responses. At one end of the spectrum, Ab afucosylation, or removal of the fucose
monosaccharide, has been shown to increase the Ab affinity to FcRs, up to 100-fold and
boost Ab-dependent cell-mediated cytotoxicity (ADCC), conducive for enhancing
inflammation [68]. Afucosylation constrains the Fc region of the Ab to adopt an “open”
conformation, increasing its propensity for the inflammatory FcRs. At the other end of the

spectrum, the anti-inflammatory properties of intravenous immunoglobulin (IVIG), which
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is used in treatment of inflammatory pathologies, such as rheumatoid arthritis and Sjogren’s
syndrome, is attributed to Fc sialylation [69]. One model proposed that sialylation confines
the Fc region to a “closed” conformation resulting in increased binding affinity for
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN;
CD209), a non-canonical FcR, resulting in DC-derived IL-33 production and upregulation
of the inhibitory FcyR on macrophages, all of which passively diminishes the inflammatory
response [70]. Other models propose a more direct anti-inflammatory response through the
engagement of Siglec/CD22, a C-type lectin dendritic cell immunoreceptor, and the Fc
receptor-like protein 5 (FcRLS) [71-73]. The propensity for diminishing the inflammatory
response following IVIG administration remains unclear, however, it is likely that
overlapping and redundant mechanisms culminate in the anti-inflammatory response.
These data suggest that sugar modifications to the Fc region play an important role in

regulating the direction of the immune response.

Different glycosylation ¢ 0 mb i n maly hlso help drive specific Ab effector
functions, while abrogating effector mechanisms that may not be conducive for an ensuing
immune response. Studies have demonstrated that agalactosylation of IgGl via
neuraminidase and B-galactosidase treatment, abrogated complement-mediated lysis of
Ag-bound targets, but left ADCC responses more or less intact [74]. Owing to the fact that
FcR- and complement-binding sites in the Fc region are in close proximity, modulation of
Ab glycosylation patterns may allow the immune response to deterministically drive
specific effector responses, as opposed to a less controlled probabilistic ‘first-come-first-

serve’ form of regulation [75, 76].

20



Multiple factors contribute to Ab glycovariation, including among others, the
autoimmune- or pathogen-induced disease states, expression of glycosyltransferase and
glycosidase, availability of raw materials, such as monosaccharides, and regulation of the
secretory system [77]. Other factors, such as age, gender, hormones, and pregnancy
contribute to natural glycovariance [78]. Perturbations in the steady-state glycoprofile are
associated with autoimmune conditions, such as RA and SLE. Specifically, an
agalactosylated Ab profile, which abrogates complement engagement while keeping
productive Fc:FcR interactions intact, was found to correlate with disease severity [79].
Interestingly, genetic deficiency in complement components, such as Clq, positively
correlates with increased susceptibility for developing SLE, underpinning the potential
significance of the complement system in preventing autoimmune maladies and in
maintaining immune homeostasis [80]. A better understanding of the Ab glycome and its
steady state dynamics will provide new insights into mechanisms driving Ab responses,
aid in determining immune response outcomes, as well as aiding in rational drug design

for the treatment of oncological, autoimmune, and infectious diseases.

Section 2 Concluding Remarks

The structure of the Ab is more complex than was ever imagined. Heavy and light
chain isotypes and subclasses, V(D)J recombination, somatic hypermutation, allotypic
variations, and post-translational modifications, among others, contribute to the generation
of Ab diversity. This level of diversity is necessary to outcompete the rapid pace with which
pathogens are evolving their own immune evasion strategies. The purpose of this section
is to impart an understanding of the many variables contributing to Ab structure and

diversity, providing the framework for investigating Ab function.
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Section 3 Antibody Receptors andBinding Factors

Ab are effector molecules of the humoral immune response, regulating immune
responses and maintaining the balance between immunogenicity and tolerance. Through a
multitude of distinct receptor binding sites and binding factors, Abs act as the
“middleman,” bridging humoral immune responses with other immune effector
mechanisms, namely through immunoregulatory receptors and soluble protein mediators,
such as FcRs and complement components, respectively. In this way, Abs enable innate
immune effector cell populations to recognize specific Ags, much like how the BCR
directly recognizes native Ag or how the T cell receptor (TCR) recognizes Ag-derived
peptides loaded on the major histocompatibility complex (MHC), essentially coupling
specificity to non-specific receptors. Fc interactions induce a diverse array of
immunological functions, which include, among others, phagocytosis, cytolysis, cytokine

secretion, and inhibition of cell activation [81].

Cellular Antibody Receptors
Fc Receptors

FcRs are a major, functional class of Ab receptor expressed on a variety of immune
cell populations, such as B cells, dendritic cells (DCs), macrophages, natural killer (NK)
cells, polymorphonuclear (PMN) cells and platelets. FcRs for all classes of Igs have been
identified, including among others, Fc Mu Receptor (FcuR) for IgM, Fc Delta Receptor
(FcoR) for IgD, Fc Gamma Receptors (FcyRs) for IgG, Fc Alpha Receptor (FcaR; CD89)
for IgA, FceRI for IgE, and Fc Alpha/Mu Receptor (Fca/uR; CD351) for both IgA and
IgM. There are also non-canonical FcRs capable of binding Ig molecules, which include

among others, the neonatal FcR for IgG (FcRn), the low affinity Fc Epsilon Receptor 11
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(FceRII; CD23), the polymeric Ig receptor (pIgR), the intracellular Ig receptor Trim21, and
the Fc receptor-like (FcRL) family of proteins. With the focus of this dissertation centered
around IgG Abs, the scope of information in this section will primarily be focused on the

receptors for 1gG.

Mechani sm of IAtcean aant:i &rcs Fc R

As mentioned earlier, the conformational state of the Ab Fc region, ‘open’ or
‘closed,” imparts a form of control over the direction of the immune response as it
influences the Ab’s propensity for different types of FcRs. Glycovariants at Asn297
influence the conformation of the Fc region, with a nonsialylated Fc adopting an ‘open’
conformation and a sialylated Fc forming a ‘closed’ conformation, leading to reciprocal
engagement [82]. In addition to Ab specificity conferred through the Fab, the
conformational diversity regulating the Fc region imparts an additional level of specificity.
Based on this distinction, FcRs can be divided into type 1 and type 2 receptors, which
recognize the ‘open’ and ‘closed’ conformations, respectively. Abs with the ‘open’
conformation bind type 1 FcRs at the hinge-proximal region with an Fc:FcR stoichiometric
ratio of 1:1, while occluding type 2 FcR engagement (F i g u-#).€Typd 1 FcRs for IgG
include the canonical FcRs, Fc Gamma Receptor | (FcyRI; CD64), Fc Gamma Receptor Il
(FeyRIl; CD32), and Fc Gamma Receptor 1l (FcyRIll; CD16), which are primarily
involved in inducing Ab-mediated inflammation, as well as anti-inflammatory responses.
Abs with the “closed” conformation bind type 2 FcRs at the interface between the CH2 and
CH3 regions with an Fc:FcR stoichiometric ratio of 2:1, while occluding type 1 FcR

engagement. Type 2 FcRs for IgG include C-type lectins, such as DC-SIGN (CD209) and
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CD23, which are primarily involved in inducing Ab-mediated immunosuppressive

responses.

However, more recently, there have been claims that DC-SIGN and CD23 do not
interact with IgG [83]. Therefore, further talk of DC-SIGN and CD23 will be left for the
discussion section of the dissertation where I will discuss how both sides of this argument
may actually be true. Regardless, type 1 FcRs continue to possess the same functionality
as described, however the reciprocal IgG-mediated DC-SIGN or CD23 signaling remains

to be elucidated.

Fc Receptor signaling
| TAM

FcR-mediated signaling results in either cell activation or inhibition depending
upon the types of signal transduced following FCR engagement. Activating FCRs contain
an immunoreceptor tyrosine-based activation motif (ITAM), corresponding to the unique
AA consensus sequence of Y-X-X-[L/1]-(Xe-)-Y-X-X-[L/I], on the cytoplasmic tail, such
as Fc gamma receptor IIA (FcyRIIA; CD32A), or on an associated subunit, such as the Fc
epsilon receptor | (FceRT) gamma-chain (FcRy) and CD3 zeta-chain (CD3() [84-86]. Due
to the low binding affinity of specific Fc:FcR interactions, such as IgG1 with Fc gamma
receptor 3A (FcyRIITA; CD16A), crosslinking FCRs with Ab aggregates or ICs is necessary
to offset the low binding affinity of a singular Fc tail by increasing avidity with multiple
singular Fc tails. In the case of an eight-armed octopus, affinity would be equivalent to the
grip strength from one arm, whereas avidity would be the culmination of grip strengths
from all eight arms. In this example, one arm may not be able to hold on long before falling

off, but with eight arms, the force to hold on would be much superior. Therefore, FcR
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Effector Cell > Fc Receptor

> Antibody
Fc Region

Figure 1-4: The Fc:Fc Receptorinteraction.

Schematic representation of a cell surface Fc receptor engaging the Fc region of
the antibody. (Inset Zoom) Crystal structure of the Fc:FcR interaction. Adapted
from PDB ID: 4W40 [87]. Figure created with BioRender.com.
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crosslinking mediated by aggregated Ab is sufficient to produce an FcR-mediated
activation signal. Subsequent recruitment of Src family kinases, such as Lyn and Fyn, and
phosphorylation of the tyrosine residue(s) on the ITAM(S), results in the recruitment and
activation of the tyrosine kinase Syk [88]. The transduced signals mediate cellular
activation through multiple signaling pathways, such as the phospholipase C gamma
(PLCy) and phosphoinositide 3-kinase (PI3K) pathways, leading to effector responses
including among other cytokine/chemokine production, oxidative burst, cytotoxicity, and

phagocytosis [89].

I TI M

The expression of activating receptors is often co-expressed with inhibitory
receptors as a means to regulate and/or dampen immune responses. Inhibitory FCRs contain
an immunoreceptor tyrosine-based inhibitory motif (ITIM), corresponding to a unique six
AA signature of [I/V/L/S]-X-Y-X-X-[L/V], on the cytoplasmic tail [90]. FcR-mediated
inhibition functions to suppress the cellular activation signals, essentially increasing the
threshold for activation. Ligation of the inhibitory FcR, results in Lyn recruitment and
phosphorylation of the ITIM, leading to phosphorylation and recruitment of phosphatases,
such as Src homology 2 (SH2)-containing tyrosine phosphatases (SHP) and SH2 domain
containing inositol phosphatase (SHIP) [91]. The phosphatases associated with FcR-
mediated inhibition, dephosphorylate activation molecules, resulting in downmodulation
of cellular functions, such as the inhibition of the phosphatidylinositol-3, 4, 5-triphosphate
(PIP3)-dependent proliferation pathway. The A/l ratio is a mathematical model predicting

the trajectory of the immune response. Taking into consideration the affinity of the IgG
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isotype for the FCR with the ratio of activating and inhibitory receptors on a cell, the A/l

ratio can be used to determine the threshold for cellular activation [92].

| TAMi

A tertiary form of FcR signaling, typically involved in immune homeostasis, is
generated through an ITAM-mediated inhibitory signal (ITAMi). Low affinity FcRs, such
as Fc Gamma Receptor 2A (FcyRIIA; CD32A) and FcyRIIIA, require FcR crosslinking
from aggregated Ab to induce a productive FcR-mediated response. However, when the
FcR receives low affinity monovalent or divalent Fc stimuli, the transient signal induces
the phosphorylation of the ITAM motif by Lyn, which in turn recruits Syk, resulting in the

activation of SHP-1 and the cessation of effector cell activation [89].

Canonical Fc Receptors for IgG

FcyRs are categorized into three main classes: FcyRI (CD64), FeyRII (CD32), and
FcyRIIT (CD16) [93]. FcyRs typically have a 1:1 stoichiometric ratiowithFc (Fi g u-5.p 1
The establishment of FcR classes and subclasses were based on differences in structure,

binding affinity, function, and post-translational modifications.

FoR I

FcyRI consists of three homologous genes in humans with alternative splicing
variants, FcyRIA, FcyRIB, and FcyRIC [59]. However, only the full-length form, FcyRIA,
has been studied extensively. For the context of this dissertation, any mention of FcyRI
will be in reference to the FcyRIA variant. CD64 is a high affinity receptor for IgG,
allowing both monomeric IgG and ICs to initiate productive FcR-mediated signaling.

CD64 expression is generally restricted to DCs, monocytes, and macrophages, however,
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upon cytokine stimulation with IFN-y or granulocyte colony-stimulating factor (G-CSF),
PMNs can be induced to express CD64 as well. CD64 contains two ITAM motifs, located
on the FcRy and is involved in activating cellular functions such as Ag presentation,
cytokine production, cytotoxicity, and phagocytosis. Surface plasmon resonance (SPR)
analysis of the binding kinetics for the different IgG isotypes to CD64 demonstrated a wide
range of affinities. Ranking the isotype binding affinities (Ka) from highest to lowest are
as follows: 19G1 (Ka6.5 x 10’ M%) = 19gG3 (Ka 6.1 x 10’ M) > IgG4 (Ka 3.4 x 10" MY)

>>> |gG2 (no detectable binding) (Table 1-1) [94].

FoRI

FcyRII comprises three major subtypes, FcyRIIA (CD32A), Fc Gamma Receptor
2B (FcyRIIB; CD32B), and Fc Gamma Receptor 2C (FcyRIIC; CD32C). On the
cytoplasmic tail, both CD32A and CD32C have a single ITAM motif and are involved in
activating cellular functions such as Ag presentation, cytokine production, cytotoxicity,
and phagocytosis, whereas CD32B, with a single ITIM motif, is involved in
downregulating FcyR and BCR activation. CD32 is a low affinity IgG receptor requiring
Ab aggregates or ICs to crosslink the receptors and generate a productive ITAM-mediated
signal. However, for CD32A, in the case of monovalent or divalent engagement, ITAMi-
mediated signaling may instead proceed. The different subtypes of CD32 are differentially
expressed depending on the cell type. CD32A is expressed by many cell populations such
as monocytes, macrophages, DCs, PMNs, and platelets [95]. CD32B is expressed on B
cells, DCs and on a subpopulation of monocytes, macrophages and PMNs [95]. CD32C is
expressed on NK cells, monocytes, macrophages, and PMNs [95]. SPR analysis of the

binding Kkinetics for the different IgG isotypes to CD32A, from highest to lowest, are as
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follows: IgG1 (Ka4 x 105 M) > 19G3 (Ka 1 x 10° M) >> IgG4 (Ka2 x 10° ML) > 19G2
(Ka1x 10° M) [94]. Since CD32B and CD32C have identical extracellular domains the
SPR analysis of the binding kinetics for the different IgG isotypes to CD32B and CD32C
were similar [59, 94]. Ranking the isotype binding affinities to CD32B and CD32C are as
follows: 1IgG1 (Ka2 x 10° M) = IgG4 (Ka2 x 10° M) = IgG3 (Ka 1.7 x 10° M1 >> 1gG2
(Ka 2.5 x 10* M?) (Table 1-1) [94]. Although the order of binding affinities for the
different IgG isotypes are ranked similarly for the different CD32 subtypes, the difference
in magnitude for the binding affinity of IgG for CD32A is much greater than for CD32B

or CD32C.

FoRI I

FcyRIII exists in two distinct forms, FcyRIIIA (CD16A) and Fc Gamma Receptor
3B (FcyRIIIB; CD16B). CD16A is a transmembrane spanning FcR, structured similarly to
other FcyRs, however, CD16B is the only FcR possessing a glycosylphosphatidylinositol
(GPI) linker that is anchoring the receptor to the cell membrane. Although CD16A and
CD16B are encoded on different genes, the extracellular regions exhibit 96% sequence
similarity [96]. Like CD64, CD16 is an activating FcR that signals through an ITAM-
containing adaptor molecule, such as FcRy and CD3(. However, like CD32, CD16 is a low
affinity 1gG receptor that requires FcR crosslinking to produce a productive ITAM-
mediated signal and in the case of low valency engagement, the induction of ITAMi-
mediated signaling may proceed instead. Effector functions involved in CD16 signaling
include among others, cytokine production, cytotoxicity, phagocytosis, and superoxide

production. CD16A is found on the surface of NK cells, NKT cells, monocytes, and
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Figure 1-5: Membrane-bound and soluble protein mediators capable of
engaging the Fc region of IgG.

Schematic representation of antibody binding partners and their respective
stoichiometric ratios. (Top Left) FcyR, stoichiometric ratio = 1:1 FcyR:Fc; (Top
Right) C1q, stoichiometric ratio = 1:6 C1q:Fc; (Bottom Left) FcRn, stoichiometric
ratio = 2:1 FcRn:Fc; (Bottom Right) Trim21, stoichiometric ratio = 1:1 Trim21:Fc.
Figure created with BioRender.com.
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macrophages, whereas CD16B is found predominantly on PMNSs, specifically neutrophils
[95]. SPR analysis of the binding kinetics for the different IgG isotypes to CD16A, from
highest to lowest, are as follows: IgG3 (Ka5 x 10° M) > IgG1 (Ka 1.5 x 10° M) >> IgG4
(Ka2 x 10° M) >> 1gG2 (Ka 8 x 10* M )viss or (Ka 2.5 x 10* M™)e1ss [94]. The CD16
allotypic variant, V158, has significantly higher binding kinetics than the F158 variant,
which correlated with enhanced ADCC [59, 97]. Moreover, the afucosylation of the N-
linked glycan at Asn297 enhanced CD16A binding affinity up to 50 times [59]. SPR
analysis of the binding kinetics for the different 1gG isotypes to CD16B, from highest to
lowest, are as follows: 1gG3 (Ka 1 x 10° M) > 1gG1 (Ka 2 x 10° M) >>> 19gG4 (no

detectable binding) = 1IgG2 (no detectable binding) (Table 1-1) [94].

Non-canonical Fc Receptors for IgG
FcRn

The neonatal Fc receptor, or FcRn, was originally identified in rats as a receptor
involved in the transfer of maternal IgG in breast milk across the intestinal epithelial cells
of rat neonates [98, 99]. The passive acquisition of humoral immunity from the mother
confers protective immunity against pathogens during the time when the neonate’s immune
system is still developing. Moreover, in humans, maternal IgG can also be transferred
placentally to the growing fetus [100, 101]. An FcRn:Fc stoichiometric ratio of 2:1 is
required for functional FcRn-mediated interactions with IgG (F i g u-B).&cRd-mediated
transcytosis essentially allows all IgG subtypes to bi-directionally cross non-permeable
barriers [102]. Moreover, FcRn functions to protect IgG, as well as albumin, from
catabolism, extending the half-life of these biomolecules through an FcRn-mediated

protein recycling process [103]. FcRn is a nonclassical MHC class I molecule and
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associates with beta-2-microglobulin (f2m) [104]. Interestingly, the location of the FcRn
gene, F C G Riik the human genome is found in the same area as an MHC class I gene
foundin X € n 0 p u Ssupporire thé sgpposition that FcRn and MHC class I molecules
are evolutionarily linked [105]. FcRn is also expressed on leukocyte populations, such as
monocytes, macrophages, and neutrophils, and on non-immune cell populations, such as

epithelial and endothelial tissues [59].

At physiological pH (7.4) the binding affinity of IgG is too low for FcRn
engagement. However, the internalization of Abs occurs by means not well understood.
Perhaps, in the case of Ab aggregates, or ICs, FcyR-mediated phagocytosis may facilitate
the internalization of Abs. The acidic (pH < 6.5) environment inside endocytic vesicles
induces protonation (+1) of basic histidine residues at the FcRn binding site on IgG and
deprotonation (-1) of acidic glutamic acid residues on FcRn [106]. Thus, the increased
binding affinity observed at low pH is attributed to the formation of acid:base salt bridges
between IgG and FcRn [106]. At this juncture, IgG is firmly bound to FcRn, and IC-derived
cargo, if any, may then be degraded or used for Ag presentation. Studies demonstrated
FcRn-mediated cross-presentation of IgG IC-derived Ags in the acidic vesicles, leading to
subsequent priming of CD8" T cells [107]. Eventually, FcRn:IgG moieties move to the cell
surface, and subsequent deacidification of the vesicles to physiological pH causes the
release of IgG from FcRn, recycling the Ab back into circulation. It is important to note
that FcRn-mediated IgG recycling is not dependent upon the presence of ICs, rather

unknown mechanisms likely contribute to the bulk of collection and internalization of Ab.

The average half-life of circulating IgG is approximately 21 days (3 weeks) in

humans, and about 7 days (1 week) in mice [108, 109]. Due to competition for FcRn,
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subclasses of IgG, such as 1gG3, may have shorter half-lives than others [110]. In f2m-
deficient mice, the serum half-lives of IgG was significantly shorter compared to wild-type

mice, suggesting the importance of FcRn in mediating IgG homeostasis [111].

FcR L

Fc receptor-like proteins, or FcRLs, consist of six transmembrane (FcRL1-6) and
two cytosolic (FCRLA, FcRLB) members that are preferentially expressed on various B
cell subsets, however FCRL expression is not completely restricted to B cells as expression
was also observed on T and NK cells [112, 113]. The discovery of FcRLs stems from
sequence similarity with FcRs, specifically homology in the area that engages the Fc
portion of the Ab [114]. Containing ITAM or ITIM signaling motifs on the cytoplasmic
tail, FcRL-mediated responses range in function from B cell activation (FcRL1) to
inhibition of B cell receptor signaling (FcRL2-5). Moreover, studies on FcRL4 and FcRLS
have demonstrated productive interactions with IgG, FcRL4 recognizes IgA, 1gG3, and
IgG4, while FcRLS bound aggregated I1gG [73, 115]. As both FcRL4 and FcRLS5 contain
ITIM signaling motifs, FcRL-mediated responses recruits SHP-1 and subsequently
downmodulates BCR signaling induced cell activation responses [73, 115]. Moreover,
FcRLA, a B cell specific protein residing intracellularly in the endoplasmic reticulum, has
been shown to interact with nascent IgG, IgM and IgA [116]. Given the preferential
expression of FCRLs on B cells and the fact that a majority of leukemias and lymphomas
are B cell-derived, it comes as no surprise that FCRL dysregulation is an etiological factor
associated with lymphoproliferative disorders [113]. Furthermore, single nucleotide
polymorphisms (SNPs) of FcRL genes have been associated with increased susceptibility

for Rheumatoid Arthritis (RA), Grave’s Disease (GD) and Systemic Lupus Erythematosus
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(SLE) [113]. These data reinforce the importance of FcRL regulation in maintaining

immune homeostasis.

Trim21

Tripartite motif-containing protein 21 (TRIM21) is a cytosolic E3 ubiquitin ligase
that also functions as a cytosolic receptor for IgG, [gM, and IgA [117]. Substrate specificity
of E3 ubiquitin ligases allows for precision protein targeting and catalyzes its ligation to
ubiquitin, which functions to regulate protein turnover via the ubiquitin-dependent
proteasome [118]. TRIM21 is ubiquitously expressed in almost all cell types, with higher
expression levels restricted to immunocyte populations [59]. Like how FcRn engages the
Fc region of IgG, TRIM21 binds IgG at the CH2-CH3 interface, independent of any
influence from the N-linked glycosylation at Asn297 or pH [119]. However, due to the
dimerization of Trim21, a Trim21:Fc stoichiometric ratio of 1:1 is required for a functional
interaction, whereas for FcRn:Fc interactions, a 2:1 ratio is needed (F i g u-5).eWheh
IgG-opsonized bacterial or viral pathogens evade the extracellular immune defense
mechanisms, such as the FcyR- or complement-mediated pathways, and invade the
intracellular/cytosolic space of a cell, TRIM21 acts as an immunological sensor, tagging
IgG-opsonized targets for destruction by the ubiquitin-dependent proteasome [120, 121].
Moreover, innate immune-associated signaling pathways, such as NF-xB, AP-1 and IRF,
become activated. Inani n  murine model of mouse adenovirus type-1 (MAV-1), which
causes lethal encephalomyelitis, TRIM21 knockout mice exhibited increased viral load and
mortality compared to wild-type mice [117]. Moreover, passive transfer of MAV-specific

antisera into wild-type mice was fully protective against MAV-1 challenge, but not in
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TRIM21-deficient mice [121]. This protection positively correlated with TRIM21

expression, suggesting the importance of this immune mechanism at controlling infection.

Soluble protein mediators

To date, regarding the human plasma proteome, 4395 plasma proteins and 2750
proteins in extracellular vesicles have been identified by mass spectrometry [122]. The
different types of plasma proteins allow the host to execute a multitude of functions such
as blood clotting, maintenance of osmotic pressure, and immunosurveillance. The presence
of circulating soluble immune factors, include, among others, cytokines, chemokines,
complement components, and Igs, which are all crucial for the defense against pathogens.
During an immunological insult, Abs, such as IgG, can bind the surface of pathogens and
infected cells to initiate an Ab-mediated immune response. In the event where Fc:FcR
interactions are not sufficient to transduce an immune activation signal, there are often
redundant and overlapping systems to enable the activation of an immune response. One
of these systems is the coupling of the Ab-mediated effector response with the complement
pathway. Clq, the first component and initiator of the classical complement pathway,
readily engages Ab aggregates and ICs [123]. The propensity to activate C1q differs among
the different IgG subclasses (IgG3>IgG1>1gG2>IgG4) [124]. The range in complement
activation profiles differs with IgG3 being the most potent activator of Clq to IgG4
showing little to no reactivity. In addition, due to the hexameric nature of Clq, a Clq:Fc
stoichiometric ratio of 1:6 is observed (F i g U-%).eA mére detailed description of the Ab-
complement coupled effector response will be discussed later in this chapter. In addition to
Clq, there are likely other serum factors that engage IgG and modulate Ab effector

responses [125].
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In addition to host-derived proteins that can engage IgG, proteins expressed by
pathogenic bacteria, such as Protein A from Staphylococcal origins, Protein G from
Streptococcal origins and Protein L from Peptostreptococcal origins, also binds to IgG
across different species [126-128]. Protein A and G bind the Fc region at the interface
between the CH2 and CH3, similar to the FcRn binding site, as well as the Fab region,
whereas Protein L only binds the Fab region, specifically the variable region of « light
chains. The pathogen-mediated generation of these proteins evolved as a means to interfere
with and evade the immune response [129]. Nevertheless, we have co-opted these proteins

to develop novel methods to isolate and target Abs [130].

Section 3 Concluding Remarks

The receptor type, expression level, allelic variation, binding affinity, as well as the
context of the inflammatory milieu all play a role in impacting Ab-mediated functions and
outcomes [131]. This section examined cell-surface receptors and soluble mediators
capable of associating with Abs, as well as receptor-mediated signaling outcomes, which
results in either cell activation or cessation of cellular responses. The ability of Abs
generated from adaptive immunity conferring specificity to innate immunity is an
evolutionary marvel. The concepts presented in this section will aid in understanding the
mechanisms of Ab-mediated effector functions presented later in this chapter and set the

stage for the players involved in the subsequent chapters.

Section 4 Antibody Effector Responses
Abs have an inherent capacity to act defensively as a means of disease prevention,

responding to a variety of potential threats, such as bacterial, viral, or parasitic infections.
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The multifunctionality of Abs stems from the dichotomy of the Ab arms, specifically the
singular Fc and dual Fab regions. The bivalent Fab arms bind to specific Ags, or epitopes,
which are molecular surface patterns usually distinct from the molecular surface patterns
found naturally on a given host, while the Fc arm engages cell surface receptors and soluble
proteins, such as Fc receptors (FCRs) and complement components, respectively. An
increase in avidity is necessary to overcome the low binding affinity between certain
FcR:Fc interactions. This is accomplished through an increase in the number of Abs
engaging in Fab-mediated binding, which results in increased Fc accessibility and
productive FcR crosslinking, allowing effector cells to surpass the signaling threshold
preventing cell activation. In this section, the discussion will be focused on the mechanisms

and outcomes of Ab effector responses.

Antibody-dependent Fab-mediated Mechanisms of Action

During the ‘sensitization’ phase, Abs initiate productive interactions with Ag.
Epitope specificity and bivalency are prominent features allowing Abs to perform a myriad
of Fab-mediated functions. Moreover, factors affecting the Ab:Ag reaction include, among
others, temperature, pH, ionic strength, valency, and concentration [132]. Below is a list of
Ab-dependent Fab-mediated functions (Figure 1-6A), instances describing the
mechanisms of action, as well as examples of immunopathology or immune evasion of the

Ab effector responses:

Opsonization
Abs act as opsonins, which are binding proteins, such as complement factors and
C-reactive protein, that have the capacity to enhance subsequent downstream effector

functions, such as phagocytosis, cytotoxicity, and complement activation [133]. During
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Ab-dependent Fab-mediated opsonization, Abs decorate Ag expressing targets, such as
viral, bacterial, or parasitic pathogens, to control immunologic threats [134]. Opsonization
has also been implicated in self-tolerance and the prevention of autoimmunity. Ab-
mediated opsonization of apoptotic cells provides the initial step for inducing downstream
effector functions for the clearance of dying cells [135]. The rapidity in clearing apoptotic
cells is an important mechanism to control any further tissue damage. Interestingly,

mucosal-associated invariant T (MAIT) cells have been identified that have a limited TCR

repertoire that recognizes public Ag specificities conserved across species. In the context
of bacterial infection, opsonization of Escherichia coliwith 1gG supports the monocyte-
mediated activation of MAIT cells, but not with complement component C3 [136].

Moreover, in adult cases of acute Vibrio choleraeinfection, LPS-specific IgG and IgA

responses (T-independent), but not LPS IgM nor Ab responses to cholera toxin B subunit
(T-dependent), positively correlated with MAIT cell frequency and activation, suggesting
that opsonization to T-independent Ags promoted the Ab-mediated immune response
[137]. These data indicate that Ab-mediated opsonization is linked to both the
inflammatory response, as well as for maintaining self-tolerance and establishing immune

homeostasis.

Acquired nosocomial infections, such as Staphylococcus epidermiditwart the
process of Ab-mediated opsonization and evades detection. Often regarded as an epithelial-
colonizing, innocuous commensal microorganism, opportunistic S. epidermidisnfections
can develop into a serious life-threatening condition. Despite production of Abs against S.
epidermidis the ability to evade opsonization may be attributed to the production of

exopolymers, which act as decoys, similar to decoy flares deployed by fighter jets to
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confuse incoming heat-seeking missiles [138]. These data suggest that Ab-mediated

opsonization is an important step in mounting a productive immune response.

Agglutinati on

In solution, Ab in the presence of multivalent targets lead to clumping and
aggregation. The development of an Ab:Ag lattice overcomes the natural repulsive forces
preventing aggregation and makes the soluble ICs an attractive target for downstream
effector functions, such as Fc-mediated phagocytosis. Vaccination studies against
Streptococcus pneumoniakmonstrated how the induction of the humoral immune
response contributes to protection. Non-vaccinated recipients tend to be carriers of S.
pneumoniagwhich if continued to persist, results in colonization and infection [139].
However, the vaccine-induced IgG Ab response and generation of Abs specific for
bacterial capsular polysaccharide results in agglutination of S. pneumonia&nd suppression
of bacterial colonization demonstrating the importance of Fab-mediated agglutination in
conferring protection against immunologic perturbations [140]. However, dysregulation of
Ab responses resulting in the generation of agglutinating Abs, mostly 1gG, specific for self-
Ag, such as in cases of autoimmune hemolytic anemia, results in accelerated red blood cell
destruction [141]. These cases highlight the potential spectrum of outcomes, from

protective immunity to autoimmunity following the generation of agglutinating Abs,

In addition to agglutination, if conditions are permissive, a precipitin reaction may
occur where instead of aggregating into serum-soluble complexes, the Ab:Ag ICs that are
generated are insoluble and visibly precipitates out of solution. Optimal precipitation of the
insoluble ICs occurs at the equivalence zone, where the ratio of Ag determinants and Abs

are at equilibrium, whereas at Ab or Ag excess, the conditions become less favorable for
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Figure 1-6: Fab- and Fcmediated Antibody Effector Responses.

(A) Fab-mediated antibody effector responses consist of (Top) opsonization,
(Middle) agglutination//preciptation and (Bottom) neutralization of pathogens and
toxins. (B) Fc-mediated antibody effector responses consisting of (Left) ADCC,
(Middle) ADCP, and (Right) CDC may follow Fab-mediated mechanisms. Figure
created with BioRender.com.
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the precipitation reaction to proceed, and the size of the precipitates tend to also be smaller
in size [142]. Ab binding molecules, such as complement, have a tendency to prevent
formation of large insoluble immune aggregates and transforms insoluble complexes into

smaller soluble aggregates [143].

The clearance and disposal of ICs are predominantly handled by phagocytic
effector cell populations, however, in cases where phagocytes lack the capacity to clear
ICs, either due to functional deficits or the presence of high IC concentrations, the resulting
deposition of 1Cs may cause autoimmune conditions and/or exacerbate prevailing disease
pathologies. Studies on neutrophil-mediated responses demonstrate differential patterns of
effector cell function dependent upon the solubility of the IC-mediated stimulation [144].
Soluble ICs are unable to stimulate a respiratory burst or degranulation in unprimed
neutrophils, however, insoluble ICs activate the production of intracellular reactive oxygen
species (ROS) without secretion. Following exogenous granulocyte-macrophage colony-
stimulation factor (GM-CSF) priming, in conjunction with soluble IC stimulation,
activated neutrophils induced the secretion of ROS and granule enzymes. This effect was
recapitulated following insoluble IC stimulation, but to a lesser extent. The dichotomy in
the generated responses dependent on the solubility of ICs warrants further investigation

and assessment.

Neutralizati on

Fab-mediated neutralization occurs when an Ab non-covalently binds to an epitope,
such as on a bacteria or virus, intrinsically affecting its function and/or blocking pathogen
entry into the host cell. Neutralization can also occur extrinsically when an Ab binds to an

epitope of a secreted product from bacteria or virus rendering it non-functional. Some of
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the earliest Ab research involved the induction of Ag-specific Abs to block diphtheria
infection and neutralize diphtheria toxin [1]. Although multivalent Ags are necessary for
Fab-mediated agglutination, Ag multivalency is not a strict requirement for Fab-mediated
neutralization, however, it likely improves binding kinetics and enhances Ag

immunogenicity.

In studies involving severe acute respiratory syndrome coronavirus 2 (SAR-CoV-
2) infections, coronavirus disease 2019 (COVID-19) patients and vaccine recipients
developed neutralizing Ab responses that inhibited viral infection [145]. Interestingly, Abs
specific for the host-derived receptor, CCR5, was found to neutralize the infectivity of the
R5 strains of human immunodeficiency virus 1 (HIV-1) in vitro [146]. Studies on Abs
specific to the influenza A virus M2 protein demonstrated its negative impact on virus
production by engaging nascent viral proteins and inhibiting viral egress from infected cells
[147]. These data demonstrate that neutralizing Abs can act both directly against the
pathogen or indirectly against host proteins to deter viral replication, block infectivity, and
limit pathogenesis. Nevertheless, certain pathogens, such as the Lassa virus, an Arenavirus,
which causes hemorrhagic fever, have developed ways to evade neutralizing Ab control
[148]. Lassa virus decorates its extracellular surface with a glycan shield rendering host
neutralizing Abs ineffective. Thus, a war of attrition would likely be detrimental to the
host, while benefiting the pathogen, which if given enough time may be able to generate

more evasive immune strategies.

Antibody-dependent Fc-mediated Mechanisms of Action
Following the generation of productive Fab-mediated Ab:Ag interactions during

the ‘sensitization’ phase, which results in opsonization, agglutination, and/or neutralization
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of Ag, a subsequent Fc-mediated ‘effector’ phase may commence if circumstances are
permissive. The Ab:Ag interaction induces a conformational change to the structure of the
Ab, enhancing accessibility to the Fc binding sites. Fc-mediated effector responses are
involved in cellular and Ag clearance via Ab-dependent cell-mediated phagocytosis
(ADCP) and cellular cytotoxicity via ADCC or complement-dependent cytotoxicity
(CDC). Although the Fab and Fc regions of the Ab play disparate roles, they often work in
concert to mediate its effector mechanisms and provide protection against immunologic
insults. Below is a list of Ab-dependent Fc-mediated functions (Figure 1-6B), instances
describing the mechanisms of action, as well as examples of immunopathology or immune

evasion of the Ab effector responses (in the context of IgG function):

Ant i-Beopdeyn de-mé diCat ¢éd Cyt ot oxicity

ADCC is an immune mechanism of targeted cell killing whereby Abs act as the
guidance system directing immune cells to targets, such as infected, transformed, or
apoptotic cells, necessitating potential immune intervention. Following Fab-mediated Ab
decoration of target cells, exposure of the Ab’s Fc tail allows for FcR-expressing effector
cells to precisely pinpoint and effectively respond to potential threats. Effector cell
populations mediating ADCC include NK cells, macrophages, neutrophils, and eosinophils
[149, 150]. Studies have demonstrated the role of ADCC in clearing tumors and as a
potential tool for prognosticating disease outcomes [151]. Mice lacking functional CD64
and CD16 demonstrated diminished anti-tumor responses, while mice lacking CD32B
displayed enhanced ADCC and tumor growth inhibition [152]. These data suggest that
efficient control of the tumor burden is in part dependent on intact ADCC function.

Moreover, the next generation of therapeutic mAbs are being engineered to enhance ADCC
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function for the treatment of malignancies, autoimmunity, and infectious diseases.

Nevertheless, mAb-induced responses, such as ADCC, in vitro do not necessarily correlate

with efficacy in vivo, suggesting that additional variables must be considered for rational

drug design.

Mechanism of Action:

1. Abs bind target Ags, e.g., Ag-expressing tumor cell, via Fab-mediated binding.

2.

FcR-expressing effector cells, e.g., NK cells, are recruited through the
engagement of the Fc portion of the Ab [149, 151].

One limiting factor that may halt an ensuing ADCC effector cell response, may
in part be due to the low affinity nature of certain FcRs, namely CD32 and
CD16. Fc-mediated FcR crosslinking of the low affinity FCRs is necessary for
effector cell activation, e.g., crosslinking CD16 on NK cells.

FcR signaling triggers the secretion of cytolytic granules, such as perforin, and
the release of apoptosis-inducing granzymes (serine proteases) and FAS ligand
(CD95L or CD178) [153].

Perforin is a cytolytic, non-specific, pore-forming protein secreted by activated
NK cells and cytotoxic T cells [154].

These steps lead up to apoptosis, or programmed cell death, of the target (tumor)

cell.

Tetherin, a restriction factor induced by type | interferons, prevents viral egress by

physically anchoring viral particles to the host cell surface [155]. Moreover, the

accumulation of viral protein expression at the cell surface facilitates Ab-mediated viral

protein targeting and increases the probability of inducing an ADCC response. However,
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viral protein U (Vpu), an HIV-1 generated protein involved in immune evasion, accelerates
tetherin degradation, diminishes restriction factor activity, and evades ADCC, resulting in
heightened viral pathogenesis. Compared to wild-type HIV-1, an HIV-1 Vpu knockout
model demonstrated a five-fold increase in viral protein expression on the host cell,
resulting in increased NK cell activity, as well as a 60-fold increase in ADCC susceptibility
[155, 156]. These data suggest the importance of ADCC in controlling infection, whereby
pathogens are constantly pressured to evolve novel ways to evade the immune response in

order to survive.

Ant i-Beopdeyn d eemé diCadt €éd Phagocytosi s

ADCP provides a mechanism for targeted cell-mediated clearance of Ag through
the action of phagocytic cells, such as monocytes, macrophages, DCs, and neutrophils
[157]. Fab-mediated Ab decoration of Ag-expressing target cells, soluble or insoluble
(particulate) target Ags, marks them for phagocytosis by FcR-expressing effector cells. The
cellular process of phagocytosis consists of ingesting and eliminating Ag or Ag-expressing
targets, such as pathogens, foreign substances, transformed and apoptotic cells. In a mouse

+/+

model of influenza, FcRy” mice and FcRy"* mice showed similar cytokine and Ab

profiles, however FcRy”" mice, deficient in FCR signaling, were more susceptible to

+/+

influenza infection compared to the FcRy™ mice [158]. Moreover, passive transfer of
immune sera into mice lacking T and NK cells demonstrated sufficient viral clearance
suggesting that Ab-mediated phagocytosis was integral in controlling infection. Although
Ab-mediated neutralization of viral particles is believed to be the primary function of Abs

in anti-viral immunity, studies show that FcR-mediated phagocytosis plays a significant

role.
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Mechanism of Action:

1. Abs bind to target Ags or Ag-expressing targets, e.g., tumor cells, via Fab-
mediated binding.

2. FcR-expressing effector cells, e.g., macrophages, are recruited through the
engagement of the Fc portion of the Ab.

3. Like ADCC, the binding kinetics of the low affinity FCRs necessitate
crosslinking in order to induce effector cell activation.

4. FcR signaling triggers the phagocyte to engulf the opsonized Ag.

5. Internalization into the phagolysosome may then lead to the production of ROS

and destruction of the target [131].

Studies have demonstrated that Ab-bound cellular targets and Ag-bound ICs
facilitate the fixation of complement component C1q, resulting in enhancement of ADCP
[159-161]. Due to the low affinity nature of certain Fc:FcR interactions, an increase in the
frequency of Fc exposure is required for a durable Ab-mediated response. However, the
incorporation of C1q to ICs allows for a suboptimal level of Ab, or Fc, exposure to initiate
a productive phagocytic response. In addition to the enhancement of Ab-mediated FcR-
dependent phagocytosis afforded by the deposition of C1q, there is evidence supporting
the notion of Ab-mediated complement-dependent phagocytosis [162]. Complement
component C1q is a hexameric oligomer with six globular heads connected by collagen-
like stems to a central stalk, similar to C-type lectins and mannose binding lectin (MBL)
[163]. The C1q heads bind to the C1q binding site on the Fc domain of Abs, leaving the
central stock of C1q in an exposed configuration [164]. Moreover, for rituximab (RTX), a

therapeutic monoclonal Ab specific for CD20, the C1q binding site on the Fc is involved
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in the same region required for Fc interactions with the low/intermediate affinity FcyRs,
however, the binding sites for C1q and FcRs do not overlap [75]. Nevertheless, Shields et
al. demonstrated that mutations in the AAs responsible for engagement of C1q, also alters
IgG1 Fc:FcR interactions [76]. Thus, the deposition of C1qg on ICs leads to the occupation
of sites on Fc-bearing ICs which are required for FcyR binding and instead the exposed
C1q stalk regions engage a C1q receptor (C1gR) to mediate ADCP [162]. The mechanism
of out competing Fc by Cl1q, occluding interaction with FcRs and promoting the
engagement to Clq receptors (ClgRs) may differentially localize Ag-bound Abs.
Nevertheless, it is likely that IC-dependent FCR- and complement-mediated interactions
physiologically occur simultaneously, and the ratio of the signals ultimately dictating
whether the Ab-bound Ags are delivered for Ag presentation and the induction of an

immune response, or for clearance and waste disposal.

FcR crosslinking via ADCC or ADCP, in combination with the presence of other
immunogenic factors on the target cell, facilitates Ag presentation and induces the release
of immunoregulatory cytokines, such as interferon-gamma (IFN-y) and tumor necrosis
factor alpha (TNF-a) [165, 166]. The immune system is made up of redundant and
overlapping roles to thwart immunological insult and subsequently functions to establish

immune homeostasis in order to prevent unnecessary collateral damage to the host.

Compl edlmpendent Cytotoxicity

The complement system is an integral part of innate immunity, which functions to
enhance the ability of Abs and effector cell populations. Ab-mediated CDC is an immune
mechanism of targeted cell killing, having a similar functional outcome as ADCC,

however, unlike ADCC, CDC does not require effector cell involvement to mediate

48



cytotoxicity. Following Fab-mediated Ab decoration of target cells by IgG or IgM,
exposure of the Ab’s Fc tail primes the target for complement component C1q binding and
subsequent propagation of the classical complement pathway [167]. The CDC response
functions to eliminate pathogens, assist in the clearance of damaged cells, activate effector
cell populations and induce inflammation [168]. Ab-dependent complement-mediated
responses are associated with both beneficial and detrimental effects to the host, such as
antitumor efficacy and autoimmune pathology, respectively. Although CDC responses
have been correlated with the therapeutic efficacy of mAbs in the treatment of cancers,
aberrant complement activation has been linked to increased tumor growth [169, 170].
Thus, the next generation of mAbs are being designed with strategies to improve or

abrogate complement engagement depending on the etiopathology of the disease [171].

Mechanism of Action

1. Abs bind target Ags, e.g., Ag-expressing pathogen, via Fab-mediated binding.

2. Complement component C1q oligomerizes with two serine proteases, C1r, and
Clsz, forming the C1 complex (C1qgr2sz), which binds to the C1g-binding site
within the Fc region of the Ab.

3. Conformational changes to the C1 complex following C1q binding activates
C1r and C1s, initiating the classical complement pathway.

4. Cls cleaves complement components C4 (cleaved into C4a and C4b) and C2
(cleaved into C2a and C2b) to generate the membrane bound C3 convertase,
C4bC2b

5. The C3 convertase cleaves complement component C3 (cleaved into C3a and

C3b) to generate the membrane bound C5 convertase, C4bC2bC3b.
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6. The C5 convertase cleaves complement component C5 (cleaved into C5a and
C5b) to generate C5b, which commences the formation of the membrane attack
complex (MAC).

7. The MAC consists of complement components C5, C6, C7, C8, and C9, which
oligomerizes in sequential order from C5b to C9.

8. Additional C9 molecules (as many as 16 C9 molecules) oligomerize to drive
pore formation in the target cell membrane, which mediates target cell death

[172].

It is important to note that the initiation of the classical complement pathway
requires multiple 1gG molecules bound in close proximity [172]. C1q, which exists in a
hexameric configuration, may need additional Fc binding sites to stabilize C1q in its active
form. An increase in the availability of Ab Fc tails likely enhances the Fc:C1lqg binding
kinetics through an increase in avidity. Thus, a single pentameric IgM molecule with five
C1q binding sites, allows for sufficient initiation of the Ab-mediated classical complement

pathway.

The activation of the classical complement pathway, not only results in the targeted
cell death via MAC formation, but the complement split products of C3 and C5, C3a and
Cb5a, respectively, function as circulating anaphylatoxins, regulating vasodilation,
inflammation, chemotaxis, and activation of immune effector cell populations, such as
macrophages and PMNs [173, 174]. Moreover, the Ab-mediated CDC pathway resulting
in C3b deposition on pathogens may also indirectly induce effector cell-mediated
phagocytosis via C3b receptors on the surface of immune cells, such as macrophages and

neutrophils [175].
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Reticuloendothelial System

The reticuloendothelial system (RES), likened to a garbage-disposal unit, plays an
important role in the clearance of soluble and particulate moieties in circulation and in
tissues. As a specialized compartment of the immune system, the RES consists of a
heterogeneous population of phagocytic cells, such as macrophages, involved in the
metabolism and clearance of bacteria, toxins, Ags, apoptotic cells, ICs and other
biomolecules [176, 177]. The RES is found throughout the body associated with many
different organ systems, such as Kupffer cells in the liver, microglia in the brain, alveolar
macrophages in the lung, and macrophages residing in the gastrointestinal mucosa, bone
marrow, and lymph nodes. Functional alteration of the RES, occurring naturally or induced
experimentally, is associated with hemorrhagic shock, tumor growth, bacterial infection,
viral infection, atherosclerosis, radiation injury, and suppressed immune responses,
underpinning the importance of this often forgotten system in host defense and homeostasis

[177].

Section 4 Concluding Remarks

The different Ab-mediated mechanisms are often redundant and overlapping in
function. The utilization of a specific mechanism over another likely depends on multiple
factors, including among others, the type of target Ag or the stage of infection. This section
emphasized both Fab- and Fc-mediated Ab responses and their contributions to immunity
and tolerance, illuminating how Abs bridge the humoral and cell-mediated arms of

immunity.
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Section 5 Translational Aspects of Antibody Biology

Antibodies as Tools

The wealth of knowledge obtained from the study of Abs and Ab-mediated
responses enabled its translation into tools to facilitate research endeavors and into
therapeutic applications to treat a variety of diseases. Abs significantly improved the
rapidity and scalability of traditional lab protocols, subsequently accelerating the amount
of information gained from such studies. Abs are routinely utilized in many research
pipelines for use in in vitro applications such as fluorescence-activated cell sorting (FACS),
immunohistochemistry (IHC), enzyme-linked immunosorbent assays (ELISA), and
immunoprecipitation. Abs are also used for in vivoapplications as a blocking/neutralizing
reagent or to deplete a specific Ag-expressing cell population. Moreover, with the advent
of recombinant Ab engineering technologies, the generation of customizable Abs has never
been easier. Features such as Ag specificity, isotype, and glycosylation profiles can be

tailored to meet research specifications.

Antibodies in Diagnostics

In addition to the use of Abs as tools for research purposes, Ab technology has been
translated for clinical use. As a diagnostic tool, Abs can be used to detect the presence of
infections, recognition of allergens, and quantification of specific proteins in serum. For
example, the COVID-19 rapid Ag test employs Abs specific for SARS-CoV-2 Ag to detect

the presence of COVID-19-specific proteins [178].

52



Antibodies as Therapeutics

In 1975, Kohler and Milstein produced the first mAb. In 1986, 11 years later, the
FDA approved and licensed the first therapeutic mAb (muromonab-CD3), a murine Ab
against CD3 for the treatment of acute transplant rejection [179]. As of June 2022, there
are over 162 approved and marketed Ab-based therapies, targeting a wide array of ailments
including malignancies, infectious diseases, and autoimmune disorders [180]. With a
majority of the best-selling drugs on the global market being a biologic, it is not
preposterous to hear that the market for therapeutic mAbs is estimated to generate revenue

upwards of USD $300 billion by 2025 [179].

Therapeutic mAbs provide distinct mechanisms of action dependent on the type of
disease and projected clinical outcomes. Mechanisms include blocking cellular signals,
such as cell proliferation or angiogenesis, utilizing the targeting capabilities of Abs to aid
in the recruitment or destruction of effector cells, and to deliver drugs or chemoradiation.
Adalimumab is a mAb that blocks TNF-a, which alleviates autoimmune pathology in RA
patients [181]. Bevacizumab targets vascular endothelial growth factor-A (VEGF-A)
inhibiting angiogenesis in tumors. Rituximab, a mAb specific for CD20, targets B cells for
destruction to treat B cell malignancies, as well as treatment for B cell driven
autoimmunity. In addition to the development of mAbs, components of the Ab have also
been utilized to create novel chimeric Ag receptors (CARs). For example, the CAR T cells
have TCRs fused to a single chain Ab variable fragment (scFv) or to an intact single
variable domain of the Ab heavy chain to confer specificity unique to the T cell [182]. In

this way, CAR T cells are believed to function like any normal T cell, but with the
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exception of being capable of targeting conformational epitopes as an Ab over the

canonical peptide-MHC moieties.

Antibody Engineering

When Kohler and Milstein produced the first mAb, many were unaware of the
challenges soon to be encountered. Originating from mouse, the first mAbs were not
sustainable for prolonged use due to its immunogenicity in humans [183]. Subsequent
generation of human anti-murine Abs resulted in accelerated clearance, diminishing
therapeutic efficacy, and the development of anaphylactic reactions, leading to cessation
of therapy [181]. To overcome these limitations, mouse mAbs were “humanized” by
replacing the murine sequences with the human equivalent, which minimized the risks
associated with murine mAbs. Development of chimeric mAbs, such as infliximab, a mAb
against TNF-a, possessed human Fc (constant) domains fused to the murine Fab (variable)
domains [181]. This was followed by the development of mAbs that were completely
humanized with the exception of the murine CDR loops that are integrated into the mADb.
Today, development of mAbs has progressed to the point where the generation of
completely humanized mAbs, such as adalimumab, is the norm [184]. Nevertheless,
adverse drug reactions (ADRs) may still occur, even with the administration of fully
humanized mAbs. Thus, careful consideration of risks is warranted prior to use of any

immunotherapeutic agent.

As our understanding of Ab biology continues to grow, the development of the next
generation of mAbs are being designed to be more effective, better tolerated, and less
immunogenic. The introduction of recombinant Ab production technology significantly

accelerated the developmental pipeline of mAbs. Compared to hybridoma Ab production,

54



the generation of recombinant Abs is much faster with less variability, is cost-effective,
and does not require animals nor a humanization process. This high-throughput application
allows for rapid adjustment to enhance specific mechanisms of action, e.g.,
enhanced/suppressed effector functions and half-life regulation and allows even more

creativity for the development of novel Ab-platform technologies.

Section 5 Concluding Remarks

This section illuminates the translational aspect of over 100 years of Ab research.
Ab-based applications for utilization in research, diagnostics, and treatment modalities
have significantly changed the biomedical landscape and altered the course of treatment
for diseases associated with cancer, autoimmunity, and infection. Abs represent the
correlates of protection for nearly all licensed vaccines [185]. Moreover, many of the tools
that are utilized in subsequent chapters of this dissertation, e.g., Fc multimers, were crafted

by building upon the Ab research of our predecessors.

Section 6 Statement of Purpose

The overall objective of this dissertation is to investigate ICs and their role in
regulating Ab-mediated effector responses. Chapters 2 and 3 highlight different
experimental methodologies to take into consideration and how to approach rational
experiment design when studying Ab-mediated effector responses. In chapter 4, | use
recombinant Fc multimers, an IC mimetic, to investigate the effect of IC stimulation on
NK cell phenotype and function. Lastly, in chapter 5, | investigate the interplay among the
trio of complement, FcyRs, and differently sized ICs, using recombinant Fc multimers. The

Fc multimer platform technology, generously provided to our lab through a mutual
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collaboration with Gliknik, Inc., has been an invaluable tool to aid in our understanding of
IC biology and Ab-mediated responses. The use of recombinant Fc multimers reduces the
complexity of IC-driven biological systems, by essentially removing extraneous variables
not pertinent for the experimental design, such as Ag. Moreover, the Fc multimers can be
strategically designed depending on what needs implementation, including, among others,
the inclusion of Fab domains to confer Ag specificity, modifications to the length of the Fc
tail, which influences the binding kinetics, and alterations to the AA sequence, which may
enhance or occlude specific Ab interactions, such as C1q or FcyRs. The following sections
will detail the specific aims for each of the subsequent chapters of this dissertation and

provide a rationale for undertaking these studies.
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Chapter 2: A high throughput method for enrichment of natural killer cells and
lymphocytes and assessment of in vitro cytotoxicity

One approach to study Fc:FcyR interactions in vitro is through the careful isolation
of effector cell populations for downstream experimentation. This chapter details different
isolation strategies to purify NK cells from PBMCs, and compare their effect on
purification, phenotype, and function. Choosing an appropriate methodology for isolating
effector cell populations is a critical step in the study of Ab responses. The type of isolation
method used to procure effector cells may have unintended consequences, such as a lack
in purification efficacy and selection protocol-induced phenotypic perturbations. These
deleterious effects may make downstream experimentation, such as ADCC, FACS and
ELISA, even more technically challenging and time-consuming. The specific aim of
chapter 2 was to devise an efficient method for the enrichment of NK cells to study Ab

effector responses in vitro.

This chapter also highlights how our insights into Ab biology paved the way for the
development of Abs as tools for research purposes. The different isolation strategies tested
utilize different Ab-based purification platforms to negatively select NK cells for
downstream experimentation, underpinning the high specificity of Abs. One approach uses
magnetically labeled Abs to hold labeled cells under a magnet, while allowing unlabeled
cells of interest to pass through. Another method uses nonmagnetic tetrameric Ab
complexes (TACs) to aggregate ‘unwanted’ cells, while allowing the ‘wanted’ single cells
to pass through a size exclusion membrane. These selection protocols provide yet another

example of how we translated Ab functions into tools for research.
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Chapter 3: Impact of detachment methods on M2 macrophage phenotype and function

Macrophages play an important role in immune surveillance and in maintaining
homeostasis, however, collecting an adequate number of primary human macrophages for
downstream experimentation is often challenging due to an insufficient capacity to
proliferate in culture and limited accessibility of tissue specimens where macrophages
reside. However, monocyte-derived macrophages (MDMSs) provide a feasible alternative
to studying macrophages as monocytes are easily isolated in high numbers from human
blood and readily differentiate into macrophages in culture. However, during culture,
MDMs become strongly adherent and require the use of a cell detachment method to
harvest the cells for downstream experimentation.

Effective investigation into Ab effector responses requires multiple factors to be
taken into consideration. In this chapter, different detachment strategies were evaluated,
and their effect on the recovery, viability, phenotype, and function of different macrophage
subsets were assessed. Consequences resulting from choosing the improper detachment
method may affect the expression of cell surface receptors, such as FcyRs, or lead to non-
specific activation, all of which would obscure experimental results. The specific aim of
chapter 3 was to devise an efficient detachment method for the enrichment of macrophages
to study Ab effector responses in vitro. Although the results from this study involve only
macrophage subsets, the general concepts and considerations presented in this chapter also

apply to other lymphocyte populations.
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Chapter 4: NK cell expression of Tim-3: First impressions matter

NK cells recognize Ab opsonized targets through the engagement of CD16,
resulting in the induction of ADCC and target cell lysis. CD16 crosslinking also induces
the upregulation of costimulatory molecules, such as 4-1BB (CD137). In the presence of
Ab opsonized tumor targets, CD137 ligation was demonstrated to enhance NK cell-
mediated antitumor responses. Therefore, the specific aim of chapter 4 was to use a
transcriptomics approach to screen human NK cells for expression of immunoregulatory
candidate molecules induced after Ab stimulation that could be targeted to improve NK

effector responses.

The use of Ab-opsonized tumor targets adds an extra dimension of complexity to
an already multifaceted system as cellular targets express a plethora of physiologically
reactive molecules. For example, the expression of stress-related molecules on the surface
of target cells, which are ligands responsible for engaging NKG2D, a receptor on NK cells,
results in Ab-independent cellular cytotoxicity. Since the presence of extraneous variables
may complicate the interpretation of these studies, a reductionist approach was undertaken
to remove the cellular Ag component from the experimental system. Recombinant Fc
multimers were employed as a biological tool to mimic physiological ICs in order to
recapitulate the effects of circulating ICs without the need for a cellular platform for Abs
to aggregate on. Moreover, the nature of these Fc multimers mediated CD16 crosslinking,

allowing the generation of productive FcR-mediated signaling events.
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Chapter 5: Complement component Clq is an immunological rheostat that regulates
Fc:FcyR interactions

The specific aim for chapter 5 was to assess how C1q engagement of ICs affected
their ability to engage FcyRs and modulate FcyR-mediated responses. The rationale for this
hypothesis is derived from the fact that the complement system is evolutionary one of the
oldest immune pathways to have appeared in the animal kingdom, much older than the
emergence of Igs and FcRs. The evolutionary appearance of complement was identified in
Cnidarians, which include among others, corals and jellyfish species. Igs and FcRs, first
appearing in cartilaginous fish, emerged much later in the evolutionary timeline.
Nevertheless, the complement pathway, Abs and FcRs function in tandem as demonstrated
in mammals. The convergence of the pattern recognition-driven innate immunity with
specificity-driven adaptive immunity is evident through the interplay among this trio.

Empirical evidence supporting this supposition stems from the fact that
recombinant Fc multimers, an IC mimetic, constructed with specificity against CD20 were
able to mediate robust CDC responses against CD20* cells. However, IgG1 Fc multimers
lacking specificity, inhibited downstream complement activation in vitro and protected
rodents from complement mediated diseases, such as acute red blood cell (RBC) hemolysis
and passive Heymann’s nephropathy. Since the binding sites for FcyRs and complement
component C1lg may overlap and interfere with each other, these data inferred that
engagement of Fc multimers or Ab opsonized cells with FcyRs blocks concomitant C1q
engagement and CDC. Therefore, we postulated that the inverse could be true and that
reciprocal regulation between Clq and FcyRs maintains immune homeostasis by

dichotomizing immunogenicity and tolerance.
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CHAPTER 2 :HI GH THROUGHPUT METHOD
ENRI CHMENT OFRAINATHKII LLER CELLS Al
LYMPHOCTYES AND ASSES3IMWMENTRO OF
CYTOTOXI EI'TY
Abstract

In vitro assessment of lymphocyte and natural killer (NK) cell cytotoxicity typically
employs density gradient centrifugation and magnetic cell separation to isolate effector
cells, and chromium release to assess cytotoxicity. In order to improve the rapidity and
scalability of i N \cytotoXicity assessment, we evaluated the efficacy of a protocol
utilizing SepMate™ isolation tubes and tetrameric antibody-activated cell sorting
(TACS/Sep) to negatively select NK cells, and calcein-acetoxymethyl diacetylester
(calcein-AM) release to measure cytotoxicity. We compared the efficiency and accuracy of
this protocol to a conventional approach employing density gradient centrifugation and

magnetically-activated cell sorting (DG/MACS) to isolate NK cells and chromium release

to measure cytotoxicity.

The TACS/Sep method significantly decreased the time required for NK cell
isolation (1 h vs. 4 h), but resulted in higher red blood cell contamination. NK cell
activation marker expression (including CD94, NKG2D, NKp30, NKp46, DNAM-1, 2B4,
KIR2DL1/S1, KIR2DL2/L3, intracellular granzyme B, and perforin) was similar when
comparing NK cells isolated by the TACS/Sep or DG/MACS methods, but the TACS/Sep

method induced higher expression of CD16. In vitro cytotoxicity against HT29 colon

1186. So,EC,eta, A high throughput medtuhrad fkar | enr iceHrmhentandf
and assessment olburnal of Immindlogical Methotls@018. 8 9(1):ip. 40y48.
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cancer and K562 leukemia cells was not affected by the isolation method. Lastly, by
combining the TACS/Sep NK cell isolation method with calcein-AM release, the time
required to assess in vitro cytotoxicity was reduced by 33% (4 h) compared to protocols
employing DG/MACS and chromium release. Altogether, these results provide the
foundation for the development of a rapid, high throughput functional assay, and make it
practical for the multiplexing of downstream applications, such as flow cytometric analysis

and enzyme-linked immunosorbent assays (ELISAs).
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Introduction

Conventional methods for lymphocyte isolation utilize density gradient
centrifugation and magnetically labeled antibodies to enrich specific lymphocyte
subpopulations [187]. Density gradient centrifugation [188, 189] requires layering of blood
onto a density gradient medium to form an aqueous interface, followed by centrifugation,
which causes PBMCs to remain in suspension between the interface of the plasma fraction
and the medium. After aspiration of the PBMCs from the interface [190], the desired
lymphocyte or NK cell subpopulations must then be further enriched using positive or
negative magnetic cell selection [191]. For research related to NK cell activation and
ADCC, negative selection is preferred. The reason is that positive selection against CD56
(a critical marker of NK cell activation and differentiation) has potential to affect CD56

detection by flow cytometry [192, 193].

After isolation of effector cells, in vitro cytotoxicity can be assessed by several
methods. The classical method is the chromium release assay, which has two major
disadvantages. First, chromium is a radioactive isotope requiring careful handling and
disposal. Second, effector cells and targets are typically co-cultured for a minimum of 4 h,
adding time to the assay. An acceptable, more rapid alternative to chromium is the use of

calcein-acetoxymethyl diacetylester (calcein-AM).

As a first step to making in vitro cytotoxicity assessment faster, we evaluated
negative selection of lymphocytes from whole blood using RosetteSep™ tetrameric
antibody complexes (TACs) and a newly developed SepMate™ isolation tube. This method
does not require careful layering of blood onto density gradient medium or aspiration of

PBMCs from an aqueous interface [194]. The TACs, which are polyspecific for distinct
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epitopes on unwanted cell populations, directly crosslink non-target cell populations,
allowing them to be pelleted with RBCs after centrifugation in the SepMate™ tube.
Although the use of TACs for lymphocyte and NK cell enrichment has been previously
reported, these protocols require harvesting of effector cell populations from an aqueous
interface. The SepMate™ tubes used in this protocol are unique because they provide a
mechanical barrier between the purified effector cells and the density gradient medium.
The desired cell populations remain above the barrier and can be poured out of the tube.
This method allows for the concurrent rapid purification of NK cells, CDS8, and CD4 T-
cells from multiple human donors, which makes downstream applications (i.e. flow
cytometry, ELISA, assessment of in vitro cytotoxicity) more practical to perform in a high

throughput manner.

We postulated that a protocol combining the use of TACs and the SepMate™ tube
technology to isolate NK cells, and calcein-AM release to assess in vitro cytotoxicity, might
be more efficient than standard protocols employing density gradient centrifugation,
magnetic cell separation, and chromium release. We show that while traditional density
gradient centrifugation and magnetic cell separation generate more highly purified effector
cell populations, the TACS/Sep method is more rapid and equally effective for downstream
applications such as flow cytometry and evaluation of in vitro cytotoxicity. Furthermore,
use of calcein-AM instead of chromium significantly shortens the time required to evaluate
cytotoxicity, making it feasible to perform cytotoxicity testing in a high throughput manner.
Lastly, we provide direct evidence that lysis of red blood cells after TACS/Sep isolation to

further increase NK cell purity significantly decreases perforin expression and impairs in
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vitro cytotoxicity. Red blood cell lysis therefore should be avoided when studying cytotoxic

function of lymphocytes and NK cells.

Materials and Methods

Cell Culture Lines

The colorectal adenocarcinoma cell line, HT29, and the chronic myelogenous leukemia
cell line, K562, were obtained from the American Tissue Culture Collection (ATCC,
Manassas, VA, USA). All cell lines were grown at 37 °C with 5% CO2 and cultured in
RPMI-1640 complete media (Mediatech Inc., Manassas, VA, USA) supplemented with
10% heat-inactivated Fetal Bovine Serum (FBS, Atlanta Biologics, Lawrenceville, GA,
USA), 10 mM HEPES buffer (Mediatech Inc., Manassas, VA, USA), 2 mM L-glutamine
(Life Technologies, Carlsbad, CA, USA) and penicillin (100 U/ml)-streptomycin (100

pg/ml) (Life Technologies, Carlsbad, CA, USA).

NK Cell Isolation

Units containing 450 ml of whole blood with acid citrate dextrose (ACD) anticoagulant
were commercially purchased (Biological Specialty Corporation, Colmar, PA, USA). NK
cells were isolated by either magnetic activated cell sorting (DG/MACS) or tetrameric
antibody-activated cell sorting (TACS/Sep), using half the blood (225 ml) for DG/MACS
and the other half for TACS/Sep. Negative rather than positive selection was chosen in
order to avoid altering detection of CD56 expression by flow cytometry. CD56 is a critical
marker for predicting NK cell differentiation and cytotoxic potential, and recent studies

characterizing NK cell phenotype and cytotoxic response employ negative selection [192,
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193]. NK cell viability was assessed using trypan blue exclusion. Flow cytometry was used

to determine NK cell purity and characterize NK cell phenotype.

Met hod 1: Magnetic Activated Cell Sorting (LC
Density centrifugation using Ficoll-Paque PLUS (GE Healthcare, Uppsala,

Sweden) was performed to isolate PBMCs from the whole blood. Four hundred and fifty

ml of whole blood containing acid citrate dextrose anticoagulant (Biological Specialty

Corporation, Colmar, PA, USA) was diluted with an equal volume of PBS and carefully

layered in 50 ml tubes pre-filled with 15 ml of density gradient medium. The tubes were

spun down for 30 min at 800 RCF with the brakes off. PBMCs were collected by transfer

pipette and afterwards washed 2-3 times in PBS (Mediatech Inc., Manassas, VA, USA)

and centrifuged for 10 min at 250 RCF. NK cells were then enriched from PBMCs using a

MACS® human NK cell negative selection isolation kit (Miltenyi Biotec, Auburn, CA,

USA) according to manufacturer's instructions.

Met hod 2: Tet-AamewatednTORCOSH)dSgEar t i ng (

NK cells were isolated directly from whole blood using the RosetteSep™ Human
NK Cell Enrichment kit (STEMCELL Technologies, Inc., Vancouver, Canada). Fifty pL of
the RosetteSep™ Human NK Cell Enrichment Cocktail was used for each ml of whole
blood and incubated for 20 min at room temperature. Fifteen ml of density gradient medium
was added to SepMate™ isolation tubes (STEMCELL Technologies, Inc., Vancouver,
Canada) prior to adding the whole blood enrichment cocktail. Tubes were centrifuged for
10 min at 1200 RCF with the brakes on. NK cell isolates were harvested by pouring into
clean 50 ml tubes and then washed 2—-3 times with PBS supplemented with 2% FBS for 10

min at 250 RCF.
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RBC Lysi s

After washing, NK cell isolates were co-incubated with 1— 2 ml of ACK lysing
buffer (Quality Biological, Inc., Gaithersburg, MD, USA) to remove contaminating red
blood cells. Tubes were incubated on ice until the suspension turned glossy-red and
thereafter RPMI-1640 complete media was added to neutralize the lysing buffer. Tubes
were spun down for 10 min at 250 RCF. In order to remove any residual lysing buffer, the
NK cell isolates were subsequently washed with complete media and spun down for an

additional 5 min at 250 RCF.

Flow Cytometry

NK cell purity and marker expression were evaluated using flow cytometry. A
minimum of 10,000 events was acquired using a BD™ LSR II flow cytometer and analyzed
with BD FACS DIVA and FlowlJo software (Tree Star, Ashland, OR, USA). NK cell
populations were initially gated based on their forward and side scatter characteristics (low
forward and side scatter). NK cells were defined as being CD56 high and CD3 low. The
relative recovery of the lymphocyte-gated population was measured as a percentage of the
entire live cell population. The relative purity of the NK cell fraction was measured as a

percentage of the lymphocyte-gated population.

Anti bodies (Flow Cytometry)

PE-conjugated anti-CD3 (UCHT1) (BD Biosciences, San Jose, CA, USA) or
PerCP-Cy5.5-conjugated anti-CD3 (OKT3) (eBioscience, San Diego, CA, USA) and APC-
conjugated anti-CD56 (B159) (BD Biosciences, San Jose, CA, USA) were used to identify
NK cells as described under methods for Flow cytometry. Additionally, NK cell markers

that were used to assess NK cell phenotype include PE-conjugated anti-CD337 (NKp30)
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(p30-15), anti-CD94 (HP-3D9), anti-CD226 (DNAM-1) (DX11), anti-CD244 (2B4) (2—
69), anti-Granzyme B (GB11) (BD Biosciences, San Jose, CA, USA), anti-CD335
(NKp46) (9E2), anti-CD314 (NKG2D) (1D11), anti-CD158b (KIR2DL2/L3) (DX27),
anti-CD158a/h (KIR2DL1/S1) (HP-MA4) (BioLegend, San Diego, CA, USA), anti-CD16
(B73.1, BD Biosciences, San Jose, CA, USA)-FITC and anti-Perforin (dG9) (eBioscience,
San Diego, CA, USA). In order to control for nonspecific binding of mouse mAbs to human
Ags, PE-conjugated mouse IgG1, mouse IgG2a and mouse IgG2b (BD Biosciences, San

Jose, CA, USA) were utilized as isotype controls.

Assessment of in vitro Cytotoxicity

| rv i tcytotoxicity was evaluated against HT29 and K562 target cells. Test
antibodies to evaluate ADCC include plasma derived, human IgG1 isotype control Ab
(Sigma, St. Louis, MO, USA), cetuximab (Erbitux®) obtained from the University of
Maryland School of Medicine, Marlene and Steward Greenebaum Cancer Center

Pharmacy (Baltimore, MD, USA).

EhronRallmrase Assay

Chromium release assays were performed as described by Borella et al. [195].
Target cells were incubated with 50 pCi of chromium (Amersham, Piscataway, NJ, USA)
at 37° for 1 h, mixing occasionally, and washed twice with complete media. Chromium
labeled cells were subsequently incubated with media alone, human IgG1 isotype, and
other test antibodies at concentrations of 10 pg/ml for 30 min at 37 °C, mixing occasionally.
Antibodies were not added when testing intrinsic NK cytotoxicity against K562 target cells.
The cells were then washed twice with complete media. NK cell effectors were added to

96 well plates at different effector/target (E/T) dilutions ranging from 50/1 to 12.5/1, in
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triplicate, in a total volume of 200 pl for each well. After incubation at 37 °C in 5% CO2
for 4 h, plates were centrifuged for 5 min at 1500 RPM with the brakes off, and 100 ul of
the cell lysis supernatant was collected and mixed with 100 pl of the Optiphase Supermix
scintillation fluid (Perkin Elmer, Boston, MA, USA). Scintillation was measured in a
MicroBeta 1450 scintillation counter (Wallac, Turku, Finland). The NK sensitive K562 cell
line was used as a positive control for all cytotoxicity experiments. Results were conveyed

as the percentage of specific lysis according to the following formula:
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An ESD (extreme studentized deviate) method (also known as Grubbs' test) was utilized
to remove any outliers that were more than 1.96 standard deviations (z > 1.96) from the

mean found in any of our triplicate data.

Cal eAeM nRel ease Assay

A5 uM working solution of calcein-AM was used to incubate a target cell density
of 5 x 103 cells/ml for 20 min at 37 °C. Residual calcein-AM was quenched with cold
RPMI-1640 complete media and put on ice for 5 min. Calcein-AM labeled cells were then
incubated with media alone, human IgGl isotype, and other test antibodies at
concentrations of 10 pg/ml for 30 min at 37 °C, mixing occasionally. Antibodies were not
added when testing intrinsic NK cytotoxicity against K562 target cells. The cells were then
washed twice with complete media. NK cell effectors were added to 96 well plates at
different effector:target (E:T) dilutions ranging from 50/1 to 12.5/1, in triplicate, in a total
volume of 200 pl for each well. After incubation at 37 °C in 5% CO2 for 4 h, plates were

centrifuged for 5 min at 1500 RPM with the brakes off. Then, 100 pl of the cell lysis
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supernatant was collected and transferred to black, opaque 96-well plates. Fluorescence
was measured using a GENios Pro microplate reader (Tecan, Mannedorf, Switzerland).
The NK sensitive K562 42 E.C. So et al. / Journal of Immunological Methods 394 (2013)
4048 cell line was used as a positive control for all cytotoxicity experiments. Results were
analyzed using Magellan data analysis software (Tecan, Mannedorf, Switzerland) and were
conveyed as the percentage of specific lysis according to the aforementioned formula using

proper controls.

Statistical Analysis

A Pearson's correlation as well as a one-way analysis of variance (ANOVA) with
Bonferroni t test were used to compare differences in mean cytotoxicity between the
DG/MACS and TACS/Sep with and without RBC lysis groups. A Pearson's correlation
analysis was used to examine the association between the chromium release assay and
calcein release assay, with and without RBC lysis [196, 197]. Analyses were performed

using Microsoft Excel and GraphPad Prism software.

Results

TACS/Sep NK cell purification is more rapid than DG/MACS, but NK isolates have
slightly more RBC contamination

NK cells were isolated either with density gradient centrifugation and magnetic cell
separation (DG/MACS) or with TACs and the modified SepMate™ centrifugation protocol
(TACS/Sep). Purification of NK cells required only 1 h using the TACS/Sep protocol
compared to 4 h with the protocol employing density gradient centrifugation and magnetic
cell separation. The ‘recovery’ fraction (lymphocyte population recovered as a percentage

70



of the whole live cell population measured by forward and side scatter parameters) was
higher with magnetic cell separation (68.45%) compared to purification by TACs
(46.78%). This difference was attributable to higher RBC contamination in the TACS/Sep
group, as lysing RBCs increased the recovery fraction to 69.23% (F i g @-1A8. NK cell
purity in the gated lymphocyte population was evaluated by flow cytometry, where the NK
cell subpopulation was defined as being CD3 negative and CD56 (NCAM) positive [198].
We found NK cell purity to be 93.77% with the DG/MACS protocol and 86.7% with the

TACS/Sep protocol, even without RBC lysis (F i g @-1 B

NK cells isolated by the TACS/Sep exhibit comparable in vitro cytotoxicity as NK cells
isolated by DG/MACS

We next determined if the level of NK cell purity was sufficient (compared to
DG/MACS) for downstream applications such as evaluation cytotoxic effector function
and flow cytometry. After isolating NK cells using the DG/MACS and TACS/Sep methods,
in vitro cytotoxicity against a HT29 colon cancer cell line was evaluated by chromium
release assay. Specifically, we tested the capacity of the NK cells to kill HT29 colon cancer
cells through ADCC. In ADCC, the constant (Fc) regions of tumor Ag targeted Abs bind
and crosslink CD16 on NK cells, causing NK cells to become activated, release cytotoxic
granules, and kill tumors directly [41]. HT29 cells express high levels of the EGFR, and
are susceptible to NK cell mediated ADCC in the presence of the anti-EGFR Ab cetuximab
[199] (F i g u-2A@& As2 negative control, cytotoxicity was also evaluated in the presence
of an IgG1 isotype control Ab. In order to confirm that the two isolation methods were
equivalent in regards to their effects on NK cell cytotoxicity, we also tested direct NK cell

mediated killing of a K562 leukemia cell line in the absence of
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Figure 2-1: Isolation of NK cells using theTACS/Sepprotocol is faster than
DG/MACS but has higher RBC contamination.

(A) Purity of NK cell isolates were evaluated using flow cytometry. The gated
population has FSC and SSC characteristics that are associated with lymphocytes
and NK cells. The indicated percentages represent the recovery efficacy
represented as the lymphocyte population/total live population x 100. (B) NK
cell purity is shown as a percentage of the total gated lymphocyte population.
NK cells were defined as CD3—CD56+. The indicated percentages represent the
purity efficacy represented as the NK cell population/total lymphocyte
population x 100. This plot is one representative experiment obtained from seven
separate assays performed in parallel.
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Figure 2-2: in vitro cytotoxicity by NK cells purified using the TACS/Sep
protocol is comparable to cytotoxicity by NK cells isolated with DG/MACS if
no RBC lysis is performed.

(A) Ab dependent cell-mediated cytotoxicity against HT29 colon cancer cells was
evaluated using NK cells isolated by the DG/MACS protocol (left panel),
TACS/Sep protocol (middle panel), or the TACS/Sep protocol with RBC lysis
(right panel). Test conditions in vitro include culture with media alone (open
circles), 10 ug/ml  human IgG1l isotype control ~ (open triangles), or
10 pg/ml cetuximab (open diamonds). The figure shows the results of one
representative experiment. The results have been replicated at least three times in
parallel with error bars indicating standard deviation. (B) Cytotoxicity
against K562 cells was evaluated (in the absence of Ab) as a secondary method
to assess the impact of the purification method on NK cell cytotoxicity:
DG/MACS (open circles), TACS/Sep without RBC lysis (open diamonds), and
TACS/Sep with RBC lysis (open triangles). The figure shows the results of one
representative experiment. The results have been replicated at least three times in
parallel with error bars indicating standard deviation. (C) Correlation analysis.
The x-axis (reference) shows the % lysis of the chromium release assay from NK
cells isolated by DG/MACS and the y-axis (test) shows % lysis of the chromium
release assay from NK cells isolated by TACS/Sep without RBC lysis (left panel)
and with RBC lysis (right panel). Each point represents a paired observation at
50/1, 25/1, and 12.5 E/T cells. All samples were tested in triplicate with the solid
black line indicating a perfect correlation and dotted black line indicating the test
correlation Pearson's correlation, r = 0.9295 (without RBC lysis) and 0.6942 (with
RBC lysis). * Statistical significance was also evaluated using ANOVA analysis
and Bonferroni's t test with concordant results (Appendix Table 1).
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tumor Ag targeted Abs (F i g u-BBg. K652 cells lack MHC-I expression, making them
highly sensitive to direct NK cell mediated cytotoxicity [200]. Because TACS/Sep NK cell
isolates contained more RBCs than DG/MACS NK cell isolates, we also evaluated their

cytotoxicity after RBC lysis to increase their purity.

In the absence of RBC lysis, cetuximab-induced ADCC against HT29 targets by
TACS/Sep NK cells was comparable to ADCC by DG/MACS NK cells. Surprisingly, RBC

lysis impaired NK cell cytolytic function (F i g u-A9. W&found that intrinsic NK cell

lysis of K562 targets was similar, no matter which method was used to isolatethem (F i g ur e

2-2 B. A Pearson's correlation showed a strong linear correlation between TACS/Sep and
DG/MACS methods, provided no RBC lysis was performed (r = 0.9295, p < .0001).
ANOVA analysis with a post-hoc Bonferroni's t test also confirms that the two methods are
not statistically different in the absence of RBC lysis (p = ns., Appendi x).
However, when TACS/Sep NK cell isolates were subjected to RBC lysis, the correlation
between the two methods was weaker (Pearson's correlation, r = 0.6942, p < .0001).
ANOVA analysis with a Bonferroni's post-hoc t test also confirmed that mean cytotoxicity
by DG/MACS NK cells and TACS/Sep NK cells subjected to RBC lysis were statistically

different (p<.05,Appendi x). Tabl e 1

NK cells isolated by the TACS/Sep and DG/MACs protocols show comparable
expression of surface and intracellular activation markers in the absence of RBC lysis
As a secondary method to test the relative impact of DG/MACS and TACS/Sep NK
cell methods on NK cell activation, we evaluated the surface expression of NK cell
activation markers using flow cytometry. These markers included CD94, NKG2D, NKp30,

NKp46, DNAM-1, 2B4, KIR2DL1/S1, KIR2DL2/L3, CD16, intracellular granzyme B,
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and intracellular perforin, all of which are known to be important markers of NK cell
cytotoxicity [192, 201]. With the notable exception of CD16, the expression of all markers
was similar between cells isolated by both approaches in the absence of RBClysis(F 1 gur e
2-3 A The expression of CD16 (the Fc receptor responsible for ADCC) was higher on NK

cells that were isolated by TACS/Sep.

Interestingly, when TACS/Sep isolated NK cells were subjected to RBC lysis,
perforin expression became almost undetectable (F i g B-83 AB). Since perforin is critical
for NK cell cytotoxicity, these finding may partially explain the loss of in vitro cytotoxicity

after RBC lysis [201].

Calcein release assay: a rapid functional assay

The use of calceinAM as a cell soluble labeling reagent to assess i N vi t r o
cytotoxicity in lieu of chromium has been well-described [202, 203]. In order to establish
calcein as a suitable chromium alternative, the optimal target cell density and calcein-AM
concentration were determined by plotting maximal and spontaneous release (Ap pen di X
Fi g u)rWe dedided that a target cell density of 5 x 10° cells/ml and a working calcein-
AM concentration of 5 uM provided the optimal separation between spontaneous and
maximal release, allowing for the accurate characterization of NK cell mediated
cytotoxicity. Chromium and calcein release assays were compared in parallel (Fi g @-r e
4 AB), and a strong association was observed (Pearson's correlation, r = 0.8708, p <.0001)
between the two methods (F i g @-#4 € By replacing chromium with calcein-AM, we
were able to considerably shorten the time required to assess cytotoxicity in vitro. In our

experience, the entire assay (NK cells isolation and assessment of in vitro
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Figure 2-3: The expression of surface and intracellular activation markers
aside from CD16, is comparable on NK cells isolated by thEACS/Sepor
DG/MACS methods in the absence of RBC lysis.

(A) Activation marker expression on NK cells isolated by the TACS/Sep and
DG/MACS methods was evaluated by flow cytometry. Expression is shown as
MFI. White bars represent DG/MACS isolated NK cells; Black bars represent
unlysed TACS/Sep isolated NK cells; Gray bars represent RBC lysed TACS/Sep
isolated NK cells. (B) Histograms showing the MFI of intracellular marker
expression of NK cells purified from different methods. Filled histograms
represent the isotype control. Open histograms represent the marker expression.
One representative experiment of the two is depicted in the figure.
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cytotoxicity) can be performed in under 8 h compared to >12 h by chromium release
(F i g @-b).€These data suggest that combined use of the TACS/Sep protocol to rapidly
isolate NK cells, and use of calcein-AM to assess in vitro cytotoxicity, can allow rapid and

accurate characterization of cytotoxicity in a high throughput manner.

Discussion ad Conclusions

Isolation of immune effector cells using magnetic cell separation and evaluation of
in vitro cytotoxicity with chromium release is time consuming and requires a high level of
technical proficiency. In this report, we describe a method to rapidly isolate NK cells using
RosetteSep™ TACs and SepMate™ isolation tubes. The advantage of this platform is that
it does not require careful layering of blood onto a density gradient medium or aspiration
of cells from an aqueous interface. The desired cell populations are deposited above a

mechanical interface in the tube and can be rapidly aspirated or poured out.

Even though RBC contamination is higher with the TACS/Sep method, our data
suggest that the increased RBC contamination does not impact cytotoxicity. Cytotoxicity
by TACS/Sep isolates was comparable to cytotoxicity by more pure DG/MACs isolates
under all test conditions. Furthermore, TACS/ Sep NK cells are phenotypically comparable
to those isolated by density gradient centrifugation and magnetic cell separation. TACS/Sep
NK cell isolates also exert comparable in vitro cytotoxicity as the more pure DG/MACS
isolates. Furthermore, the TACS/Sep protocol is particularly relevant to research related to
the development of novel therapeutic mAbs engineered to kill tumors through ADCC. The
reason is that single nucleotide polymorphisms in NK cell expressed FcyRIlla greatly

impact ADCC response, so it is necessary to test the efficacy of these mAbs using NK cells

77



B. K562 Cytotoxicity

601

E&A Chromium
15 Calcein
7 ﬁ e Chromium
« 404 Release
104 e 2 Calcein
- <& Release
5 = 204
0 — 0 T T T
o ° N N N
) &£ & B a9
S N
(ﬁ\ Effector: Target
50:1 E:T
Correlation
n=18
r=0.8708
1564 p<.0001
=
5 )
® 70
© 100- o
P Lo // (o
2 & L
504 il
= oo’ 0 <
O 7
0 o T T 1
0 20 40 60

% Lysis (Chromium)

Figure 2-4: Calcein release can be substituted for chromium release to asses
in vitro cytotoxicity in combination with TACS/Sep

Comparison of the chromium release assay and the calcein release assay was
evaluated using NK cells isolated by the TACS/Sep protocol for all experiments.
(A) Ab dependent cell-mediated cytotoxicity against HT29 colon cancer cells.
Test conditions in vitro include culture with 10 pg/ml human IgG1 isotype
control or cetuximab, shown at an E:T ratio of 50:1. (B) Cytotoxicity
against K562 cells was evaluated (in the absence of Ab) as a secondary method
to compare the impact of the experimental method on NK cell cytotoxicity:
chromium release (open circles), calcein release (open diamonds). The figure
shows the results of one representative experiment. The results have been
replicated at least two times in parallel with error bars indicating standard
deviation. (C) Correlation analysis. The x-axis (reference) shows the % lysis of
the chromium release assay and the y-axis (test) shows % lysis of the calcein
release assay. Each point represents a paired observation at 50:1, 25:1, and 12.5:1
E:T ratios. All samples were tested in triplicate with the solid black line
indicating a perfect correlation and dotted black line indicating the test
correlation (Pearson's correlation, r = 0.8708).

78



iaes IO Lymphocyte Isolation/
DG/MACS - w:z: Target Cell Preparation
Assay Setup
S Incubation Time
=
TACS/Sep - ng EEER Data Acquisition
1 L) )

0 2 4 6 8 10 12
Time (hours)

Figure 2-5: Combined use ofTACS/Sepand calcein release is
faster than DG/MACS and chromium release.

A graphic representation of the time required for each step in NK
cell isolation and assessment of in vitro cytotoxicity using each
method is shown. NK cell isolation and assessment of cytotoxicity
can be done in less than 8 h with TACS/Sep and calcein release
compared to 12 h with DG/MACS and chromium release.
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from multiple donors having different FcyRIIla genotypes [41]. In our experience, isolation
of NK cells from a single donor using the TACS/Sep approach requires less than 1 h,
whereas the DG/MACS method can take up to 4 h, making it easier to evaluate multiple

donors.

We first compared the purity of NK cells isolated by TACS/Sep to that of NK cells
isolated by DG/MACs. Although the TACS/Sep method was faster, the isolates contained
a higher percentage of contaminating RBCs than isolates prepared using DG/MACS. Even
so, the NK cell purity in the gated mononuclear cell population was very high and

comparable to that of NK cells isolated by DG/MACS.

We then compared cytotoxicity by NK cells isolated by both methods using a
standard in vitro chromium release cytotoxicity assay. One concern was that RBC
contamination in the TACS/Sep isolates had the potential to decrease actual NK cell
effector to target cell ratios resulting in an underestimation of cytotoxicity. We were able
to accurately count NK cells and show that NK cells isolated by either method exhibited
comparable in vitro cytotoxicity at all effector to target ratios tested. Furthermore, we found
that RBC lysis to increase NK cell purity impaired in vitro cytotoxicity and should not be

performed.

As a secondary method to compare how the DG/MACS and TACS/Sep methods
impact NK cell activation, we evaluated the intracellular and surface expression of NK cell
activation markers. Although negative cell selection using DG/MACS typically does not
result in NK cell activation, it was possible that negative selection using the TACS/Sep
protocol could do so. Since the TACs crosslink non-target cell populations in solution, it is

conceivable that NK cells could bind and become activated by these large immune
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complexes prior to their removal through centrifugation. However, we found that the
expression of a number of well-established NK cell activation markers, including CD9%4,
NKG2D, NKp30, NKp46, DNAM-1, 2B4, KIR2DL1/S1, KIR2DL2/L3, intracellular
granzyme B and perforin was comparable on NK cells isolated by the TACS/Sep or
DG/MACS protocol. Interestingly, CD16 expression was higher on NK cells isolated by
the TACS/Sep approach. It is possible that tetrameric immune complexes, which present a
large number of [gG1 Ab constant (Fc) domains, induce upregulation of the CD16 receptor
that classically binds aggregated IgG1 Fc. CD16 upregulation however, did not seem to
impact in vitro cytotoxicity. More interestingly, we found that RBC lysis to increase
TACS/Sep NK cell isolate purity induced downregulation of perforin and granzyme
expression. The reason may be that ammonium chloride, a main component of RBC lysis
buffers, has been shown to cause acidification of lytic granules, which prevents the
cleavage and subsequent activation of perforin [204, 205]. Our interpretation is that the
loss of perforin activation likely explains the loss of in vitro cytotoxic function following
RBC lysis. These data underscore the importance of avoiding RBC lysis when evaluating

lymphocyte or NK cell mediated cytotoxicity.

Finally, in order to make in vitro cytotoxicity assessment even faster, we replaced
chromium release with calcein release. While the chromium release assay remains the ‘gold
standard’ for quantifying the cytolytic activity of effector cells, it has several disadvantages.
It requires careful handling and disposal of radioactive isotopes. The incubation period
takes at least 4 h, and the harvesting of supernatant from radiolabelled cell pellets requires
technical skill and time. These limitations make it difficult to test in vitro cytotoxicity of

more than one human donor in a single day. By replacing DG/MACS isolation and
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chromium release with TACS/Sep isolation and calcein release, we were able to shorten a
protocol that typically takes more than 12 h to under 8 h. Similar to others, we found that
cytotoxicity measured by calcein-AM release was comparable to cytotoxicity measured by

chromium release [202, 203].

It may also be possible to make this protocol faster by replacing calcein AM release
with annexin V/propidium iodide (PI) staining for cytotoxicity assessment. However,
annexin V/PI may be less sensitive than calcein AM [206, 207]. Another potential
disadvantage is that since annexin/PI utilizes flow cytometry to evaluate cytotoxicity, it
requires a higher number of target cells (and thus more NK effector cells) than calcein AM.
We performed calcein AM assays using 5000 target cells per well, but others have
described using as few as 500 cells [197]. Keeping the number of target cells low is
advantageous, because NK effector cell yields can be a limiting factor when evaluating
multiple test antibodies with appropriate controls. This is especially true when performing
ADCC studies using NK cells from cancer patients, who often have impaired NK cell
function and antitumor cytotoxicity. In our experience, these patients are often anemic and
cannot give large volumes of blood, thus limiting NK effector cell yield [208-210]. In
conclusion, our data suggest that combining TACS/Sep isolation with calcein-AM release
may allow for more efficient evaluation and preclinical testing of antibodies or

immunotherapies designed to induce lymphocyte or NK cell mediated cytotoxicity.
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CHAPTER MPACT OF DETACHMENT METHODS

MACROPHAGE PHENOTYPE AND FUNCTI

Abstract

The methods of cell detachment influence phenotype and function of human
macrophages culturedi n  MHbwewerpcomparative studies defining the influence of cell
detachment techniques on secondary characterization of M1 or M2 polarized macrophages,
are largely absent from the literature. In this study we evaluated the impact of trypsin,
accutase, EDTA, PBS, and cell scraping on: A. cell recovery, B. phenotype and C. function
ofi n  walatizéd macrophages. Our data demonstrate that while exposure to trypsin or
accutase yields highly efficient recovery of viable cells, such chemical cleavage results in
loss of select M2 cell surface markers with correlative changes in cell function. In contrast,
phenotype and function are maintained following detachment by EDTA on ice. Our data
suggest that seemingly “trivial” changes in methodologies for macrophage detachment
induce both variable and profound changes on cell phenotype and function which can

dramatically impact the results of polarization experiments.

211. So, EC.,etal,| mpact of Det achment Met hods on M2

Immunol Methods, 2015. 4 2: 6. 56-61.
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Introduction

Macrophages are essential for maintaining homeostasis and immune surveillance
[212]. They are found in most tissues where they patrol for pathogens, foreign Ags, and
abnormal cells/cell products [213]. In addition, macrophages play both a critical role in
innate immunity and in the regulation of adaptive immune responses through recruitment

and cross-talk with other immune cells such as T and B lymphocytes [214].

Macrophages exhibit different phenotypic and functional characteristics in response
to diverse environmental signals. Exposure to IFN-y and lipopolysaccharide (LPS) leads
to classically activated, or M1, macrophage differentiation, while IL-4 or IL-13 polarizes
macrophages into the alternatively activated, or M2, phenotype [215]. M1-macrophages
express abundant levels of costimulatory and MHC molecules, produce proinflammatory
cytokines and reactive oxygen and nitrogen species. They promote Th1 responses and elicit
anti-microbial and anti-tumor immunity. On the other hand, M2-macrophages are
phenotypically characterized by high surface expression of scavenger receptors and lectin
receptors for ligands such as mannose and galactose. They are involved in Th2 immunity,
tissue remodeling, and metabolic functions [216-218]. Importantly, M2 macrophages are
heterogeneous and can be further subdivided into different subsets dependent on the

activation signals encountered [219, 220]

Primary human macrophages are difficult to isolate in ample quantities due to the
accessibility of human tissue specimens and the limited capacity of these cells to proliferate
in culture. Therefore, MDMs provide an excellent alternative for study, since they are
readily enriched from human blood in large numbers and can be differentiated into

macrophagesi n  V2211. r o
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During culture, MDMs become strongly adherent and require the use of cell
separation strategies to achieve effective detachment while maintaining cell viability. A
variety of harvesting techniques have been employed, which include the use of enzymatic
or non-enzymatic reagents, to detach i n  \cultiretd macrophages for functional and
phenotypic analysis. However, the expression of cell surface molecules on macrophages
may become altered by enzymatic treatment associated with cellular detachment, e.g.
trypsin [222, 223]. Accutase is another enzymatic cell dissociation medium which provides
gentle, yet efficient cell detachment for a broad variety of cell types [224, 225]. In addition,
cold-shock induced cell detachment [226, 227], in combination with EDTA treatment
[228], or mechanical dislodgement by cell scraping [229-231] have been used for
detachment of cultured macrophages in a variety of phenotypic and functional analyses.
However, to our knowledge, there are no definitive studies comparing detachment methods

on the phenotype and function of distinct macrophage subsets.

Here we provide a thorough comparison of different macrophage detachment methods
and their impact on cell recovery and viability. Moreover, we define the phenotypic
alterations and associated functional changes observed as a result of the detachment

methods employed.

Materials and Methods

Cell Cultures
Monocytes and monocyte-derived macrophages were grown at 37°C in a 5% CO»
atmosphere. Cells were cultured in RPMI-1640 complete medium (Mediatech Inc., VA,

USA) supplemented with 10% heat-inactivated FBS (Atlanta Biologics, GA, USA), 2 mM
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L-glutamine 100 U/mL penicillin 100 pg/mL streptomycin, 25mM Hepes (all from Life
Technologies, CA, USA). All of the cell cultures were performed in tissue culture treated,

polystyrene, non-pyrogenic, 24-well or 6-well plates (Sarstedt, Newton, NC)

Monocyte I sol ation

PBMCs were isolated from buffy coats of healthy human donors (Biological
Specialty Corporation, PA, USA) by density gradient centrifugation using Ficoll-Paque
PLUS (GE Healthcare, Uppsala, Sweden). Monocytes were subsequently purified from
PBMCs by magnetic cell separation using human CD14 Microbeads (Miltenyi Biotec, CA,
USA) according to manufacturer’s instructions. The purity of cell separations was typically

>95% as assessed by flow cytometry.

Macrophage Differentiation

For macrophage differentiation, 2x10° purified monocytes were cultured in the
presence of 50 ng/mL macrophage colony-stimulating factor (M-CSF, BioLegend, CA,
USA) for 7 days in 6-well plates [231]. Cells were then harvested by 0.25% trypsin-EDTA
and re-seeded into 24-well plates at 0.5x10° /well and cultured with M-CSF only for M0
polarization, M-CSF plus 20 ng/mL IFN-y (BioLegend, CA, USA) plus 100 ng/mL LPS
(Sigma-Aldrich, MO, USA) for M1 polarization, or 50 ng/mL IL4 (BioLegend, CA, USA)

for M2 polarization [232].

Detachment Methods
All reagents were purchased as ready-to-use solutions, and minimal volumes
sufficient for coverage of growth surfaces were employed. For enzymatic methods, cells

were incubated at 37°C with either 0.25% trypsin containing 0.9mM EDTA (Invitrogen,
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CA, USA) or Accutase (Biolegend, CA, USA) for 20, 40, 60 minutes, gently pipetting until
cells detached. Non-enzymatic methods included incubation of cells with phosphate-
buffered saline (PBS) or 5 mM EDTA (Quality Biological, MD, USA) on ice for 20, 40,
60 minutes with more vigorous pipetting. At the time points indicated, trypsin, Accutase,
PBS, and EDTA activity were neutralized with RPMI-1640 complete medium.
Macrophages were also detached by gentle scraping with cell scrapers (Sarstedt, NC,
USA). After detachment, cells were washed 3 times with PBS supplemented with 2% FBS

and centrifuged for 5 min at 900xg.

Cell Recovery and Cell Viability Assay

Total cell numbers were determined by counting in a hemocytometer. Percent cell
recovery was calculated using the formula: % c e | | recovery = J[total
recovered x 1007/ i niTheiviability of el lwas asseseed by ¢-e | | s p | e
AAD (Biolegend, CA, USA) staining and analyzed by FACS. The percentage of 7-AAD

negative cells in the total population was considered as % of viable cells.

Antibodies/Flow cytometry

For staining with non-FcyR Abs, FcRs were blocked with 10% heat inactivated
human AB serum (Sigma-Aldrich, MO, USA) plus mouse IgG (Img/ml, Rockland
Immunochemicals Inc., PA, USA) in FACS buffer (PBS containing 2% FBS + 0.05%
NaN3) for 15 minutes at room temperature. The following mouse anti-human Abs were
used to quantify cell surface expression of various macrophage markers: FITC labeled
CD64, CD80 and CD163, PE labeled CD14, CD32, CD86 and CD200R, PerCP/Cy5.5
labeled HLA-DR, APC labeled CD16 and CD206 were all purchased from Biolegend (CA,

USA). Mouse IgG isotype controls (Biolegend, CA, USA) were included to control for
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nonspecific binding. Cells were incubated with different combinations of conjugated mAbs
for 30 minutes at 4°C in the dark and washed with FACS buffer. Labeled cells were
acquired using a BD™ LSR 1I flow cytometer and analyzed with FACS DIVA (BD
Biosciences, CA, USA) and FlowJo software (Tree Star, OR, USA). Live macrophages
were gated based on forward scatter vs side scatter and confirmed by 7-AAD staining. The

fluorescence intensity of specific markers was measured on the live macrophage gate.

Functional Assays

Quanfi catHponUpofakkkb by M2 Macrophages
Haemoglobin A0 (Hb) and Haptoglobin, phenotype 2-2 (Hp) were purchased from Sigma-
Aldrich (MO, USA). Hp was first labeled with the DyLight 488 Ab Labeling Kit (Pierce
Biotechnology, IL, USA) according to manufacturer’s instructions. Then Hb-Hp
complexes (20 ug/mL) were generated by combining Hb and dylight 488 labeled Hp at a
1:1 ratio (wt/wt) before use. Cells were then incubated with Hb-Hp complexes for 60
minutes at 37°C in an ultra-low attachment culture plate (Corning, NY). After incubation,
cells were washed two times with FACS buffer to remove residual Hb-Hp complexes.
Uptake was quantified by flow cytometry using a BD™ LSR II flow cytometer.
Nonspecific fluorescence was determined by adding unlabeled ligand, and the mean
fluorescence intensity (MFI) obtained was subtracted from the MFI of experimental

samples.

Quantification of Dextran Uptake by M2 Macro
Approximately 1x10° cells per sample were incubated in media containing FITC-dextran
(0.5mg/mL) (MW: 40,000; Sigma-Aldrich, MO, USA) in an ultra-low attachment culture

plate for 60 minutes at 37°C and at 4°C, respectively. After incubation, cells were washed

88



twice with FACS buffer to remove excess dextran. Cellular uptake of FITC-dextran was
quantified by flow cytometry using a BD™ LSR 1II flow cytometer and was calculated as

MFI of cells at 37°C minus MFI of cells at 4°C.

Statistical Analysis
Graphpad Prism and Microsoft Excel software were used for all statistical analyses.
Student’s t-tests were used to determine statistically significant differences between

experimental groups. p < 0.05 was considered to be statistically significant.

Results

Enzymatic Methods for Detachment of Monocyte-derived Macrophages are faster than
Other Techniques

Different detachment methods were used to dissociate MDMs (M0-macrophages)
from cell culture plates. All reactions were stopped at defined time points to assess the
minimum incubation period needed to obtain efficient cell recovery and cell viability.
Enzymatic detachment methods using Trypsin or Accutase resulted in optimal cell recovery
after the 20 minute incubation period, while longer incubation times did not yield a
significant increase in recovery (F i g @-1).&Non-enzymatic detachment methods, which
were performed by incubating cells with PBS or EDTA on ice, required a 40 minute
incubation period to reach cell recovery levels similar to those obtained with enzymatic
treatment methods. Based on these data, the minimal incubation time needed to attain
optimal cell recovery using enzymatic and non-enzymatic detachment methods on MO-

macrophages is 20 and 40 minutes, respectively.
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Figure 3-1: Enzymatic detachment methods performed faster than other
methods.

Non-polarized MDMs were cultured in each well in a 24-well plate and different
detachment methods were used to harvest cells. The % recovery of total cells
was calculated based on the total input cell number. Data represents the
mean £ SEM of 2 donors for 5 and 10 min Trypsin and Accutase. All the other
conditions were performed using at least 3 donors.
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Figure 3-2: All detachment methods performed independently
of MDM polarization.

Different detachment methods were used to harvest polarized MDMs from
24-well culture plate. The % recovery (A) was calculated based on the total
input cell number and % cell viability (B) was determined by 7-AAD staining
and analyzed by FACS. Data represents the mean + SEM of at least n =4
separate experiments.
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Consistency of different detachment methods among MDM subsets

After determining the minimum duration needed for each detachment method, we
wanted to ensure that the detachment efficiency would be comparable between different
macrophage subsets. As shown in F i g 3-2 Aall of the chosen detachment conditions

for M1- and M2-macrophages yielded similar levels of cell recovery.

Next, a 7-AAD fluorimetric assay was employed to determine the viability of
defined macrophage subsets under different cell detachment conditions via flow cytometry.
Across all macrophage subsets, the viability of the total cell populations was significantly
lower after cell scraping (F iug €2 BSInterestingly, EDTA and PBS treatment on ice also
resulted in a statistically significant reduction of cell viability in all three macrophage

subsets.

Enzymatic treatments affect the cell surface expression of CD14 and M2-macrophage
markers

Upon polarization, M1 and M2 macrophages express different cell surface
molecules which correspond to their ability to perform distinct functions. In the next series
of experiments, we wanted to determine how different detachment methods affected the
phenotype of polarized-MDMs by flow cytometry. The expression of Ag presentation
markers, such as CD80, CD86, and HLA-DR, and FcyR markers, such as CD64, CD32,
and CDI16, showed no significant difference among all detachment conditions.
Interestingly, trypsin-mediated detachment resulted in down modulation of surface CD14
among all macrophage subsets, especially in M1 and M2 cells where it became

undetectable. Moreover, conventional M2-macrophage markers, CD163 and CD206, were
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Figure 3-3: Enzymatic treatments affect the cell surface expression
CD14 andM2-macrophage markers.

After cell detachment, MDM subsets were stained for expression of the
canonical macrophage marker (CD14), M2-macrophage markers (CD163,
CD200R, CD206), Ag presentation cell markers (CD80, CD86, HLA-DR),
and FcyRs (CD64, CD32, CD16). A representative FACS analysis from 3
separate experiments is shown as histogram overlay of specific markers using
different detachment methods. For CD163 and CD206 expression on M2
cells, 10 samples from different macrophage preparations were analyzed.
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reduced when treated with enzymatic reagents compared to EDTA in all the samples tested.
The down modulation of M2-macrophage markers was more pronounced with trypsin than
with accutase (F iug @3 Ap p e nRdiug 8. Furthermore, trypsin-mediated down
modulation of surface markers was incubation time dependent. As shownin F i g u-4, @&
comparison to a 20 min-incubation, a 5 min-trypsin exposure was associated with

preserved surface levels of CD14 on M0, and both CD163 and CD206 on M2 cells.

Hb-Hp and dextran uptake by M2-polarized MDM:s is suppressed after specific
enzymatic detachment methods

Having demonstrated that enzymatic treatment significantly decreased the surface
levels of M2-macrophage cell markers, e.g. CD163 and CD206, we next determined
whether the function associated with these surface molecules was also altered. The M2-
macrophage mediated uptake of Hb-Hp, a ligand for CD163, was significantly reduced
after trypsin detachment compared with accutase, while no differences were observed
among other detachment treatment groups (F iug e5A)3 Moreover, both trypsin and
accutase treatment of M2-macrophages resulted in a significant decrease of dextran uptake

which is mediated through interaction with cell surface CD206 (F iug e5B)3

Discussion

MDMs are useful tools for studying human macrophage functioni n  yhowever,0
they become strongly adherent to cell culture surfaces. Moreover, some cell surface
molecules are sensitive to environmental protease activity, which are often used for cell

dissociation [223, 233, 234]. Specifically, studies across different cell types have revealed
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Figure 3-4: Trypsin mediated downmodulation of CD14, CD163 and

CD206 were incubationtime dependent.

Polarized MDM subsets were treated with trypsin for various timepoints (5,
10, 20 min). After cell detachment, MO macrophages were stained for CD14
and M2 macrophages were stained for CD163 and CD206. (A) A
representative histogram overlay of specific markers after different
incubation times. (B) The level of marker expression was calculated using
marker MFI minus isotype MFI. Data represent mean + SEM from two

donors.
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Figure 3-5: Hb-Hp and dextran uptake by M2-polarized MDMs is
suppressed after specific enzymatic detachment methods.
Uptake of dylight 488 conjugated Hb-Hp complex (A) or FITC-
Dextran (B) by M2 polarized MDMs were analyzed by FACS. The
data represent mean = SEM of n = 3 separate experiments.
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that detachment/separation process affect cell viability, cell membrane properties, and

influence cell function [225, 235-237].

In this study, we evaluated the impact of different cell detachment methods on the

efficiency of cell recovery, viability, phenotype and function. Our findings indicate that

enzymatic detachment techniques, while advantageous in terms of cell yield and viability,
induce profound phenotypic and functional changes on select surface proteins that are

typically used to characterize M1/M2 polarization.

Reagents used to dissociate adherent cells are designated as enzymatic and non-
enzymatic. Enzymatic detachment reagents, such as trypsin and accutase, are proteases that
cleave at unique amino acid sequences on extracellular matrix proteins in order to dislodge
bound cells. Non-enzymatic methods include temperature-induced cell detachment by cold
shock, and sequestration of divalent cations using chelating agents, such as EDTA, all of
which work to suppress cell-related adherence mechanisms. Cell scraping mechanically

separates adherent cells by force.

In terms of detachment efficiency, enzymatic methods required shorter incubation
times to achieve high detachment efficiency while maintaining optimal cell viability.
Treatment with EDTA and PBS on ice required longer incubation times and more vigorous
pipetting for optimal recovery — mechanical stresses which may account for the resultant
reduction in cell viability. Similarly, while cell scraping resulted in high cell recovery,

viability was significantly reduced in comparison to other methods.

Trypsin w/o EDTA is often used as a standard cell dissociation reagent. Our data

demonstrated that Trypsin treatment significantly impacts several surface molecules on
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macrophages. For examples, in addition to significant loss of CD14 on trypsin treated cells,
which has been previously shown [222], we found that scavenger receptor, CD163, and
mannose receptor, CD206, were also significantly down modulated on the surface of all

three macrophage subsets after trypsin treatment.

Interestingly, while both CD163 and Cd206 have been defined as surface markers
for M2 macrophages [216], we observed that CD206, but not CD163, was upregulated on
M2 cells compared with MO and M1 cells. M2 macrophages represent a heterogeneous
population consisting of different subsets, such as M2a, M2b, and M2¢, which are
dependent upon different activation stimuli. For example, IL-4 and IL-13 polarize
macrophages into the M2a subset, while immune complex stimulation with TLR ligands,
and IL-10 induce M2b and M2c differentiation, respectively [219]. The observation that
CD163 was not upregulated in IL-4 polarized macrophages is consistent with previous
reports [218, 238] which showed that IL-4 polarized macrophages mainly upregulated

CD200R and CD206, but not CD163, while IL-10 stimulation induced CD163 expression.

Although accutase is recommended as a trypsin replacement for FACS analysis of
cell surface markers and phenotyping, a validation of this reagent, particularly with regard
to polarized macrophages, has not been reported. Our data demonstrate that, unlike trypsin,
accutase did not affect surface CD14 expression. Furthermore, while accutase reduced the
surface levels of CD163 and CD206, this reduction was less pronounced compared to the

trypsin treated group.

CD14 downmodulation on the monocytes and macrophages is reported to correlate
with loss of the functional response to LPS [222, 239]. Therefore, we focused on CD163

and CD206 associated functions in our study. CD163, a receptor belonging to the scavenger
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receptor cysteine rich family type B, mediates metabolism of haemoglobin through binding
with Hb-Hp complexes [240]. Consistent with down modulated surface CD163 levels,
uptake of Hb-Hp complex by trypsin-treated M2 macrophage was significantly reduced.
However, accutase treated M2 macrophages exhibited comparable level of Hb-Hp uptake
as non-enzymatic treatment groups. One possible reason that uptake of Hb-Hp did not
correlate with surface CD163 level in accutase treated macrophages was that the level of
CD163 remaining on the cell surface after accutase treatment might still have been
sufficient for the uptake of Hb-Hp. Therefore, increased levels of CD163 above a certain
threshold may not increase the uptake of Hb-Hp proportionally, since the non-enzymatic
treatment groups expressed much higher levels of CD163 after detachment, but failed to
correspondingly increase Hb-Hp uptake. In addition, enzymatic treatment of M2
macrophages also significantly suppressed uptake of dextran, which correlated with the

decreased surface CD206 expression by both trypsin and accutase detachment.

In summary, we used a simplified in vitro M1 (IFN-y + LPS)/M2 (IL-4) model to
investigate how different cell detachment processes affect the surface markers of
macrophages. Future studies investigating other parameters that might affect macrophage
detachment and consequently influence cell surface molecule expression, such as method
of monocyte separation, macrophage activation and differentiation conditions, may be
useful. Nevertheless, our data demonstrate that while enzymatic methods provide efficient
macrophage detachment, they alter the level and function of specific cell surface
molecules. While treatment with EDTA or PBS on ice required longer incubation times and
partially reduced cell viability, within the constraints of the markers evaluated, they did not

alter cell phenotype and function. As such, in vitro analysis of M2 associated phenotype
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and function, which requires detachment, is best studied using EDTA on ice. In contrast,
accutase and trypsin based detachment solutions could be utilized when studying the FcyRs

and Ag presenting markers along their associated functions.
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CHAPTERK4 CELL EXPRESS{S8GRSOF TI M
IMPRESSIONS MATTER®
Abstract

Given the heightened interest in manipulation of cosignaling cascades for cancer
immunotherapy, we sought to determine how/whether tumors decorated with therapeutic
monoclonal antibodies (mAbs) impact the expression of co-signaling molecules on human
natural killer (NK) cells. Stimulation of NK cells with aggregated IgG1 resulted in the
upregulation of HAVCR2 — the gene encoding T-cell immunoglobulin and mucin-containing
domain (Tim)-3 — known to be involved in the induction of peripheral T cell tolerance. This
upregulation of HAVCR2 was recapitulated at the protein level, following NK cell
stimulation by either mAb opsonized tumors, recombinant human IgG1 Fc multimers, and/or
non-Fc stimuli e.g. IL-12/IL-18. The patterns of Tim-3 expression were temporally distinct
from the FcR mediated induction of the cosignaling molecule, 4-1BB (CD137), with Tim-3
increases observed twenty minutes following exposure to Fc multimers and remaining at
high levels for at least six hours, while increases in CD137 expression were first observed at
the four-hour time point. Importantly, these Tim-3* NK cells were functionally diverse, as
evidenced by the fact that their ability to produce IFN-y in response to an NK cell responsive
tumor was strictly dependent upon the stimuli employed for Tim-3 induction. These data
suggest that Tim-3 upregulation is the common end-result of NK cell activation by a variety
of unique and overlapping stimuli and is not an independent marker of NK cell exhaustion.

Furthermore, our observations potentially explain the diverse functionality attributed to Tim-

%41. So, E.C., et al, NK cel | expr3&ssHiornst ofi mprmssi ons
Immunobiology, 2019. 2 2(3): p. 362-370.
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3" NK cells and should be considered prior to use of anti-Tim-3 inhibitory mAbs for cancer

immunotherapy.
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Introduction

mAbs targeting defined Ags are effective tools for the treatment of a variety of
malignant and autoimmune diseases [242, 243]. For example, anti-CD20 mAbs can
effectively treat both B cell lymphomas and rheumatoid arthritis, while anti-EGFR mAbs
have utility in the management of both colorectal carcinoma and squamous cell carcinoma
of the head and neck (SCCHN) [244-247]. Despite such demonstrable benefits, anti-tumor
responses induced by these mAbs are subject to immune escape, resulting in relapse and
development of secondary resistance [248-251]. One approach to overcome such immune
evasion is to identify and modulate the function of immunoregulatory molecules on the
surface of immune effector cells that are induced by aggregated Fc domains of targeted
mAbs displayed on opsonized tumors.

NK cells are bone-marrow derived lymphocytes capable of spontaneously
responding to Ab-opsonized targets, as well as to virally-infected and stressed cells [252,
253]. Engagement of CD16 on NK cells with the Fc domains of mAbs aggregated on the
target surface, induces release of cytolytic granules, such as perforin and granzyme,
mediating lysis of the opsonized target cell via a mechanism termed ADCC [149]. NK cells
also function through the release of immunomodulatory cytokines, such as IFN-y and TNF-
o [254, 255]. An evolving body of literature now suggests that in addition to their cytolytic
functions, NK cells are perhaps better characterized as immunomodulatory, with their
situational response dictated by their cognate receptor ligand interactions in combination
with input from the microenvironment [256].

There is growing support for the idea that NK cells can mediate both the death of

opsonized tumor and arbitrate secondary tolerogenic effects — tolerogenic effects that likely
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stem from the conserved need to maintain immune homeostasis [257-259]. From a cancer
therapeutic perspective, the induction of secondary tolerance potentially contributes to
cancer relapse and development of resistance to therapy. Our laboratory has sought to
identify molecules induced on NK cells by Ab-decorated targets, which can be targeted to
overcome these tolerogenic properties. For instance, we previously demonstrated that
cross-linking FcRs with human IgG1 Fc fragments induced expression of the co-signaling
molecule, 4-1BB (CD137), on NK cells [260]. Subsequent studies revealed that tumors
opsonized with targeted mAbs bearing functional Fc fragments can enhance NK cell
expression of CD137 and that ligation of CD137 on these Fc activated NK cells augments
their antitumor responses [261, 262]. Given the inherent redundancy in the immune
system, we reasoned that the immunoregulatory molecules upregulated on NK cells in
response to Fc aggregates would not be restricted to CD137.

Tim-3 (T-cell immunoglobulin and mucin-containing domain-3) is a cosignaling
molecule expressed by several distinct lymphocyte populations including, but not limited
to, T cells, monocytes, dendritic cells and NK cells [263-266]. Ligands reported to bind
Tim-3 are Galectin-9, HMGBI1, and CEACAM-1 [265-267]. On T cells, Tim-3 is
recognized as a marker of functional exhaustion [268], however, the role Tim-3 plays in
regards to NK cell function remains elusive. For example, while Tim-3 has been described
as a negative regulator of NK cell function [269-272], it has also been associated with
enhanced IFN-y production following cognate ligand interactions [273]. Moreover, Tim-3
expression may influence the state of NK cell activation and its receptiveness to mediate

effector responses [274, 275].
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Using a transcriptomics approach to screen human NK cells for expression of
immunoregulatory molecules induced after Ab stimulation, we observed that HAVCR2,
the gene encoding Tim-3, was upregulated following stimulation with aggregated IgG. This
increase in HAVCR2 gene expression correlated with elevated cell surface expression of
Tim-3 on NK cells following ADCC and could be specifically induced by Fc:FcR
interactions, select cytokines (IL-2, IL-12, and IL-15) and NK responsive tumors (K562).
Of perhaps greater interest, the function of NK cells expressing Tim-3 was variable and
was dependent upon the stimulus used for Tim-3 induction. Collectively, these data support
the ideas that Tim-3 is not an independent marker of NK cell exhaustion and that Tim-3

expressing NK cells are functionally diverse.

Materials and Methods

Cell Culture

Cells were cultured at 37°C with 5% CO; in RPMI-1640 (Mediatech Inc., USA)
supplemented with 10% heat-inactivated FBS (Atlanta Biologicals, USA), 10 mM HEPES
buffer (Mediatech Inc., USA), 2mM L-glutamine (Life Technologies, USA) and penicillin
(100 U/ml)-streptomycin (100 pg/ml) (Life Technologies, USA). All experiments were

performed using RPMI-1640 complete medium unless noted otherwise.

PBMCs and NK Cell Isolation

PBMCs were isolated from healthy human bufty coats (Biological Specialty
Corporation, USA) by density gradient centrifugation (2000 RPM for 20 minutes at room
temperature (RT), no brakes using Ficoll-Paque PLUS medium (GE Healthcare, Sweden).
PBMCs were washed with phosphate-buffered saline (PBS, Mediatech Inc., USA) at least
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two times at 1500-2000 RPM for five minutes at room temperature and NK cells were
isolated using the MACS human NK cell negative selection kit (Miltenyi Biotec, USA)
according to manufacturer’s recommendations. NK cells were assessed phenotypically as
CD56"CD3" with a NK purity > 90%. All experiments were performed using fresh PBMCs

or negatively selected NK cells unless noted otherwise.

Antibodies and Flow Cytometry

In some experiments, NK cells were cultured with human IgG1 (Sigma, USA) IVIG
(Atlantic Biologicals, USA), recombinant IgG1 Fc homodimers (G001; Gliknik, USA),
recombinant IgG1l Fc multimers (GL-2045; Gliknik, USA), Rituximab (anti-CD20;
Genentech, USA), and/or mouse IgGl (Biolegend, USA). The following staining
antibodies were used in these studies as specified: mouse anti-human Tim-3-PE (Clone:
F38-2E2), mouse anti-human CD137-APC or PE (Clone: 4B4-1), mouse anti-human CD3-
PerCP (Clone: UCHT1) mouse anti-human IFN-y-APC (Clone: 4S.B3), mouse anti-human
CD107a-PE or FITC (Clone: H4A3) (all from Biolegend, USA), and mouse anti-human
CD56-APC (Clone: B159; BD Biosciences, USA). Isotype controls (all from Biolegend,
USA) were used to assess non-specific staining. For extracellular staining, samples were
washed at least two times with FACS buffer (PBS supplemented with 2% FBS) at 1500
RPM for five minutes at 4°C. Samples were stained for 30 minutes at 4°C. For intracellular
staining, samples were fixed with Fixation Buffer (Biolegend, USA) and permeabilized
with Intracellular Staining Permeabilization Wash Buffer (Biolegend, USA) according to
manufacturer’s instructions. Samples were resuspended in FACS buffer prior to flow

acquisition. Analytical flow cytometry analyses were performed using a LSRII flow
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cytometer (BD Biosciences, USA) with FACSDiva software (BD Biosciences, USA) and

analyzed using FlowJo software (Tree Star Inc., USA).

PBMC Stimulation Assays
PBMCs were stimulated overnight with soluble Rituximab or soluble IVIG. The
next day, PBMCs were collected and the expression of Tim-3 and CD137 on NK cells

(CD56"CD3") were assessed by flow cytometry.

NK Stimulation Assays

In some experiments, wells were coated one day prior to experimentation with
human IVIG (50 pg/ml) at 37°C. Wells were then washed with PBS at least three times
before experimentation. NK cells were stimulated overnight with either media only, soluble
IVIG, soluble GOOI, soluble GL-2045, or immobilized IVIG as specified. In some
experiments, NK cells were co-cultured overnight with K562 target cells (10:1 E:T; ATCC,
USA) for four hours. The following day, cells were collected and the expression of Tim-3

and CD137 were assessed by flow cytometry.

Transwell Assays

Cell culture plates with polycarbonate transwells (0.4 pm pore size; Corning, USA)
were used in order to divide the well into a bottom and top compartment, which prevents
cell movement between the compartments while allowing soluble mediators to traverse
freely. One day prior to experimentation, bottom compartments were coated with human
IVIG (50 pg/ml) at 37°C. Wells were washed with PBS at least three times before
experimentation. NK cells were added to bottom and top compartments in the presence or

absence of immobilized IVIG in the bottom compartment for overnight stimulation. The
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next day, NK cells were collected and the expression of Tim-3 and CD137 were assessed

by flow cytometry.

Pharmacodynamic Assays

For dose-response assays, NK cells were stimulated overnight with either media
only, soluble G001, soluble GL-2045, or soluble IVIG at specified concentrations ranging
from 0.001 to 1000 pg/ml. For time-course assays, NK cells were stimulated with either
media only or soluble GL-2045 at the indicated time points. After stimulation, NK cells

were collected and the expression of Tim-3 and CD137 were assessed by flow cytometry.

Cytokine Stimulation Assays

NK cells were cultured overnight with media only, soluble G001, soluble GL-2045,
or soluble IVIG. In some wells, NK cells were also cultured with recombinant human IL-
2 (Chiron, USA), recombinant human IL-15 (eBioscience, USA), recombinant human IL-
12 p70 (Biolegend, USA), recombinant human IL-18/IL-1F4 (R&D Systems, USA),
recombinant human IL-4 (R&D Systems, USA), recombinant human IL-6 (Biolegend,
USA), or recombinant human IL-10 (Biolegend, USA). The following day, NK cells were

collected and the expression of Tim-3 and CD137 were evaluated by flow cytometry.

CD107a Degranulation and IFN-y Production Assays

NK cells were stimulated with either media only or soluble GL-2045 in the presence
or absence of IL-12 plus IL-18, as indicated. After overnight culture, K562 cells were added
to the culture at an E:T of 3:1 or 10:1 in the presence of brefeldin and anti-CD107a FITC

(Biolegend, USA). After a four hour incubation, NK cells were collected and stained for
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Tim-3 PE expression. For intracellular staining, NK cells were fixed and permeabilized

and stained for IFN-y APC prior to FACS analysis.

Statistical Analysis

Data are presented as the mean = SEM from at least three experiments. Paired t-
test, one way or two way ANOVA were performed using Graphpad software. All hypothesis
were tested with a two-sided analysis. Ordinary one-way ANOVA was carried out to
compare the effects of different treatments versus controls. Two way ANOVA was used to
compare expression of Tim-3 and CD137 on NK cells when treated with combination of
GL-2045 and various cytokines. Tukey and Dunnett adjustment procedures were used to
control type I errors in the presence of multiple comparisons. To test for a synergy between
two treatments on the expression of Tim-3 and CD137, we calculated the log fold-change
in MFI by taking the logarithm (base 2) of the ratio of the MFIs with and without GL-2045
in the presence of a specific cytokine compared with the same quantity without any
cytokine present. The logarithmic transform was used to obtain an approximately normally
distributed random variable. These log fold changes were calculated within each donor and
compared using the paired t-test to test for a possible interaction or synergy. The difference
estimated in log fold change was transformed back to a relative change in the MFI ratios.

Differences were considered statistically significant when p < 0.05.

Results

Antibody stimulation induces Tim-3 expression on human NK cells
We sought to test the hypothesis that aggregated Fc fragments induce molecules on
the NK cell surface that could be targeted to enhance NK cell function. As a first step, we
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performed whole-genome transcriptome analysis of human NK cells stimulated with
coated human IgG1 for either four or 24 hours. The transcriptional profile of NK cells
clustered separately depending on type of stimulation (Ap p e nFdii gxtB&A ean)d B
Interestingly, although no significant changes were observed at four hours after
immobilized IgG1 stimulation, 63 transcripts were significantly changed at 24 hours after
stimulation (A p p e nTdai bX2). Among them, 24 transcripts were involved in the cell

death pathway and nine transcripts were related to the cytotoxicity pathway (e.g. HAVCR2,
CCLS5, CD244, CD300A, CD48, ITGAM, KLRF1,ADGRGl)(Ap pe ndi x4 AFiaghudr e
B). HAVCR2 demonstrated a 1.98-fold upregulation in NK cells exposed to immobilized
IgG1. Comparative real-time quantitative PCR confirmed a 2.15-fold-change (p < 0.05) in
HAVCR?2 on NK cells in the presence of immobilized IVIG compared to NK cells cultured

in media only. Interestingly, there was no significant change in HAVCR2 gene expression

on NK cells stimulated with soluble IVIG(A p p € n d i x4 QFTihege data euggest that

Ab aggregates induce HAVCR2 expression on NK cells.

HAVCR?2 encodes for the Tim-3 protein -- an activation induced receptor expressed
on a variety of immune cells including, but not limited to, terminally differentiated T cells,
Ag presenting cells and NK cells [263-266, 276]. Because Tim-3 expression on T cells is
associated with peripheral tolerance [268], we postulated that blocking Tim-3 on NK cells
might improve effector function. As a first step in this process, we sought to determine if
the upregulation of HAVCR2 was associated with Tim-3 p r 0 texprésdion on NK cells
following ADCC. Consistent with our hypothesis and prior data (CD137), Tim-3 and
CD137 were upregulated on the surface of NK cells in PBMCs cultured with the anti-CD20

mADb, rituximab, but not soluble IVIG (F i ged-fL A [260, 261]. This up-regulation of
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Tim-3 was strictly dependent on receptor crosslinking as Tim-3 and CD137 upregulation
occurred only after exposure to immobilized, but not soluble, IVIG (Fi g Wl &
Collectively, these studies confirm that Tim-3 and CD137 are induced by exposure to

antibodies capable of FcR crosslinking.

IVIG mediated expression of Tim-3 on human NK cells is contact-dependent

We next sought to investigate whether Ab mediated upregulation of Tim-3 was
dependent on direct Fc: FcR interactions. We performed a transwell assay in which
antibodies were coated in the lower well — allowing direct NK cell stimulation --while NK
cells in the upper well were only exposed to conditioned media. Although a basal level of
Tim-3 was present on unstimulated NK cells, significant upregulation of Tim-3
(BOTTOM: 25.5% =+ 3.02%, TOP: 14.1% + 3.42%) and CD137 (BOTTOM: 41.7% +
2.26%, TOP: 1.70% + 0.562%) were observed only on NK cells directly in contact with
immobilized Ab (Fi g uile€C  a n).dThedd data demonstrate that Ab-mediated

upregulation of Tim-3 and CD137 on NK cells is contact dependent.

Tim-3 upregulation occurs in a Fc:FcyR-dependent manner

The interactions of the Fc portion of [gG1 with CD16 on human NK cells mediates
effector functions, such as ADCC, and triggers the release of immunomodulatory cytokines
[277]. In order to understand the degree to which upregulation of Tim-3 was dependent on
Fc:FcR interactions, we stimulated isolated human NK cells with soluble recombinant
IgGl Fc h o modri(&001), soluble recombinant IgG1 Fc mu | t i(GLe2048S), or
soluble IVIG [278, 279]. Exposure of NK cells to soluble GL-2045 at 10 pg/ml induced

marked upregulation of Tim-3 and CD137, while identical concentrations of G001 or IVIG
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Figure 4-1: Immobilized IVIG drives Tim -3 expression on human NK cells

in a contactdependent manner.

(A) PBMCs were cultured overnight in media containing Rituximab (anti-CD20;
10 pg/ml) or IVIG (100 pg/ml) and expression of Tim-3 and CD137 on NK cells
were determined by FACS. (B) NK cells were cultured overnight with media
only, soluble IVIG (10 pg/ml), or immobilized IVIG and expression of Tim-3 and
CD137 were determined by FACS. (C) NK cells were cultured in transwells (0.4
pum pore size) overnight with complete media = immobilized IVIG. Expression
of Tim-3 and CD137 were determined by FACS. (D) Representative two-
parameter density plots depict expression of Tim-3 and CD137 on NK cells
cultured with media only or immobilized IVIG from the top or bottom
compartments separated by transwells. The results are shown as the mean + SEM
from (A) five samples, (B) three samples, and (C) seven samples. *p<0.05,

]

**n<0.01 or ***p<0.001.
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failed to mediate similar responses (F i g 4-2 A a h Whil8higher concentrations of
G001 and IVIG could induce upregulation of Tim-3 and CDI137, GL-2045 was
significantly more potent (F i g 4-2 € a h dpregalation of Tim-3 was associated with
downregulation of CD16 and upregulation of CRTAM without reductions in the expression
of CD56 (A p p e nHii gxibrA€) [280]. Collectively, these data demonstrate that

multimeric Fc-dependent crosslinking of CD16 on NK cells induces Tim-3 upregulation.

Fc multimers induce distinct temporal patterns of Tim-3 and CD137

While Fc engagement of CD16 on NK cells induced both Tim-3 and CD137, their
patterns of expression were overlapping and unique (F i g 4-1 B. In order to understand
whether these distinct patterns of expression were temporal in nature, we analyzed the
expression of Tim-3 and CD137 at various time points after stimulation. While Tim-3 (20
minutes; p = 0.027) upregulation occurred almost immediately following GL-2045
exposure, maximal upregulation of CD137 (four hours) was delayed (Fi g w3 é\.
Furthermore, the patterns of expression of Tim-3 and CD137 changed over time, with a
large population of cells expressing high levels of Tim-3 and lacking CD137 soon after
stimulation, and an increased number of CD137 "Tim-3" and CD137 Tim-3" cells present at

later time points (F i g 4-8 B

NK cells upregulate Tim-3 by a variety of stimuli
Previous studies have shown that IL-2, IL-15, IL-12 and IL-18 induce NK cell
expression of Tim-3 [269, 273]. In order to understand how these cytokines influenced FcR

mediated expression of Tim-3, we screened a panel of cytokines for their ability to induce
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Figure 4-2: Fc:FcyR engagement induces Tin8 upregulation on NK cells.
(A, B) Isolated NK cells were cultured overnight in media only, soluble G001 (Fc
homodimers; 10 pug/ml), soluble GL-2045 (Fc multimers; 10 pg/ml), or soluble
IVIG (10 pg/ml) and expression of Tim-3 (A) and CD137 (B) were quantified by
FACS. (C, D) NK cells were cultured overnight in the presence of media only,
soluble G001, soluble GL-2045, or soluble 1VVIG with concentrations ranging from
0.001 pg/ml to 1000 pg/ml and expression of Tim-3 and CD137 were determined
by FACS. The results are shown as the mean £ SEM from (A) three samples, (B)
five samples, (C, D) four samples. *p < 0.05. **p < 0.01.
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Figure 4-3: Fc multimers induce distinct temporal patterns of Tim3 and
CD137 expression.

(A) NK cells were cultured with media only or soluble GL-2045 (10 pg/ml) for
specific time intervals and expression of Tim-3 and CD137 were determined by
FACS. (B) Representative two-parameter density plots depicting the temporal
upregulation of Tim-3 and CD137 expression after GL-2045 stimulation. The
results are shown as the mean + SEM from four samples. *p < 0.05.
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Tim-3, alone and in combination with GL-2045. These data revealed that GL-2045
mediated induction of Tim-3 is significantly enhanced by exposure to IL-15 and IL-12
(Fi g 4-4 A Furthermore, combination of GL-2045 with select cytokines (IL-2, IL-15,
IL-12, IL-18, IL-6, IL-10) stimulation further increased Tim-3 expression when compared
with individual cytokines alone. However, none of the cytokines interacted synergistically
with GL-2045 (p > 0.2) with the exception of IL-10 (p = 0.057). In this case, the fold-
change in Tim-3 induced by GL-2045 was 1.60 times that seen without the cytokine, with
95% confidence limits 0.96 and 2.65. In all the other cases, the estimated effect of adding
the cytokine was less than a 30% change in the fold-change induced by GL-2045(Fi gur e
4-4 A. Moreover, while GL-2045 in combination with either IL-2, IL-15, or IL-18
demonstrated enhanced CD137 expression compared with cytokine stimulation alone,
none of the cytokines in the panel had a significant effect on CD137 induction by GL-2045
(p>02)(Fi g4-4B

We also hypothesized that Tim-3 expression may be regulated by other activating
stimuli, e.g., MHC null tumor cells. NK cells co-cultured with K562 tumor cells, an MHC-
null cell line that induces natural cytotoxicity, upregulated both Tim-3 and CD137(Fi gur e
4-4 C a i Thesdilata suggest that Tim-3 upregulation is the common end-result of NK
cell activation by a variety of unique and overlapping stimuli, raising the possibility that

Tim-3 expression alone does not define a specific functional class of cells.

The function of Tim-3 expressing NK cells is dependent upon the initial activation
stimuli
In order to directly test the function of Tim-3 on human NK cells, we used a

modification of published approaches, testing how crosslinking and/or blockade of Tim-3
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Figure 4-4: NK cells upregulate Tim-3 by a variety of stimuli.

(A, B) Isolated NK cells were cultured overnight with IL-2 (500 1U/ml), IL-15 (100
ng/ml), IL-12 (50 ng/ml), IL-18 (50 ng/ml), IL-4 (50 ng/ml), IL-6 (50 ng/ml), or
IL-10 (50 ng/ml) in the presence or absence of soluble G001 (10 pg/ml), soluble
GL-2045 (10 pg/ml), or soluble IVIG (10 pg/ml) and the expression of Tim-3 and
CD137 were determined by FACS. (C, D) NK cells were cultured overnight with
K562 tumor cells at a 10:1 E:T ratio for four hours and the expression of Tim-3
and CD137 were measured via FACS. The results are shown as the mean + SEM
from (A, B) three samples, (C) five samples and (D) three samples. *p < 0.05, ***p
< 0.001.
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influences NK cell function. Tim-3 crosslinking failed to inhibit target lysis of Fc receptor-
bearing P815 targets cells in redirected ADCC assays (Data not shown) [269]. Furthermore,
Tim-3 blockade did not enhance natural cytotoxicity responses against K562 target cells
(Data not shown) [271].

Based on our observations that a variety of stimuli induce Tim-3, the information
that Tim-3 is expressed over a prolonged time-frame, and the fact that Tim-3 expression
does not temporally correlate with that of other functional markers e.g. CD137, we
hypothesized that the functional relevance of Tim-3 expression on NK cells might depend
on the initial activation stimuli. In order to test this hypothesis, we incubated NK cells with
three different types of stimuli, i.e. GL-2045, IL-12/IL-18, K562, alone or in combination.
The function of NK cells was measured by flow cytometric analysis of IFN-y production
and CD107a expression. As shown in F i g 4-4, ell of these stimuli upregulated Tim-3
expression on NK cells. However, the ability of Tim-3 expressing NK cells to produce IFN-
y varied largely depending on the type of stimulation (F i g ¥-5).6Specifically, NK cells
stimulated with GL-2045 alone failed to produce detectable levels of IFN-y. IL-12/IL-18
significantly promoted IFN-y production by Tim-3" NK cells, independent of GL-2045 or
K562. While Tim-3" NK cells stimulated with IL-12/IL-18 demonstrated increased IFN-y
production, these changes were not significant.

Interestingly, CD107a, a marker of degranulation, and IFN-y demonstrated distinct
patterns of expression following NK cell exposure to unique stimuli. Specifically, K562
alone mediated strong induction of CD107a on Tim-3" NK cells while IL-12/IL-18 alone
showed no significant effect. Compared to the individual conditions in the absence of

K562, the addition of K562 cells significantly enhanced CD107a expression on Tim-3" NK
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Figure 4-5: Levels of IFN-y expression on Tim3+ NK cells varies among the
different stimuli.

NK cells were cultured overnight with media only, GL-2045 (10 pg/ml), 1L-12 (1

ng/ml)/IL-18 (10 ng/ml), or GL-2045/IL-12/1L-18. K562 cells were added into

selected conditions for an additional four hours and the percentage of Tim-3+ (A)

and Tim-3- (B) NK cells expressing IFN-y was determined by FACS. (C)

Representative two-parameter density plots depict expression of Tim-3 with IFN-y

under various conditions. The results are shown as the mean + SEM from five

samples. ***p < 0.001, compared with individual condition in the absence of IL-

12/1L-18.
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cells, but not on Tim-3"NK cells (F i g 4-8).&ollectively, these data suggest that it is the
ma n nnevhich Tim-3 is induced on NK cells and not the expression of this molecule that

influences NK cell function.

Discussion

The goal of our study was to define co-signaling molecules that are induced on the
surface of NK cells by FcR crosslinking that could be targeted for manipulation to enhance
NK cell function. We now demonstrate that Tim-3 is induced on NK cells by FcR
engagement, as well as by other diverse activating stimuli. Moreover, we show that FcR
mediated induction of Tim-3 on NK cells is temporally distinct from that of CD137.

Our initial decision to study NK cell expression of Tim-3 was based on our
observation that immobilized IgG1 induced the upregulation of HAVCR2 mRNA, which
encodes the Tim-3 protein. However, the fact that Tim-3 expression was upregulated
twenty minutes after exposure to GL-2045, strongly suggests that early induction resulted
from the mobilization of existing intracellular Tim-3 stores, rather than by d e nov o
synthesis.

Following exposure to GL-2045, Tim-3 and CD137 displayed different temporal
patterns of expression and were induced by distinct cytokines that depend on differing
signaling pathways. Specifically, the IL-2/IL-12/IL-15 cytokines, capable of inducing Tim-
3, depend on JAK-STAT signaling [281], while IL-18, a cytokine belonging to the IL-1
superfamily mediates its effects primarily through NFkB [282]. These data suggest that
while FcR stimulation induces both Tim-3 and CD137 on the NK cell surface, the

expression of these moleculesi n  will warg depending on the cytokine milieu.
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Figure 4-6: Levels of CD107a epression on Tim3+ NK cells varies among
the different stimuli.

NK cells were cultured overnight with media only, GL-2045 (10 pg/ml), I1L-12 (1
ng/ml)/IL-18 (10 ng/ml), or GL-2045/1L-12/IL-18. K562 cells were added into
selected conditions for an additional four hours and the percentage of Tim-3+ (A)
and Tim-3- (B) NK cells expressing CD107a was determined by FACS. (C)
Representative two-parameter density plots depict expression of Tim-3 with
CD107a under various conditions. The results are shown as the mean + SEM from
five samples. *p < 0.05. **p < 0.01, ***p < 0.001, compared with individual

condition in the absence of K562.
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Furthermore, these findings are consistent with the function of other cosignaling molecules
whose functions depend on the biologic setting in which they are expressed [283, 284].

Published studies using antibodies to define the function of Tim-3 on NK cells have
shown that Tim-3 is both a negative regulator of NK cell mediated cytotoxicity [269] and
a positive mediator of IFN-y production [273]. In our study, anti-Tim-3 antibodies, in
conditions conducive to either blocking or crosslinking, failed to define differences in NK
cell function. We postulate that the differences between our findings and prior reports are
largely attributable to our supposition that Tim-3 is expressed on functionally diverse NK
cell populations. However, it is also possible, and indeed likely, that differences in
differences in the sources of NK cells, NK cell selection protocols, culture criteria and the
limited availability of functionally well-defined anti-Tim-3 antibodies contributed to our
observations.

In order to understand the functional relevance of Tim-3 expression on NK cells,
we evaluated the ability of NK cells to produce IFN-y and CD107a in response to various
stimuli which can induce Tim-3 expression. Interestingly, Tim-3" NK cells demonstrated
distinct patterns of IFN-y and CD107a expression that were dependent on the type of initial
stimulation. Consistent with previous reports [285], our data show that IL-12/IL-18
stimulates IFN-y production by Tim-3" NK cells. In contrast, the expression of CD107a by
Tim-3" NK cells was most pronounced following exposure to K562 target cells. Despite
the ability of GL-2045 to induce both Tim-3 and CD137, these cells produced no IFN-
v, and only low levels of CD107a. These findings suggest that the function of Tim-3" NK

cells depends on the stimuli employed to induce activation.
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In summary, Tim-3 upregulation is the common end-result of NK cell activation by
a variety of unique and overlapping stimuli. As such, Tim-3" NK cells are functionally
diverse — diversity that might explain some of the varying functional data attributed to Tim-
3 ligation on the NK cell surface. These findings mandate caution when using Tim-3 as an
independent marker for NK cell exhaustion and suggest that Tim-3 blockade will likely

have diverse effects on NK cell activityi n  .vi v O
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CHAPTERKOMPLEMENT COMPONEAN C1lq
| MMUNOL OGI CAL RHEOSTAT THATVYREGULATI
| NTERACTY ONS
Abstract

Though binding sites for the complement factor C1q and the canonical fragment
crystallizable (Fc) gamma receptors (FcyRs) on immunoglobulin G (IgG) molecules
overlap, how C1q decoration of immune complexes (ICs) influences their ability to engage
FcyRs remains unknown. In this report, we use recombinant human Fc multimers as stable
IC mimics to show that Clq engagement of ICs directly and transiently inhibits their
interactions with FcyRIII (CD16) on human natural killer (NK) cells. This inhibition occurs
by Clq engagement alone as well as in concert with other serum factors. Furthermore, the
inhibition of FcyRIII engagement mediated by avid binding of Clq to ICs is directly
associated with IC size and dependent on the concentrations of both C1q and Fc multimers
present. Functionally, C1g-mediated Fc blockade limits the ability of NK cells to induce
the upregulation of the cosignaling molecule, 4-1BB (CD137), and to mediate antibody-
dependent cell-mediated cytotoxicity (ADCC). Although Clq is traditionally viewed as a
soluble effector molecule, we demonstrate that Cl1q may also take on the role of an
“immunologic rheostat,” buffering FcyR-mediated activation of immune cells by
circulating ICs. These data define a novel role for Clq as a regulator of immune
homeostasis and add to our growing understanding that complement factors mediate

pleiotropic effects.

4125. So,E.C.,etal,Compl ement component Clq is an imRnunol ogi c:
i nt er dnmemuriogeneties, 2023. 7 B1): p. 369-383.
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Introduction

The complement system is evolutionarily an ancient innate immune pathway that likely
emerged from a common ancestor of Cnidaria and Bilateralia over 1,300 million years ago
[286]. Conserved genetic linkage of mammalian complement genes were identified in the
MHC gene locus, and this linkage may have given rise to the establishment of the classical
pathway of complement activation and functional convergence between the innate and

adaptive arms of immunity [287].

Complement component Clq is a 460 kDa heat-labile serum glycoprotein comprised
of six globular heads linked by six collagen-like stalks to a fibril-like central region [163,
288]. The Cl1q molecule contains 18 polypeptide chains (six A-, six B-, and six-C chains)
which combine to form a hexameric globular structure and binds to the Fc region of IgG
or IgM [289]. Clq is also able to recognize bacterial and viral surface proteins, apoptotic
cells, and acute phase proteins [290]. Clq, along with Clr and Cls, forms the initiation
complex (C1qC1r2Clsz) of the classical complement pathway and its activation triggers a

cascade of reactions leading to the membrane attack complex [291].

Complement proteins and their enzymatically split products mediate a diverse array of
biologic functions, ranging from cytotoxicity to tolerance [292, 293]. The critical role of
these proteins in maintaining immune homeostasis is perhaps best illustrated by the
association between the genetic absence of specific complement factors with defined
human diseases. For example, almost all patients with a hereditary deficiency of Clq
develop SLE [80, 294, 295]. While the mechanisms of this association are not well
understood, they are thought to predominantly result from decreased complement-

mediated clearance of ICs and apoptotic cells [296-299].
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In addition to complement, another major class of functional receptors for Fc-bearing
ICs are the low to moderate affinity FcyRs. These receptors define many of the cellular
responses governing Ab engagement and crosslinking [82]. For example, NK cells express
CD16, which engage the Fc domains of Ab opsonized cells. This crosslinking of the
FcyRIII on NK cells allows for the induction of ADCC, upregulation of activation
molecules on the NK cell surface, and release of immunomodulatory cytokines, such as

IFN-y and TNF-a [241, 277, 300].

Despite our growing understanding of how the classical arm of the complement cascade
and Fc:FcR interactions dictate the immune response to opsonized Ags, there is little
published information regarding the interplay between these two systems. For instance,
while it is known that C3b fixation on rituximab-opsonized B cells prevents Fc engagement
by FcyRIII on the NK cell surface, the potential of other complement factors to influence
Fc:FcR interactions is controversial [301-303]. Wang et al. demonstrated that C1q alone
was unable to suppress expression of CD54, a marker for NK cell activation, on NK cells
cultured with Ab opsonized targets, but required Clq-dependent C3b deposition on Ab

opsonized targets to inhibit the upregulation of CD54 [301].

IVIG contains pooled polyclonal IgG from thousands of donors and is used for the
treatment of various autoimmune, infectious, and idiopathic diseases [304]. In addition to
monomeric IgG, IVIG preparations may also include higher order IgG complexes, as well
as [gM and IgA. There has been growing evidence suggesting that the therapeutic modality
of IVIG is in part dependent on Fc-bearing immune aggregates [305, 306]. Moreover, due
to limited supply and prohibitive costs of IVIG, we have developed an IVIG mimetic called

GL-2045, composed of recombinant human IgG1 Fc multimers [307].
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We have previously reported that recombinant IgG1l Fc multimers sequester Clq,
inhibit downstream complement activationi n  Vand proteot rodents from complement-
mediated diseases, such as, acute RBC hemolysis, anti-Thy-1 nephritis, and passive
Heymann’s nephropathy [278, 279, 308]. In contrast, similar Fc multimers constructed
with F(ab’), domains against CD20, can mediate robust CDC responses against CD20
positive cells [41, 97, 309]. Since the binding sites for Ig ICs and recombinant Fc multimers
for C1q and FcyRs may overlap, we interpreted these data to suggest that the engagement
of recombinant multimerized IgG1 Fc or Ab-opsonized cells with the FcyRs on NK cells
block concomitant C1q engagement and CDC [308, 309]. In the present study, we sought
to address the opposite question, namely: does Clq binding to recombinant structural

mimics of ICs inhibit their ability to engage FcyRs?

We now show that Clq directly inhibits the ability of a recombinant human IgG1 Fc
multimer, GL-2045, to bind to FcyRIII on NK cells. These blocking effects of C1q appear
generalizable to both soluble ICs and to Ab-opsonized cellular targets. Additionally, this
blockade is functionally relevant; as it inhibits the ability of GL-2045 to upregulate the
activation induced cell surface expression of the cosignaling molecule, CD137, on NK
cells. As anticipated, this C1g-mediated inhibition of CD137 upregulation is primarily seen
with higher order multimers i.e. those that can avidly engage hexameric Clq [310].
Moreover, this effect is recapitulated in the blockade of ADCC against cellular targets
opsonized with full-length antibodies. Collectively, these data support a model by which
Clq regulates IC-mediated responses — a model that may help further our understanding of

the role of Clq in the pathogenesis of autoimmunity and immune homeostasis.
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Materials and Methods

Cell Lines and Reagents

CHO cell lines overexpressing human CD32A, human CD32B, or human CD16
were produced as previously described [309]. Cells were cultured at 37 °C with 5% CO>
in RPMI-1640 (Mediatech Inc., USA) supplemented with 10% heat-inactivated fetal
bovine serum (Atlanta Biologicals, USA), 10 mM HEPES buffer (Mediatech Inc., USA),
2mM L-glutamine (Life Technologies, USA) and penicillin (100 U/ml)—streptomycin (100
pg/ml) (Life Technologies, USA).

G001, G019, GL-2045, and fractions of GL-2045 were manufactured by Gliknik
Inc. In brief, each compound was CHO-derived and purified using a combination of affinity
and ion-exchange chromatography. Fractions of GL-2045 (F1 to F6) were separated by gel
fractionation, as previously described [279, 309]. GO0l is a non-multimerizing
recombinant human IgGl Fc homodimeric control. GL-2045 is a multimerizing
recombinant human IgG1 multimer. GO19 is a multimerizing recombinant human IgGl

multimer engineered to retain FcR binding with little to no ability to bind human Clgq.

Antibodies and FACS Analysis

In order to differentiate immune cell populations, the following fluorochrome-
conjugated antibodies were used as specified: mouse anti-human CD3-PerCP (Clone:
UCHTT; Biolegend, USA), mouse anti-human CD14-PE-Cy7 (Clone HCD14; Biolegend,
USA), mouse anti-human CD19-PE (Clone HIB19; BD Biosciences, USA), and mouse
anti-human CD56-APC (Clone: B159; BD Biosciences, USA). Isotype controls (all from
Biolegend, USA) were used to assess non-specific staining. Polymorphonuclear leukocytes

(PMNs) were gated using forward- (FSC) and side-scatter (SSC) parameters. Mononuclear
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cells were identified as follows: B cells (CD19+/ CD3-), NK cells (CD55+/CD3-) T cells
(CD3+/CD19-) within the lymphocyte gate. Monocytes were determined based on the
CD14+ monocyte gate. Cells were acquired using a LSRII flow cytometer (BD
Biosciences, USA) and analyzed with FACS Diva (BD Biosciences, USA) and FlowJo

software (Tree Star Inc., USA).

Immunocyte Based Binding Assays

Whole blood contained in ACD from healthy donors was obtained from Zen-Bio.
Individual, whole blood donor samples were diluted 1:1 with FACS buffer (PBS
(Mediatech Inc., USA) supplemented with 3% heat inactivated FBS (Atlanta Biologicals,
USA)). For plasma depletion (plasma depleted cells), whole blood was centrifuged
followed by erythrocyte lysis using ACK lysis buffer (Quality Biological, USA) and
resuspended in FACS buffer prior to experimentation. Donor-specific plasma was saved
for use in plasma reconstitution. Fluorescent labeling of G001, G019, GL-2045 and GL-
2045 fractions were prepared using the DyLight 488 microscale Ab labeling kit (Thermo
Fisher Scientific, USA) per the manufacturer’s protocol. Cells were incubated with
DyLight 488 labeled G001 or GL-2045 for 30 minutes at 4 °C using either whole blood or
plasma depleted cells. Plasma depleted cells were incubated in FACS buffer alone or
reconstituted with various concentrations of donor-specific plasma (10% or 50%). Cells
were washed with PBS twice and the binding of G001 or GL-2045 to specific immune cell
populations was analyzed by flow cytometry.

In some experiments, PBMCs were collected from healthy donor buffy coats
contained in ACD (Biological Specialty, USA). Following erythrocyte lysis using ACK

lysis buffer, samples were resuspended in veronal buffered saline (VBS; Lonza, USA). In
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order to assess binding, DyLight 488 labeled G001, G019, or GL-2045 (1 pg/ml and/or 5
pg/ml) was incubated in the presence of 50% normal human serum (NHS, Cedarlane Labs,
Canada), 50% C1g-depleted human serum (Comp Tech, USA), or purified human Clq
(Comp Tech, USA) at low (10-20 pg/ml) or high (100-200 pg/ml) concentrations for 15
minutes at 37 °C prior to the addition of immune cells. Immune cells were added and
incubated for 30 minutes at 4 °C. Cells were washed with PBS twice and the binding of
G001, GO19, or GL-2045 to specific immune cell populations was analyzed by flow

cytometry.

NK Cell Assays

NK cells from healthy human donors were negatively selected from PBMCs using
the NK-cell isolation kit II (Miltenyi Biotec, Germany) as previously described [241]. NK
cells were assessed phenotypically as CD56+/CD3- with a NK purity >90%. All NK cell
assays were performed using negatively selected NK cells unless otherwise noted.

In experiments evaluating the expression of CD16 in the presence of C1q, NK cells
were incubated with culture media only, or human Clq (100 pg/ml) for 30 min at 37 °C.
Afterwards, NK cells were washed, resuspended with FACS buffer and stained with anti-
CD16 or the appropriate isotype control for 30 min at 4 °C. The expression of CD16 on
NK cells was analyzed by flow cytometry.

In experiments assessing the binding of GL-2045 to NK cells, NK cells were
incubated with culture media only, mouse IgG1 (10 pg/ml), or anti-CD16 (10 pg/ml) for
30 min at 37 °C. Afterwards, NK cells were washed and incubated in the presence of
DyLight 488 labeled GL-2045 or GO19 (1 pg/ml) for 30 min at 4 °C. The binding of GL-

2045 or G019 to NK cells was analyzed by flow cytometry.
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FcyR-expressing CHO Cell Binding Assays
DyLight 488 labeled GL-2045 (1 pg/ml) was incubated with Clq (100 pg/ml) at

37 °C for 15 min. The GL-2045/C1q mixture was then incubated with WT CHO cells, or

CHO cells overexpressing FcyRs (3 x 10’ cells/well) for an additional 25 min in RPMI-
1640 (serum free medium) supplemented with 0.1% BSA. Cells were washed with PBS

and binding of GL-2045 to CHO cells was assessed by flow cytometry.

Immobilized Clq Binding Assay

A 96-well Immulon 2HB microtiter plate (Thermo Fisher Scientific, USA) was
coated with human Cl1q (5 pg/ml) diluted in PBS overnight at 4 °C. The plate was washed
with washing buffer (PBS with 0.05% Tween-20 (Promega, USA)) three times and
incubated with blocking buffer (PBS with 1% Bovine Serum Albumin (BSA; Sigma,
USA)) at RT for one hour. The plate was then incubated with 2-fold serial dilutions of GL-
2045 or GL-2045 fractions (F1 to F6) starting at 100 pg/ml in blocking buffer for 45
minutes and washed five times. Goat anti-human IgG-Fc (1:5000; Millipore, USA) and
donkey anti-goat IgG-HRP (1:10000; Novex, USA) were added and incubated for one hour
at RT. After washing five times, BD OptEIA TMB substrate (BD Biosciences, USA) was

added, and the absorbance was read at 450 nm.

GL-2045 Fractions Binding Assays

PBMC:s isolated from buffy coat were incubated with DyLight 488 labeled GL-
2045 fraction 1 to fraction 6 (F1 to F6) at 1 pg/ml for 30 minutes at 4 °C in the presence
or absence of C1q (100 pg/ml). The binding of GL-2045 fractions to NK cells was analyzed

by flow cytometry. In some experiments, various concentrations of DyLight 488 labeled
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GL-2045 fraction 5 were cultured with a fixed concentration of human C1q for 30 min at

4 °C. The binding of GL-2045 fraction 5 to NK cells was analyzed by flow cytometry.

Microplate NK Cell Adhesion Assay

In order to evaluate the avidity of negatively selected NK cells for rituximab (RTX;
Genentech Inc., USA) in the presence of Clq, a microplate adhesion assay was performed
as described with minor modifications [301]. A 96 well Immulon 2HB microtiter plate was
coated with 10 pg/ml RTX overnight. Non-specific binding was blocked by the addition of
1% BSA in PBS. Various concentrations of purified C1q were added and incubated for 20
min at room temperature. After washing, 3 x 10° NK cells were added and incubated for
30 minutes at room temperature. Unbound NK cells were then gently transferred to a V-
bottom microplate, centrifuged at 2000 rpm for 5 minutes, and supernatant removed. NK
cell adhesion was determined by evaluating the single-wavelength absorbance at 405 nm,
which measures light scattering due to the presence of a cell pellet. Higher absorbance
values indicate larger pellet sizes, which correlates with decreased NK cell binding to the
RTX coated plate. Conversely, lower absorbance values (smaller cell pellets) indicate

increased binding to the RTX coated plate.

B Cell Depletion Assay

Increasing concentrations of RTX (0.1, 1, and 10 pg/ml) were incubated
with Ramos cells for 5 minutes at 37 °C in 96 well plate, followed by addition of Clq at 25,
50, 100 or 200 pg/ml for 10 minutes at 37 °C. Isolated NK cells were then added to the
culture and incubated for 4 h at 37 °C. Cells were harvested and stained with anti-CD19 (B
cell surface marker), followed by Annexin V/7-AAD staining in order to quantify B cell

apoptosis/death. After staining, each flow sample was suspended in 300 ml Annexin V
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binding buffer and was acquired at the constant speed for 30 seconds in a BD LSRII flow
cytometer. Live B cells were defined as CD19+/AnnexinV-/7-AAD-. B cell viability was

calculated using the formula:
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Statistical Analysis

Expression, mean fluorescent intensity, and optical density data are presented
graphically as the mean = SEM from three donors unless stated otherwise. Comparison of
these data under varying conditions were, whenever possible, conducted as paired
comparisons within the same donor, i.e., using the donor as his/her own control. Expression
levels were subtracted, and the paired t-test was used to establish statistical significance.
Differences were considered statistically significant when *p < 0.05, **p < 0.01 or *** p
<0.001. Fold change data were calculated relative to a specified reference condition and
the standard error of the fold change estimate was obtained using standard propagation of
error. ANOVA was used to test whether the optical density values at 450 nm depended
significantly on fraction number as well as the logarithm of the concentration of GL-2045.
Testing whether the addition of increasing amounts of C1q reduced expression of CD137
in a concentration-dependent manner was performed using partial correlations adjusting
for the identity of the donor and C1q concentration. Testing whether the addition of Clq
reduced the avidity between NK cells and the anti-CD20 Ab was achieved using partial
correlations adjusting for the identity of the donor. Testing whether increasing
concentrations of purified human Clq significantly reduced the deletion of rituximab
opsonized B cells was conducted using partial correlations adjusting for both rituximab

concentration and the identity of the donor. The P-value for rejecting the null hypothesis
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of zero association was indicated as a test of association. All analyses were conducted using

IBM® SPSS Statistics for Windows, release 25.0.0.1 (IBM Corp., Armonk, N.Y., USA).

Results

Human plasma blocks GL-2045 binding to immune cells.

GL-2045 is a recombinant human IgG1 Fc fusion protein characterized by cell
expression of discrete, orderly, and stable multimers bearing defined numbers of Fc
fragments [278, 279]. GL-2045 consists of a homodimer and a consistent multimer
distribution of the homodimer that includes the dimer through at least the 12-mer of the
homodimer [307]. We used GL-2045 as a biologic tool to evaluate the ability of human
plasma to alter IC binding to human immune cells. The capacity of GL-2045 to bind B
cells, NK cells, monocytes and granulocytes was reduced in whole blood compared to
binding after separation of cells from plasma (F i g b @& This diminished binding
appeared secondary to serum proteins, as isolated PBMCs reconstituted with 10% or 50%
donor-specific human plasma demonstrated a concentration-dependent reduction in
binding to GL-2045. As a control for this study, we used G001, a recombinant non-
multimerizing IgG1 Fc-homodimer [309]. Interestingly, G001 showed enhanced binding
to isolated monocytes (plasma separated) versus monocytes present in whole blood. This
binding to isolated monocytes was partially blocked by the addition of donor-specific
plasma. Similar increases in G001 binding to NK cells, B cells, and polymorphonuclear

leukocytes (PMNs) in the absence of serum were minimal.

In order to mitigate potential confounding results due to the presence of an

anticoagulant in the donor-specific plasma, we assessed binding of GL-2045 to NK cells
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Figure 5-1: Human plasma blocks GL-:2045 binding to immune cells.

(A) DyLight 488 labeled G001 or GL-2045 (1 pg/ml or 5 pg/ml) was incubated with
whole blood or plasma depleted cells. Plasma depleted cells were reconstituted with
various concentrations of donor-specific plasma (10% or 50%). Binding of G001 or
GL-2045 to specific immune cell populations was determined by flow cytometry. (B,
D) DyLight 488 labeled G001, G019, or GL-2045 (1 pg/ml or 5 pg/ml) was
incubated in the presence of FACS buffer alone, 50% normal human serum or 50%
C1qg-depleted human serum prior to addition of isolated immune cells. Binding of
G001, G019, or GL-2045 to specific immune cell populations was evaluated by flow
cytometry. (C, E) DyLight 488 labeled G001, G019, or GL-2045 (1 pg/ml or 5
pg/ml) was incubated in the presence of FACS buffer alone, or human C1q at low
(10-20 pg/ml) and high (100-200 pg/ml) concentrations. Binding of G001, G019, or
GL-2045 to specific immune cell populations was determined by flow cytometry.
Data are shown from a representative donor of three independent experiments.

135



cultured in normal human serum (NHS), which is devoid of coagulation factors and
retains active complement components [311, 312]. Like results obtained with donor-
specific human plasma, we observed diminished binding of GL-2045 to NK cells in the
presence of NHS (F i g &-1 B Collectively, these data suggest that components within

human plasma/serum inhibit GL-2045 binding to immune cells.

Clq directly inhibits GL-2045 binding to NK cells.

Our prior studies demonstrate that Fc multimers bearing a-CD20 Fab domains
mediate CDC against CD20 expressing B cell targets [97, 309]. In contrast, Fc multimers
lacking a Fab domain do not effectively mediate CDC against cells expressing FcyRs.
Because C1q binding to Fc aggregates or multimers is the first step in the activation of the
classical pathway of complement, we postulated that C1q engagement might prevent IC
binding to FcyRs. In order to test this hypothesis, we first assessed the binding of GL-2045
to NK cells in the presence of Cl1g-depleted human serum. NK cells were chosen for study
based on both their recognized importance in Fc biology and the fact that they primarily
express only one FcyR — FcyRIlla — enabling a more direct mechanistic approach for data

interpretation [241, 313].

GL-2045 binding to NK cells was not completely recovered when Clq was
depleted from NHS, suggesting that C1q blocked GL-2045 binding to NK cells(F i g 6-r e
1 B Moreover, the addition of purified human Clq, in the absence of human serum,
blocked GL-2045 binding to NK cells (F i g &-1 € In contrast, G019, an Fc multimer
engineered to retain FcR binding with limited ability to bind human Clq (Appendi X

F i g 6)rexhibited no reduction in binding to NK cells in the presence of purified human
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Figure 5-2: C1q prevents GL-2045 binding to FgRIIl on NK cells.

(A) NK cells were cultured in the presence or absence of recombinant human C1q
(100 pg/ml) and the expression of CD16 was evaluated by flow cytometry. Data are
shown from a representative donor of three independent experiments. (B) Isolated
NK cells were incubated with culture media only, migG1 (10 pg/ml), or anti-CD16
(20 pg/ml) prior to the addition of DyLight 488 labeled GL-2045 (1 pg/ml). Binding
of GL-2045 to NK cells was analyzed by flow cytometry. Data are shown from a
representative sample (left panel) and as the summarized mean fluorescent intensity
(MFI; mean = SEM) from three experiments (right panel). (C) Wild type or FcyRI1I-
expressing CHO cells were incubated with Dylight 488 labeled GL-2045 in the
presence or absence of recombinant human C1q (100 pg/ml). Binding of GL-2045
to CHO cell lines was determined by flow cytometry. Data are shown from a
representative experiment (left panels) and as the summarized MFI (mean + SEM)
from three experiments (right panels). *p < 0.05.
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Clq (Fi g b & The inhibition effect of NHS was also observed in G019
binding to NK cells, however, to a lesser extent than the binding of GL-2045, when tested
at the higher concentration (5 ng/mL). This effect is independent of Clq, as depletion of
Clq did not impact G019 binding to NK cells compared with NHS (F i g &-1 B. These
results demonstrate that C1q:Fc interactions directly inhibit GL-2045 binding to NK cells,
while also suggesting that other serum factors, intrinsic and/or extrinsic to the complement

cascade may impact Fc:FcR interactions.

Clq prevents GL-2045 from binding to FcyRIII on NK cells.

In order to determine if the cause for C1g-mediated inhibition of IC binding to NK
cells was due to d i r i@ateference with Fc:FcR interactions, we first evaluated the
possibility that C1q binding to C1q receptors on NK cells might influence subsequent
Fc:FcyR interactions [314-317]. Staining of NK cells for the C1q receptors LAIR1, LAIR2,
cClgR, gCIgR and CR1, revealed elevated levels of LAIR1 and LAIR2 expression, but no
expression of the other Clq receptors. (Ap p e nd i x 7AF[B1g§].uDespite NK cell
expression of LAIR, Clq did not bind NK cells under any of the conditions tested
(Ap p enHdi g u7B)e Furthermore, NK cells cultured in the presence of Clq
demonstrated no change in FcyRIII expression (F i g -2 & Collectively, these data
suggest that Clqdoesnotd i r éiaditolCiq receptors on NK cells and does not influence

the expression of FcRs that are recognized to engage ICs.

Next, in order to evaluate whether C1q interferes with Fc:FcyR interactions, we
first confirmed the relevance of FcyRIII to GL-2045:NK cell interactions. GL-2045
effectively bound human NK cells and the addition of an anti-CD16 mAb to block FcyRIII,
partially abrogated these effects (Fi g &2 BA p p e nFdi i gx@A).a5iven the partial
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dependence of GL-2045 binding to NK cells on FcyRIII, we employed FcyR-expressing
CHO cell lines to assess the influence of C1q on GL-2045:FcyR interactions. Addition of
Clq diminished GL-2045 binding to FcyRIII™ CHO cells, as well as to CHO cell lines
expressing FcyRIIA and FecyRIIB(F i g 6-2 €A p p e rFd igx8B). €hese data suggest
that GL-2045 engagement of FcyRIII on NK cells is mediated, at least in part, by direct

Clq:Fc interactions.

Clq preferentially inhibits binding of higher order Fc multimers to NK cells.

Clq, which is largely hexameric, has been shown to preferentially bind hexameric
ICs [319]. Because GL-2045 is comprised of a consistent distribution of human IgG1 Fc
multimers of distinct sizes, we reasoned that C1q would preferentially engage the higher
order (higher molecular weight) Fc multimers. As anticipated, at concentrations lower than
1.6 pg/ml, GL-2045 fractions 5 and 6 — containing the largest multimers — bound
immobilized C1q more efficiently than did fractions 3 and 4. Fractions 1 and 2, containing
the homodimer and the dimer of the homodimer, respectively, did not efficiently bind Clq
at analogous concentrations (ANOVA: increasing OD with increasing fraction, p < 0.001)
(Fi g bB & Moreover, the binding efficiency of GL-2045 or GL-2045 fractions to
immobilized Clq increased in a dose-dependent manner (ANOVA: increasing OD with
increasing concentration, p < 0.001) (F i g ®-B &. Consistent with these observations,
fraction 1 demonstrated minimal binding to NK cells. Fraction 2 showed a capacity for
binding NK cells with limited Clg-mediated inhibition. The inhibitory effect of Clq
predominantly averted GL-2045 fractions 5 and 6 from engaging NK cells, and to a lesser

extent fractions 3and 4 (F i g 6-8 Ba n @).
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Figure 5-3: Cl1q preferentially inhibits binding of higher order GL -2045
multimers to NK cells.

(A) Serial dilutions of GL-2045 or GL-2045 fractions (F1 to F6) were incubated with
immobilized human C1q (5 pg/ml) and the binding of GL-2045 or GL-2045 fractions
to C1qg was assessed via spectrophotometric absorbance at 450 nm. Data shown are
the OD450 (mean + SEM) from three experiments. ANOVA: increasing OD
(absorbance) with increasing concentration, p < 0.001; increasing OD with
increasing fraction, p < 0.001. (B, C) DyLight 488 labeled GL-2045 fractions (1
pg/ml) were incubated in the presence or absence of human Clq (100 pg/ml) prior
to the addition of isolated PBMCs. Binding of GL-2045 fractions to NK cells was
determined by flow cytometry. Data are shown from a representative sample (B) and
summarized fold-change (with C1g/without C1g) MFI (mean + SEM) (C) from three
experiments.
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Clgq buffering capacity is dependent upon IC concentration.

Given that the median circulating concentration of C1q in healthy individuals is
approximately 60 pg/ml [320], we tested the ability of a fixed C1q concentration to block
increasing concentrations of GL-2045 multimers from binding to NK cells. The inhibitory
activity of Cl1q was dependent on the concentration of higher order multimers and higher
concentrations of GL-2045 fraction 5 significantly decreased the effectiveness of Clq to
inhibit Fc multimer binding to NK cells (F i g 6-4 AC). Collectively, these data confirm
that the ability of C1q to bind the fractions of GL-2045 and inhibit subsequent engagement
of FcyRIII directly correlates with the size of the ICs and the concentration of C1q-binding

1Cs.

Clq suppresses GL-2045 mediated induction of CD137 on NK cells.

We have previously reported that Fc:FcR interactions mediate the upregulation of
the co-signaling molecule CD137 on human NK cells, which is indicative of NK cell
activation [241, 260]. We utilized this observation to study the influence of Cl1q on GL-
2045-induced changes to the NK cell phenotype. Consistent with our prior studies, NK
cells cultured with GL-2045, fraction 3, and fraction 5, upregulated expression of CD137
at concentrations of 0.1 pg/ml and 1 pg/ml (F i g -5 A However, for intact GL-2045
and fraction 5, the addition of increasing amounts of C1q reduced expression of CD137 in
a concentration-dependent manner (partial correlation coefficient controlling for donor and
concentrationr = - 0.65, p=0.001). This inhibition was not significantly recapitulated with
fraction 3 (partial correlation coefficient controlling for donor and concentration r = - 0.23,
p = 0.40) — supporting the claim that C1g-mediated inhibition is dependent on the larger,

high molecular weight immune complexes.
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Figure 5-4:. The buffering capacity of Clq is dependent upon G#2045
concentration.

(A-C) Various concentrations of DyLight 488 labeled GL-2045 fraction 5 were
incubated in the presence or absence of human C1q (100 pg/ml) prior to the addition
of isolated PBMCs. Binding of GL-2045 fraction 5 to NK (CD56+/CD3-) cells was
determined by flow cytometry. Data are shown as representative sample (A), the
summarized MFI (mean £ SEM) (B) and summarized fold-change MFI ratio (mean
+ SEM) (C) from three experiments. **p < 0.01.
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We next sought to evaluate the functional consequences of C1q blockade on GL-
2045 binding in a more physiologic setting by measuring expression of CD137 on NK cells
cultured in media supplemented with 20% C1q-depleted serum in the presence of GL-2045
or GL-2045 fractions. There were no significant differences in the induction of CD137 on
NK cells cultured with cell culture media alone or in the presence of Cl1g-depleted serum.
Like our previous observations, reconstituting C1lq-depleted serum with increasing Clq
concentrations resulted in a concentration-dependent decrease in CD137 expression with
intact GL-2045 and fraction 5 (partial correlation coefficient controlling for donor, r =
-0.92, p=0.001, Fi g &-b 8 Interestingly, reconstitution of Clq in the presence of
fraction 3 also significantly reduced CD137 expression (partial correlation coefficient
controlling for donor, r=-0.89, p=0.003,F i g 6% B which may suggest that in a more
physiological setting, the interplay between various serum factors may work towards
diminishing IC-mediated expression of CD137 on NK cells. These data further support
the notion that Clq drives the prevention of Fc:FcR-mediated induction of activation

molecules and buffers the non-specific, IC-driven activation of NK cells.

Clq inhibits NK cell adherence to plate-bound rituximab and impairs ADCC.

To ensure that our observations were not specific to GL-2045, we utilized a plate-
based adhesion assay to analyze the effect of C1q on the avidity between NK cells and the
anti-CD20 mADb, rituximab. Incubation of a rituximab-coated microplate with C1q prior to
addition of NK cells significantly reduced NK cell adherence to the plate in a dose
dependent manner (partial correlation coefficient controlling for donor r = 0.87, p < 0.001,
Fi g 6-%5 @ suggesting that Clq can effectively prevent FcR interactions with Fc derived

from full length antibodies.
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Figure 5-5: C1q suppresses Gt2045 mediated induction of CD137 on NK cell

and inhibits ADCC.

(A) GL-2045 or GL-2045 fractions (F1, F3, or F5; 0.1 ug/ml and 1 ug/ml) were incubated
in the presence of increasing concentrations of human Clq (50 pg/ml and 100 pg/ml) prior
to the addition of isolated NK cells. The expression of CD137 was determined by flow
cytometry. Data are shown as the percentage of NK cells expressing CD137 (mean £ SEM)
from at least three experiments. Partial correlation coefficient controlling for donor and
concentration: for GL-2045 and fraction 5, r = -0.65, p = 0.001; for GL-2045 and fraction 3,
r =-0.23, p = 0.40. (B) GL-2045 or GL-2045 fractions (F1, F3, or F5; 5 pug/ml) were
incubated in media only or media supplemented with 20% C1g-depleted serum. Increasing
concentrations of Clq (50 pg/ml and 100 pg/ml) were added to 20% C1q-depleted serum
prior to the addition of isolated NK cells. The expression of CD137 was determined by flow
cytometry. Data are shown as the percentage of NK cells expressing CD137 (mean = SEM)
from three experiments. Partial correlation coefficient controlling for donor: for GL-2045
and fraction 5, r = -0.92, p = 0.001; for GL-2045 and fraction 3, r = -0.89, p = 0.003. (C)
Plates coated with rituximab (RTX; 10 ug/ml) were incubated with various concentrations
of Clq prior to addition of isolated NK cells. Unbound NK cells were removed, and the
presence or absence of cell pellets was determined by evaluating single-wavelength
absorbance at 405 nm. Data are shown as the absorbance measured (mean £ SEM) from
three experiments. Partial correlation coefficient controlling for donor: r = 0.87, p < 0.001.
(D) B cells were cultured with increasing concentrations of rituximab (0, 0.1, 1, or 10 pg/ml)
in the presence of various concentrations of C1q (25, 50, 100, or 200 ug/ml). The percentage
of viable B cells was quantified as the number of CD19+ cells relative to the number of
beads by flow cytometry. Data are shown as the percentage of viable B cells (mean + SEM)
from three experiments. Partial correlation adjusting for both rituximab concentration and
the identity of the donor, p < 0.001.

U
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Next, we sought to evaluate if the presence of C1q could impair NK cell effector
function. We conducted a B cell depletion assay using Ramos cells (CD20+ B cell line) as
targets opsonized with varying concentrations of rituximab in the presence of NK cells. We
observed that irrespective of the concentration of rituximab, increasing concentrations of
purified human C1q significantly mitigated the reduction of Ab opsonized B cells (partial
correlation adjusting for both rituximab concentration and the identity of the donor, p <
0.001, F i g &b B These data indicate that Clq effectively diminishes Ab-dependent
NK cell effector functions and further supports the possibility of C1q driving the inhibition

of IC-mediated activation of effector cellsinani n  setting.o

Discussion

This report refines our existing model that delineates how Clq functions as an
“immunologic rheostat” for ICs. Specifically, we now show that Clq directly blocks the
binding of large, but not small, ICs to NK cells bearing FcyRIII and that this blockade is
functionally relevant. From a functional perspective, these data support a model in which
large Fc multimers are both constrained from simultaneous binding of C1q and FcyRs and
that Clq buffers large ICs from engagement of low affinity FcRs. In contrast, small
multimers, with limited ability to bind either C1q or the low affinity FcRs likely remain in
the circulation or are trapped by structural barriers such as the reticuloendothelial system
(F i g 6-8).€ollectively, these data add to our overall understanding of how complement

proteins control IC biology and modulate immune responses.

Although the Clg-mediated blocking effect was initially observed with different

effector cell populations tested, monocytes and some PMNs, which express the high
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Figure 5-6: A proposed mechanism of circulating IC regulation byC1q.

This graphical illustration depicts the ability of C1q to bind ICs of diverse sizes.
Specifically, it shows that Ab homodimers or small ICs (comparable to GL-2045
Fraction 1) have limited ability to bind either C1q or the low affinity FcyRs, allowing
both C1q and Ab to remain in circulation. Moderately sized IC’s (comparable to GL-
2045 Fraction 3) are permissive to both being bound by C1qg and engaging FcyRs on
immune cells leading to subsequent Fc:FcyR mediated downstream signaling. Large
ICs (comparable to GL-2045 Fractions 5) are permissive to C1q binding, however,
engagement of FcyRs on immune cells are significantly abrogated leading to
significant abrogation of immune cell effector functions. This proposed model
ascribes another function to Clq as an “immunologic rheostat,” buffering
unproductive FcyR mediated activation of immune cells by circulating ICs.
Furthermore, C1q bound ICs may be a target for IC clearance resulting in immune
homeostasis.
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affinity FcyRI (CD64), are capable of binding G001, a non-multimerizing recombinant
human IgG1 Fc homodimer. Moreover, B cells, which express the low affinity, inhibitory
FcyRIIB (CD32B), have been described to be able to bind Clq [321]. Therefore, in order
to mitigate potential confounding results, we chose to use NK cells, which only express the
low affinity FcyRIII (CD16) and possess no inherent ability to bind Clq, as the cellular

model in our studies [94].

We have previously shown that Clq binding to GL-2045 in normal human serum
was able to drive the complement activation cascade and induce C4a and C3a, but not C5a
[279]. In concert with this observation, it was not surprising that only a minimal level of
blocking of GL-2045 binding to NK cells was achieved with the addition of recombinant
Clq. Thus, the profound blocking effect observed when using normal human serum was
likely due to Clq fixation of GL-2045 and the subsequent activation of the classical
complement pathway, leading to the deposition of downstream complement split products
and further inhibiting the binding of GL-2045 on NK cells.

This profound GL-2045 blocking effect mediated by normal human serum,
however, was not completely released when NK cells were cultured with C1q-depleted
serum. Interestingly, GO19, a multimerizing recombinant human IgGl multimer
engineered to retain FcR binding with little to no ability to bind human C1q, demonstrated
moderate binding to NK cells when cultured with either normal human serum or Clqg-
depleted serum. Moreover, when testing the effect of Clq on GL-2045-mediated
upregulation of the NK cell activation marker CD137 on NK cells, we observed a more
profound decrease in GL-2045-mediated CD137 expression when NK cells were cultured

in the more physiological setting, i.e., Clqg-depleted serum reconstituted with Clq,
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compared to cells cultured with Clq in media only. Additionally, the moderately sized
multimers of GL-2045 fraction 3 cultured with C1q-depleted serum exhibited a significant
decrease in CD137 with increasing concentration of C1q versus no significance with cell
culture media only. Normal human serum is an aqueous solution composed of various
biomolecules, but lacks fibrinogen, prothrombin and other clotting proteins [322].
Therefore, the incomplete resolution of GL-2045 binding with C1g-depleted serum and the
fact that a moderate level of blocking is observed with G019 in both Clg-depleted and
normal human serum, indicates not only Clg-dependent serum components, but also
suggests Clg-independent factors may be playing a role in preventing the recombinant
IgG1 multimers from binding to NK cells. Further experimentation will be needed to
identify what these factors are and how they may also play a role in regulating IC biology.

The complement system appears to play a paradoxical role in autoimmune diseases.
For example, while the activation of complement contributes to tissue injury and
inflammation, individuals with a C1q deficiency have been shown to be highly susceptible
for developing SLE [80, 323]. Two models, the “waste disposal hypothesis” and the
“tolerance hypothesis”, which posit the potential etiopathogenesis of SLE due to Clq
deficiency, suggest that the complement cascade is involved in the clearance of apoptotic
cells and debris thereby preventing self-Ag mediated immune responses and in the
elimination of autoreactive B cells, respectively [324, 325]. Our findings that C1q directly
governs the ability of high molecular weight ICs to engage FcyRs and the suppression of
Fc:FcR-mediated NK function adds another potential mechanism to help explain the role
of Clq in regulating IC mediated disease. This inhibitory effect of Clq is likely both

additive to and a precursor for C3b engagement of aggregated Fc with resultant inhibition
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of FcyR engagement [301, 302]. These results likely have implications for the pathogenesis
of autoimmune diseases, such as SLE and preeclampsia [326], in which the lack of Clq
may be pathogenic; however, one must be wary assuming causal relationships without
adequate confirmatory i n  studias. AAlthough it remains to be tested, as a means to unify
prevailing hypotheses, we rationalize that a deficiency in Clq results in IC accumulation
and increases the probability of activating FcR+ effector populations, which if left
unchecked may induce inflammation and amplify the pathogenesis of certain autoimmune

diseases.

While our data demonstrate that Clq directly interferes with Fc:FcyRIII
interactions which resulted in phenotypic and functional changes on NK cells, we cannot
claim that this blockade is solely responsible for these observations. Specifically, other
investigators have demonstrated that Clq binding to both PBMC and plasmacytoid
dendritic cells alters their ability to produce IFN-a, IL-6, IL-8 and TNF-a, in response to
a variety of stimuli including RNA based ICs, CPG DNA and HSV [327]. Although we
observed no direct Clq binding on the surface of NK cells or its effect on FcyRIII
expression, we cannot rule out the transient effects of C1q engagement on NK cells or the
potential conformational changes to C1q following subsequent binding to ICs or GL-2045,
which may in turn lead to permissive Clq binding on NK cells [328, 329]. Moreover, it is
widely recognized that Clq bound to ICs mediate diverse biologic effects through the
complement receptors, LAIR-1 [318, 330], complement receptor type 1 (CR1, CD35)
[314], as well as receptors for its collagen and globular heads, cCIgR and gCl1qR,
respectively [292, 315]. For example, human studies demonstrate that complement-

mediated clearance of ICs is largely dependent upon the ability of the complement
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derivative, C3b, to chaperone ICs to specific organ systems [331]. The fact that C1q bound
to ICs can directly regulate cytokine responses to a variety of stimuli, limits our ability to
draw definitive conclusions about the relative role of C1q mediated Fc:FcyR blockade on

observed phenotypic and functional changes [327].

Our study did not specifically address the mechanisms by which C1q inhibits Fc:FcyR
interactions. However, we hypothesize that this blockade is likely secondary to the fact that
Fc engagement by both C1q and FcyRs is influenced by an overlapping set of amino acids.
Specifically, despite the fact that the key amino acids involved in C1q binding to rituximab
— D270, K322, P329, P331 [332] — are in the same region as those required for human Fc
interactions with the low/intermediate affinity FcyRs, they do not overlap [75].
Nevertheless, a study by Shields et al clearly indicate that mutations in these amino acids
responsible for IC engagement of Clq, alter IgG1 Fc:FcR interactions [76]. When taken
in concert with the relatively large size of Clq (460 kD) [333] and our finding that only
multimers capable of binding C1q were blocked from FcyR engagement, our data support
a model in which Clq occupies sites on Fc-bearing ICs which are required for FcyR

binding.

It is also important to acknowledge that our data contradict a prior report showing that
Clq does not block Fc:FcyR interactions [301]. Although the prior study used Ab
opsonized cells rather than ICs to evaluate Clq blockade of functional FcyR mediated
outcomes, we postulate that this modification in methodology does not explain our
differing results. We base this assertion on our observation that Clq inhibited NK cell
adherence to plate-bound rituximab and ADCC against Ab opsonized target cells. Instead,

we believe that these differences likely relate to the concentrations of C1q employed for
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inhibition — 8 pg/ml versus 50 pg/ml and above in the prior study and our study,
respectively. Furthermore, we documented that in order to observe this effect, the
concentrations of C1g-binding ICs must not inundate the concentration of C1q present in
the experimental setting. Importantly, given that the median circulating concentration of
Clq is approximately 60 pg/ml [320], and is likely higher in specific regions secondary to
local production of this complement factor by a diverse array of immune/non-immune cell
types [317], the concentrations of Clq employed in our study better reflect human
physiology.

There are over 162 approved and marketed Ab-based therapies targeting a wide array
of ailments including cancers, infectious diseases, and autoimmune diseases [180]. Many
of these antibodies specifically target molecules on the cell surface to modulate immune
responses. One way to determine the pharmacodynamic efficacy of the therapeutic Ab is
to calculate receptor occupancy, which measures the proportion of total surface receptors
occupied by the drug [334]. However, receptor occupancy alone may not result in
productive outcomes due to many variables that may affect clinical responses (i.e.,
exhaustion, genetic mutations, escape, anti-drug antibodies) [335]. Our studies
demonstrating how C1q potentially buffers IC-mediated engagement of FcRs adds to the
list of parameters that should be considered when designing the next generation of
immunotherapeutics.

In summary, use of recombinant human IgG1 multimers as a tool to study the nature of
ICs enabled us to simulate “naturally occurring” ICs and helped feasibly delineate novel
biologic functions of C1q -- defining the parameters by which Fc-bearing ICs can engage

their cognate FcyRs. These findings appear generalizable to both soluble ICs and Ab
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opsonized cells. More importantly, these findings are functionally relevant, as Clq limits
the rate and extent to which Fc multimers induce the upregulation of activation molecules
and effector functions on NK cells and likely other FcyR—bearing immune cells. Finally,
the ability of Clq to inhibit Fc:FcyR interactions may work in tandem with the rapid
clearance of ICs from the blood and prevent the manifestation and progression of IC-

mediated diseases.
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Discussion

Antibodies are old, but the complement system is undeniably older

Let us, for this discussion define the first appearance of Abs based on when Rag-
mediated rearranging antigen receptors arrived in the evolutionary timeline. In fact, much
of what we know as the mammalian adaptive immune system appeared in cartilaginous
fish, or jawed vertebrates, such as sharks, skates and rays, approximately 500 million years
ago in an immunological “Big Bang.” [336]. The classical complement pathway also
emerged in jawed vertebrates during the time when the adaptive immune system was
established [337]. The other two pathways appeared earlier in the evolutionary tree with
the lectin pathway first appearing in urochordates, or sea squirts, approximately 800
million years ago and the alternative pathway, or primitive complement system, arising
from Cnidaria and Bilateralia (invertebrates) approximately 1,300 million years ago [286,
336, 337]. Interestingly, in jawless fish, such as lampreys, C1q appeared prior to joining
the classical complement pathway, acting as a lectin binding N-acetyl-D-glucosamine
(GlcNAc) to initiate effector functions through the lectin pathway [338]. Even more
interesting is that GIcNACc is a core constituent of the N-linked glycosylation at Asn297 on
the Fc of Abs, which significantly alters binding kinetics to FcRs depending on the specific
sugar modification. Thus, the C1q:Ab interaction seems to be more evolutionarily-derived
than occurring by mere coincidence. As we embark on the Discussion of this dissertation,

I would like to begin the discussion by explaining my one point of contention: the term
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‘Classical’ complement pathway is misleading, and I believe it should be accurately labeled

as the "Modern’ complement pathway.

Fc multimers, an invaluable tool

IVIG is prepared from a pool of Abs from the plasma of thousands of healthy donors
and is used for the treatment of autoimmune diseases as well as an Ab-replacement therapy
for certain immunodeficiencies. Since IVIG is produced biologically, significant variance
in production times and yields are a cause for concern for the IVIG supply chain. Several
studies suggest that many of the tolerogenic properties of IVIG can be recapitulated by Fc
aggregates [305, 306, 339-345]. Therefore, we have developed recombinant Fc multimers
as an IVIG mimetic consisting of Fc aggregates. Advantages of producing recombinant Fc
multimers i N \néluderfaster production, efficient scalability, less lot-to-lot variability
and ease of customization. Moreover, different types of Fc multimers have been under

development:

a) MO045: Recombinant Murine Fc multimers, or murine stradomers, are composed of
the Fc fragment of mouse IgG2a and a human IgG2 multimerization domain [346,
347].

b) GL-2045: Recombinant Human Fc multimers, or human stradomers, are composed
of the IgG1 hinge-CH2-CH3 coding regions fused to the IgG2 hinge region [125,
241, 278, 279, 307].

c) G207 and G211: Recombinant Human Fc multimers having enhanced C1q binding
and reduced FcyR engagement [278].

d) GO019: Recombinant Human Fc multimers engineered to retain FcyR binding with

little to no binding of human Clq [125].
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e) Stradobodies: Fused Fab domains to the recombinant human Fc multimer platform

technology, conferring specificity to EGFR and CD20 (GB4542) [97, 309].

In addition, alterations to the N-linked glycosylation site on the IgG CH2 domain or
changes modulating protein turnover can be made, adding to the growing list of critical
quality attributes of Fc multimer design. Through the utilization of Fc multimers, our
experimental system was designed with a reductionist approach in mind to mirror the
physiology of circulating immune complexes i N  wvithbut the antigenic component.
Thus, Fc multimers have been invaluable tools that aid in our endeavors to study IC

biology.

The Problem: SLE Paradox

The complement system appears to play a paradoxical role in the pathogenesis of
autoimmune diseases. Although the activation of complement contributes to tissue injury
and inflammation, individuals with a genetic deficiency in Clq have shown to be highly
susceptible for the development of SLE or SLE-like diseases, which is characterized by the
generation of self-reactive Abs and aberrant lymphocyte activation. Studies suggest that
the etiopathogenesis of SLE is attributed to a failure in clearing apoptotic cells and the
deposition of Ag:Ab ICs. One factor contributing to the paradoxical involvement of the
complement system is due to the limited parameters defining the disease. SLE is a broadly
classified autoimmune disease and is diagnosed by the presence of clinical markers and
symptoms, e.g., nuclear-specific Abs, however, disease causation is often never fully
realized. A genetic deficiency in C1q and the increase in susceptibility for SLE suggests an
immunoregulatory role for C1q. This paradox speaks volumes about the complexity of the

immune system and perhaps a need for reclassification of certain disease modalities. In
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fact, different immune regulatory mechanisms, if dysregulated, may produce similar
outcomes, such as SLE or idiopathic hemolytic anemia, confounding the type of

therapeutic regimen needed to treat the disease.

A new classification system independent of clinical markers or immune response
outcomes, but instead relying on immunological mechanisms or breakdown of mechanisms
contributing to the onset of disease may allow generation of novel immunotherapeutics and
resolve the discrepancies in treatment outcomes. Thus, treatments to prevent onset rather
than treatment of symptoms could one day become a reality, especially in the context of
autoimmunity. Nevertheless, the perspective for this Discussion will involve the interplay
between Fc-bearing ICs, FcyRs, and complement. I will explain the potential mechanism
on how this triumvirate dictates the generation and direction of the Ab response, and

discuss how a breakdown in this interplay could lead to autoimmunity.

Bringing balance to the force

Like a car that is too cold or too hot would not function properly due to
mechanical/electrical issues, an immune response too potent (autoimmunity) or too tolerant
(cancer, infection) increases the risk of dysfunction. Thus, a balance must exist and
mechanisms in place that mediate a level of steady-state immunologic equilibrium. For a
car, temperature homeostasis is maintained through the interplay of allowing the car to
warm up prior to driving and the circulation of coolant to cool the engine. In the context of
immunity, a steady-state level of inflammation likely exists throughout an individual as

inflammation is essential for healing. With too little inflammation the body cannot
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efficiently heal, whereas too much inflammation can cause life-threatening conditions
[348]. Redundant and overlapping mechanisms facilitate the establishment of
inflammatory equilibrium, stemming from, among others, a culmination of the signals
elicited by both pro- and anti-inflammatory cytokines/chemokines and different of effector
cell populations responding to the immunologic stimuli. The potential dynamic established
among ICs, FcyRs, and complement is clearly one form of regulation directing the immune

response.

To present or not to present, that is the question

In our studies, we demonstrated that Fc multimers, or IC mimics, have the capacity
to engage activating FcyRs (CD16) on NK cells and induce FcyR-mediated upregulation
of CD137, a costimulatory marker induced by NK activation. What does this mean in the
context of an ensuing immune response? Antigen presenting cells (APCs), such as
macrophages and DCs, also express activating FcRs, suggesting that in the presence of ICs,
APCs would become activated [349]. In a scenario where Ag is bound to the IC, ADCP of
the complex by APCs could lead to subsequent antigen presentation and activation of
effector cells, such as T and B cell priming. Thus, the gestalt of this response would result
in an elevated level of inflammation. Furthermore, in cases of autoimmunity driven by self-
antigens, this could lead to devastating consequences, such as epitope spreading, and

exacerbation of autoimmune pathology.

How does complement fit into this story?
Since the binding sites for complement component Clq and FcyRs on IgG
molecules overlap, we investigated how the presence of C1q would affect the IC-mediated

engagement of FcyRs. Experimental data demonstrated that Clq engagement of ICs
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inhibited binding to FcR-expressing immune cell populations. Specifically, Clq
engagement of ICs directly and transiently inhibited their interactions with CD16 on NK
cells, suggesting that C1q may be acting as an immunologic rheostat regulating Ab-
mediated responses. In addition, studies have demonstrated that agalactosylation at Asn297
abrogates complement:Fc interactions, promoting an Fc:FcR mediated pathway [74].
Moreover, an agalactosylated Ab profile was found to correlate with autoimmune disease
severity, which interestingly coincides with the fact that a genetic deficiency in Clq also
increases the chance of triggering chronic pathologies [79]. Given our findings and the
evidence presented herein suggests that C1q not only acts as an effector molecule, but also
acts as a regulatory molecule to maintain immune homeostasis, at least in the context of

1Cs.

Immune Complex Size
Our studies also demonstrated that the inhibition of CD16 engagement mediated by
avid binding of Clq to ICs was directly associated with IC size and dependent on the

concentrations of both C1q and Fc multimers present.

The model depicts:

1) Small-sized ICs with limited ability to bind either C1q or the low affinity FcyRs,
allow both C1q and Ab to remain in circulation.

2) Moderately-sized ICs are permissive to being bound by both Clq and FcyRs on
immune cells, resulting in FcyR-mediated signaling events. Other factors may be

required to determine the functional outcome of Ag-bound ICs e.g., iC3b.
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3) Large-sized ICs are permissive for Clq binding, but engagement of FcyRs on
immune cells is significantly abrogated, resulting in Clq sequestration and
inhibition of FcyR signaling. Cl1q:Ab complexes may be involved in antigen

clearance, immune homeostasis, and antibody recycling.

The gradation of Clq involvement positively correlates with IC size and likely
functions, at least physically, to buffer IC engagement with the low affinity FcRs. These
observations suggest that larger, more immunogenic ICs may require additional forms of

regulation to maintain immune homeostasis and remain tolerant towards self-Ags.

How would this regulation occur?

In a healthy individual, circulating Clq levels range from 127-201 mg/L [350].
Since Clq has an average molecular weight of 460 kDa (1 kDa = 1 kg/mole), that would
equate to approximately 2.1 x 10'* units of C1q/mL (range of 1.7 x 10'* to 2.6 x 10'* units
of Cl1g/mL) [351]. The frequency of circulating PBMCs is approximately 2 x 10° cells/mL
(leukocytes = 5 x 10° cells/mL). Thus, the stoichiometric ratio of circulating C1q:PBMCs
is approximately 110,000:1 units of C1q per PBMC (43,000:1 units of C1q per leukocyte).
Therefore, if the interaction between ICs with either FcyRs or Clq occurs in a stochastic,
or probabilistic, manner, then ICs would likely interact with Clq before having an

opportunity to bind cognate FcyRs.

IC engagement of C1q and subsequent occlusion of FcyR interactions may act as a
form of regulation to temper local inflammation, like a resistor in a circuit, controlling the
flow of the immune response. This is especially true during an ensuing immune response,

when apoptotic bodies display many different types of antigens (and probably neo-self-
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antigens), as well as the presence of antigen-bound ICs. While it is not advantageous to
induce an autoreactive Ab response against self-Ags, this phenomenon can occur to some
degree throughout an individual’s lifetime. It would be ideal to limit this level of
autoreactivity to this single instance rather than propagating the autoreactive response
(epitope spreading) since the consequence of not preventing the spread is autoimmunity.
This may be another countermeasure to prevent the onset of autoimmunity, adding to the
plethora of countermeasures our immune system has evolved to prevent self-reactivity. One
of these measures is the induction of regulatory T cells to regulate autoreactive responses
against self. Thus, self-reactivity in moderation ensures that our immune system is

functioning nominally, however control is needed to prevent deleterious consequences.

Complement component Clq is synthesized by myeloid populations such as
macrophages, immature DCs, and mast cells [352, 353] Studies have also demonstrated the
generation of Clq from the following cell populations: trophoblast cells, chondrocytes
(collagen and extracellular matrix producing cells), fibroblasts (connective tissue
producing cells), osteoclasts (cells involved in bone resorption and bone homeostasis), and
glomerular and tubular cells of the kidney [317, 354-356]. Interestingly, RES-associated
cell populations such as Kupffer cells in the liver and microglial cells in the brain, are also
involved in the production of C1q [290, 357]. Since the production of C1q occurs in cells
involved in homeostasis suggests that the interaction of C1q with Ag-bound ICs dictates
the type of immune function, either for antigen presentation or waste management. The
form of extrinsic signaling in which ICs are tagged with a unique signature likely directs

effector cells on how to allocate cargo. This form of regulation may be likened to the
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ubiquitin system, where a unique ubiquitin signature on proteins instructs the cell on how

to handle them, for protein degradation or cellular reallocation.

Examples of how C1q shapes the landscape of the Ab effector response:

1)

2)

In a canonical immune response, where antigen induces an Ab response. The
generated Abs control the antigen through the formation of Ab:Ag ICs. Clq
engagement of nascent ICs prevents FcyR-mediated responses, which would have
driven presentation of more antigens potentiating an ongoing immune response.
Instead, the Ag is likely addressed for disposal and once the immunogenic Ag is
removed from the system, the resolution of the immune response results in

dampening the state of inflammation.

Intermittent Ag exposure, a procedure used to induce tolerance in individuals with
certain Ab-mediated allergens, may utilize a similar complement-mediated
regulatory mechanism. In the presence of the allergen, allergen-specific Abs would
generate ICs. For an innocuous antigen, it may not be beneficial for an individual
to potentiate the immune response, which would exacerbate the allergic reaction.
Therefore, C1q engagement of ICs could be a form of regulation directing the
allocation of Ab-specific antigens for waste disposal instead of for antigen
presentation. Furthermore, the timing of intermittent Ag exposure is vital for the
replenishment of the exhausted C1q depots. Therefore, the efficacy of this treatment
likely relies on two regulatory fronts, one for epitope masking and the other for the

development of tolerogenic cells to the allergen.
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3) In the case of autoimmune diseases, where the immune response is generated in
perpetuity, the unrelenting formation of Ag-bound ICs would cause local C1q levels
to become exhausted. This in turn, would leave the ICs open for engagement with
activating FcyRs, leading to subsequent antigen presentation and responses to other
epitopes on the same protein or within the same tissue. Constantly adding more fuel
to the fire would result in an endless feedback loop of autoimmunity and a reason
why [ think a breakdown in tolerance to autoantigens is so detrimental.
Conceptualization of this model would demonstrate that autoimmunity is not
dependent on a breakdown in B cell tolerance, but rather on the miscoordination of
the antigen response. Therapeutic intervention would be necessary to halt this cycle,
however, to cure these forms of autoimmunity a better understanding of the

regulatory mechanisms contributing to autoantigen tolerance would be required.

There may be more than one

Our studies demonstrated that functional inhibition occurs by Clq engagement
alone as well as in concert with other serum factors, suggesting that there may be additional
features contributing to this form of Ab-response regulation. Furthermore, in the presence
of G019, an Fc multimer that retains FcyR binding with little to no binding of human Clq,
a moderate level of FcyR blocking was observed in both C1g-depleted and normal human
serum, suggesting that Clqg-independent factors also play a role in mediating this effect.
Indeed, in our lab, we have previously demonstrated that Fc multimers (GL-2045) inhibited
CDC and augmented inhibition by Factor H and Factor I, which induces the inactive form

of C3b, called iC3b [279]. Although Factor H and Factor I are part the of alternative
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complement pathway, all complement effector pathways naturally converge at the
formation of the MAC. Nevertheless, increases in iC3b have been implicated in tolerance,
anti-inflammatory cytokine expression, and regulation of antigen presentation [358].
Moreover, peripheral red blood cells have been characterized to express CR1 (CD35),
which recognizes, C3b, C4b, iC3b, C3dg, C1q and mannose-binding protein, to capture
ICs for transport and clearance by the liver [359]. Interestingly, a receptor for iC3b is found
expressed on Kupffer cells, a major player of the RES, further implicating the engagement
of ICs by the complement system as a form IC regulation [360]. Therefore, it is likely that

Clg-dependent and C1g-independent factors exist as additional layers of IC regulation.

Clq, an immunoregulator?

Clg-mediated Ab-dependent epitope masking may just be the tip of the iceberg in
the understanding of the immunoregulatory functions governing ICs by the complement
system. Clq itself may act as a ligand for cognate C1q receptors. There may even be Clq
glycovariants adding to the diversity of C1q. Although our examination of NK cells yielded
no demonstrable C1q binding under the conditions tested. NK cells were found to express
Clqreceptors LAIR1 and LAIR2 but not cC1qR (Calreticulin), gC1qR,orCRI(Ap pendi X
F i g u)rPerhapé the interaction between C1q and IgG induces a conformational change
in Clq enhancing its accessibility for Clq receptors. This is a characteristic feature
occurring in many biological processes, such as [gM undergoing a significant conformation
change upon binding Ag [361]. The conformational change to C1q when bound to IgG,
may permit the engagement of LAIRs, an immunoregulatory receptor involved in effector
cell inhibition, expressed on NK cells contributing to the observed NK cell suppression.

Many C1q receptors possess intrinsic immunoregulatory functions inhibiting inflammation
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or enhancing phagocytosis. Phagocytosis is coupled with many immune mechanisms, both
pro- and anti-inflammatory, making the subsequent steps following phagocytosis very

crucial for the development or cessation of an immune response.

There has been an open debate regarding the functional dichotomy of the ‘open’
and ‘closed’ conformation of the Ab Fc tail depending on the specific glycovariant at
Asn297 [82, 362]. One side argues that sialylated Fcs adopt a ‘closed’ confirmation
revealing a binding site for DC-SIGN and CD23, C-type lectins that mediate anti-
inflammatory functions. However, there are claims that DC-SIGN and CD23 do not
interact with IgG [83]. Another group argues that the sialylation of ICs enhances
engagement of CD32B and promotes phosphorylation of the ITIM subsequently
suppressing the immune response [363]. Perhaps C1q binding to ICs may induce a ‘closed’
conformational change to the Fc tails in ICs allowing access to the immunoregulatory
receptors, while preventing engagement to others. In fact, there have been reports of DC-
SIGN, Clq, and gC1qR forming a trimolecular complex on the surface of monocyte-
derived immature DCs, supporting the notion that Ab-mediated engagement of the type II
receptors, DC-SIGN and CD23, may be dependent upon additional factors, such as Clq

[364, 365].

The decision of whether or not to present antigen is a critical step for the
development or cessation of an immune response. As mentioned earlier, the moderately-
sized ICs allowed both Clq engagement and FcyR-mediated signaling. Depending on the
cell surface expression of complement receptors and FcRs, the course of the Ab-mediated
response can be drastically different. The culmination of the activating and inactivating

signaling inputs likely determines the next course of action. The development of an A/l
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ratio, like the one devised for activating and inhibitory FcRs which determined the potential
signaling outcomes adjusting for binding affinity, may be useful in determining the
probability for IC-dependent outcomes. Interestingly, Perforin-2, a member of the
Membrane Attack Complex, Perforin/Cholesterol-Dependent Cytolysin (MACPF/CDC)
superfamily of proteins has been demonstrated to be involved in cross presentation of Ag
[366]. The fact that Clq activation mediates the downstream formation of the MAC,
supports the idea that C1q may be involved in perforin-2 regulation and antigen escape
from the endocytic compartment. Thus, it is plausible that depending on the immune

milieu, C1q may act as both an effector molecule and immunoregulator.

Implications on C1q uptake: The internalization of Abs and ICs cannot be fully
explained by FcR-mediated functions alone and likely consists of contributions from other
biological processes, such as pinocytosis. Other mechanisms involving the endocytosis of
ICs may be the internalization of Clg-bound ICs via complement receptors. In the
endocytic compartment, FcRn, an MHC class I-like molecule, functions to recycle Abs
back into circulation. Calnexin, an integral protein, has been shown to facilitate FcRn
assembly with B2-microglobulin and thought to be part of the endoplasmic reticulum
quality control machinery [367]. Interestingly, calreticulin, a soluble analog of calnexin,
appears to play similar functions and is involved in the maturation of the FcRn complex in
the ER. In addition to participating in the unfolded protein response, calreticulin seems to
also function as a receptor for C1q [368]. In fact, a study has demonstrated that calreticulin
binds to C1q when Clq is bound to immunoglobulin suggesting an interplay that helps
connect multiple evolutionarily-linked systems [369]. Moreover, due to calreticulin lacking

a transmembrane domain, studies have demonstrated that following engagement of Clq, a
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calreticulin-bound endocytic receptor protein, CD91, induces micropinocytosis, a
primordial and nonselective uptake mechanism [370]. This may be an explanation of how
Clg-bound ICs are internalized, even though FcR-mediated mechanisms are abrogated.
Once internalized, FcRn recycles Abs back into circulation. Depending on the pathways
mediating Ag-bound IC uptake, the decision on how to handle the Ag will be followed,

whether for antigen presentation or disposal.

Original antigenic sin (OAS), a concept first introduced in the 1960s, refers to a
phenomenon where the immune response elicited during the initial exposure to a specific
antigen can shape and potentially restrict the immune response when exposed to a
subsequent related Ag. A study tracking changes in Ab titers against H1, H2, and H3
influenza virus strains in a cohort of 40 individuals over a 20-year period demonstrated that
exposure to strains encountered later in life had a “back-boosting” effect on the Ab response
to strains encountered earlier in life. A hierarchical Ab response was established, with the
initial Ab responses receiving the most significant “back-boosting” effect. Hence,
individuals who receive annual influenza vaccinations likely do not respond optimally to
new influenza antigens that are cross-reactive with previous strains. Administering
vaccines in combination with adjuvants can mitigate OAS responses and bypass the
regulatory mechanisms suppressing concomitant immune responses to similar antigens
[371]. Moreover, molecular fate-mapping of serum antibody responses to repeat
immunization revealed suppression resembling OAS, characterized by a reduction in the
development of d €  nAb responses [372]. In the context of autoimmunity, it is important
to consider OAS-like mechanisms that inhibit concomitant immune responses, as these

mechanisms likely play a significant role in preventing autoimmune reactions. Our model

166



of Clg-mediated epitope masking likely contributes to the suppression of concomitant

immune responses; however, further testing is required.

Therapeutic Implications and Translatability

Studies have demonstrated that a genetic deficiency in Clq or an Ab glycoprofile
that abrogates complement binding predisposes individuals for autoimmune-associated
diseases. For a breakdown in tolerance resulting in conditions such as SLE or idiopathic
hemolytic anemia, numerous immune regulatory networks must have been compromised.
The initial stages leading to autoimmunity involve the activation and priming of self-
reactive effector cells. In fact, 50% of all naive B cells exiting the bone marrow and moving
into the periphery can be considered potentially autoreactive making it seemingly plausible
that this occurs frequently [373, 374]. However, in other instances, the initial insult may be
a result of cross-reactivity of the generated immune response to self-antigen. These
blunders, although not ideal, can be controlled through the induction of regulatory cells
suppressing the autoreactive response, as well as other measures not discussed here.
However, if these autoreactive responses are not tempered, it could lead to the generation
of additional self-reactive specificities and progression of autoimmunity. Our model
depicting the interplay between ICs, FcRs, and complement demonstrates that C1q acts as
a form of epitope masker that suppresses the activation of FcyR-expressing effector cells
and possibly coordinates how the antigenic cargo is handled (Ag presentation or not).
Temporally, the ability for C1q to buffer IC engagement of FcRs, may also give regulatory
networks more time to reach their intended destinations. C1q replacement therapy or Clq
gene therapy to reconstitute C1q to physiologic levels may halt or delay the progression of

the autoimmune disease, while enhancing defense against pathogens. Combinatorial
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treatment modalities would likely need to be administered with Clq to handle the
prevailing autoreactive responses. Harnessing the knowledge to break the self-perpetuating

cycle of autoimmunity requires a better understanding of the immune system.

In situations where the potentiation of the immune response is desirable, such as in
cancer treatment, the goal is to enhance the body’s natural defense mechanisms against
cancer cells. Depletion of Clq in combination with current treatment modalities may
provide better outcomes. Nevertheless, the depletion of Clq, especially in the local tissue
environment is difficult due to the rapid production of C1q. In fact, complete depletion of
C1q may actually hamper cancer cell deletion as complement-mediated effector functions
would also be abrogated. Nevertheless, there are redundant immunological mechanisms
involved in cancer cell depletion. Therefore, antibody engineering could potentially
circumvent the regulatory mechanisms associated with C1q, while allowing intact effector
functions. For example, instead of trying to actively deplete complement, perhaps, the use
of an Fc multimer construct like G019, which retains FcyR binding with little to no Clq
binding may be sufficient for avoiding Clg-mediated regulatory mechanisms.
Furthermore, by establishing the Fc multimer construct on a Stradobody platform, which
contains Fabs and therefore has inherent antigen-specificity, will be able to induce

antibody-mediated effector functions such as FcR-mediated ADCC and ADCP.

Immune aggregates have been linked to numerous therapeutic benefits provided by
IVIG. In a murine model for idiopathic thrombocytopenic purpura (ITP), IVIG
preparations containing [IgG dimers ameliorated anti-platelet mAb-mediated platelet
sensitization compared to IVIG without IgG dimers [305, 306]. Indeed, the next generation

of antibody-based immunotherapies is also emerging in the form of IC mimetics. As our
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comprehension of IC biology continues to expand, we will see more avenues for IC-
mediated therapeutic intervention. Moreover, with the development of IC mimetics capable
of selectively abrogating binding to complement or FcRs may have implications with
vaccinations, tolerance induction, and immune regulation. The potential for therapeutic IC

mimetics appears limitless.

Future Directions

From our current research, complement component C1q plays a significant role in
preventing ICs from interacting with their respective FcyRs. In terms of functionality, our
findings demonstrate that the interactions between C1lq and ICs inhibit the activation of
effector cell immune responses and serves as an indirect physical barrier, concealing
epitopes. In future investigations, it will be essential to explore the full scope of the

complement system’s influence on IC biology.

Potential Future Studies:

1) Investigate the diversity of Clq. Mass spectroscopy can be employed to explore Clq
glycovariants. If detected, subsequent SPR experiments may be conducted to compare
binding kinetics.

2) Investigate potential C1q-dependent and C1g-independent soluble mediators present in
serum that can bind and block ICs from engaging FcRs. Gaining insight into the various
factors involved in this mechanism will be instrumental in uncovering the underlying
processes at play.

3) Although we conducted functional tests primarily using NK cells as a proof of concept,

broadening our research to encompass other effector cell populations, particularly those
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within the RES, could reveal additional mechanisms, including potential modulation of

antigen presentation.

4) Develop experiments aimed at recapitulating our finding inani n  setiing. 0

a.

Complement approach: Chronic graft-versus-host-disease, an inducible i n
model of SLE, can be utilized to measure d €  nAb txesponses compared to
naive animals. Lupus autoantibody levels and autoreactive specificities can be
monitored following transfer of donor splenocytes into recipients with or
without a C1q deficiency.

IC approach on primary responses: From infant vaccination studies, the
maternal transfer of Ab to their offspring seems to interfere with the generation
of high quality Ab response. Similarly, primary immunization experiments can
be conducted in the presence of absence of ICs (recapitulating the effect of
transferred IgG). It would be interesting to explore the impact of Ag specificity
on ICs and to investigate the effects of selective abrogation of specific effector
mechanisms, such as complement- or FcR-mediated functions. Moreover,
assessing Ab responses in Clqg-deficient animals compared to naive animals
may provide valuable insights. Nevertheless, it is important to carefully design
the experiment, taking into consideration that the adjuvants employed in the
immunization protocol could potentially override the inhibitory effect mediated
by C1q:ICs.

IC approach on secondary responses: Boosting an Ab response can have dual
consequences, proving detrimental in cases of autoimmunity while proving

beneficial during infection. The secondary Ab response can be measured in
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animals with or without a C1q deficiency. Furthermore, the experiment could
be structured to observe the kinetics of secondary Ab responses to either the
same or cross-reactive Ag and simultaneously monitor the dynamics of a
primary Ab response to a non-cross-reactive antigen.

d. All of these approaches can be employed to assess various aspects, including
but not limited to, mechanisms of Ag presentation, Ag/protein turnover,
signaling outcomes, immune cell trafficking, and the dynamics of the immune

response.

Concluding Remarks
An immune response is devoted to the preservation of homeostasis. However, there
are moments when this equilibrium falters, giving rise to autoimmunity, tumor evasion,

and infection. Our mission is to focus our interventions on restoring this delicate balance.
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APPENDI X

Supplemental Materials for Chapter 2

Appenfdibd e 1

ANOVA anal yshoc aBanfpeerstto nciompar i ng

DG/ MACS pur i TACS/tBwm faorcati on

with and

One-way analyis of variance

P value 0.0027
P value summary il
Are means signif. different? (P < 0.05) Yes
Number of groups 3

F 7.069
R squared 0.2937

Bartlett's test for equal variances

Bartlett's statistic (corrected) 9.351
P value 0.0093
P value summary X
Do the variances differ signif. (P<0.05)| Yes
ANOVA table SS df MS
Treatment (between columns) 3816 2 1908
Residual (within columns) 9177 34 269.9
Total 12993 36
Bonferroni's multiple comparison test |Mean diff. t Significant? P <0.05? | Summary 95 % Cl of diff
DG/MACS vs TACS/Sep -8.067 1.237 No ns -24.49 to 8.357
DG/MACS vs TACS/Sep (+ lysis) 17.57 2.694 Yes * 1.146 to 33.99
TACS/Sep vs TACS/Sep (+ lysis) 25.64 3.659 Yes i 7.994 t0 43.28
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Appendi x Figure 1
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Appendix Figure 1. Calcein-rAM and target cell optimization.

Calcein-AM concentration and target cell density optimization. Different
concentrations of calcein-AM (0, 1, 5, 10 uM) were incubated with different target
cell densities (0, 625, 1.25E3, 2.5E3, 5E3, 1E4 cells) to determine optimal
conditions. Maximal and spontaneous release of calcein-AM was measured using a
TECAN GENios Pro.
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Supplemental Materials for Chapter 3

Appendi x2 Figure

A CD14
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Appendix Figure 2: Summary data of different macrophage surface molecules
expression after detachment.

After cell detachment, MDM subsets were stained for expression of (A) the
canonical macrophage marker (CD14), (B) M2-macrophage markers (CD163,
CD200R, CD206), (C) Ag presentation cell markers (CD80, CD86, HLA-DR), (D)
FcyRs (CD64, CD32, CD16). The level of marker expression was calculated using
marker MFI minus isotype MFI. Data represent mean = SEM of at least 3 separate
experiments (n = 10 for M2 cell expression of CD163 and CD206).
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Suppl ement &bbr MEhhapder 4

Gerexpression anal ysis

One day prior to NK cell stimulation, 96-well cell flat bottom culture plates were
coated with human IgG1 (50 pg/ml) at 37°C. Wells were washed with PBS at least three
times before experimentation. Isolated NK cells were stimulated for four or 24 hours in the
presence or absence of immobilized IgG1 in AIM V media (Thermo Fisher Scientific,
USA). Following stimulation, NK cells were collected and resuspended with a guanidinium
isothiocyanate-acid phenol reagent (TRIzol® LS, Thermo Fisher Scientific, USA) and total
RNA was extracted using the Direct-zol® RNA Miniprep (Zymo Research, USA)

according to the manufacturer’s instructions.

Mi croarray experiments

Total RNA from 12 samples with RIN values > 7 were processed and hybridized to
Human HT-12 v4.0 Expression BeadChips (Illumina Inc., USA). Differential expression
analysis was performed using R-based Bioconductor package LIMMA. In brief, between
chip normalization (lumiN) was performed using the quartile normalization method. Based
on the clustering profile, the transcriptional profile of one donor clustered separately from
the others. Therefore, we excluded this donor in order to avoid an outlier effect.
Significance tests were conducted using the Fit linear model (ImFit) function in LIMMA,
and differentially expressed genes were selected as fold-change greater than or equal to
two and a FDR<O0.1 since only two replicates were used for this study. The gene expression

data have been deposited in NCBI's Gene Expression Omnibus (GEO) database
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(GSE109573). Average linkage of Pearson Correlation of expressed genes was used to
build hierarchical clustering of different profiles. Principle coordinate analysis (PCoA)
plots were also generated using R to visualize samples according to their global similarity
based on the expression data. All the differentially expressed genes were loaded to IPA

(Ingenuity® Pathway Analysis™) for pathway analysis.

RIQPCR experi ments

One day prior to NK cell stimulation, 96-well flat bottom cell culture plates were
coated with human IVIG (50 pg/ml) at 37°C. Wells were washed with PBS at least three
times before experimentation. Isolated NK cells were stimulated for 24 hours in either
media only, soluble IVIG (10 pg/ml) or immobilized IVIG. Following stimulation, NK
cells were collected and RNA was isolated as aforementioned. The initial cDNA strand was
synthesized from total RNA using the Maxima First Strand cDNA Synthesis Kit for RT-
qPCR (Thermo Fisher Scientific, USA) as instructed by the manufacturer. Real-time
quantitative PCR was performed using the Maxima SYBR Green/ROX qPCR Master Mix
(Thermo Scientific, USA) on an Applied Biosystems StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific, USA). The relative gene expression of Tim-3 was quantified
relative to the gene expression of GAPDH. All samples were done in triplicate from three
independent donors. The primer sequences utilized are as follows: Tim-3: Forward: 5°-
AGA CAG TGG GAT CTA CTG CTG -3’; Reverse: 5’- CCT GGT GGT AAG CAT CCT
TGG -3°, and GAPDH: Forward: 5°- GGA GCG AGA TCC CTC CAA AAT -3°, Reverse:

5’- GGC TGT TGT CAT ACT TCT CAT GG -3°.
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Appenfdaibgd e

Differentially expressed genes between immobilized IgG1 stimulated and non-stimulated

NK cells at 24 hours.

ID geneSymbol logFC AveExpr t P.Value adj.P.val B
ILMN_1779324 GZMA -2.37779 9.845983 -9.97148 | 1.28E06 0.009833 | 5.418243
ILMN_1735930 KLF2 -2.35446 8.702251 -6.79154 | 4.12E05 | 0.024522 | 2.508104
ILMN_1653504 S1PR1 -1.91002 8.75248 -6.91427 | 3.53E05 0.024522 | 2.64531
ILMN_1802708 BTN3Al1 -1.72978 8.382079 -8.80593 | 4.07E06 0.015646 | 4.494288
ILMN_1695590 ADRB2 -1.6668 8.443882 -5.14887 | 0.000392 | 0.066892 | 0.441461
ILMN_1819608 ARRB1 -1.66225 8.719524 -7.80623 | 1.22E05 0.022635 | 3.576642
ILMN_1754894 Clorf162 -1.58725 7.951396 -6.22316 | 8.62E05 0.028782 | 1.84239
ILMN_1782050 CEBPD -1.52395 7.722548 -4.92939 | 0.000545 | 0.083697 | 0.131742
ILMN_1731233 GZMH -1.51863 8.521095 -6.64391 | 4.97E05 0.02531 | 2.340035
ILMN_1685521 KLRF1 -1.47267 9.052761 -5.84667 | 0.000144 | 0.040565 | 1.37307
ILMN_1693552 CD300A -1.46832 7.61927 -5.2236 | 0.000351 | 0.062674 | 0.545094
ILMN_1761945 FGFBP2 -1.41376 9.357595 -4.58754 | 0.000922 | 0.099822 | -0.3662
ILMN_1805979 GAB3 -1.40912 7.251753 -5.55947 | 0.000215 0.0473 | 0.999425
ILMN_2123743 FCER1G -1.35657 8.907308 -5.6088 | 0.000201 [ 0.045388 | 1.064584
ILMN_1685009 ITGAM -1.33987 7.76015 -6.64051 | 4.99E05 0.02531 | 2.336122
ILMN_2221564 LYAR -1.27458 8.128192 -4.67365 | 0.000807 | 0.092651 | -0.23902
ILMN_2382657 ARHGAP9 -1.25394 8.775602 -6.91641 | 3.52E05 | 0.024522 | 2.647678
ILMN_1707088 DENND2D -1.21689 7.864041 -6.5509 5.60E05 0.02531 | 2.232413
ILMN_2223922 AGTPBP1 -1.17936 7.879849 -4.4883 0.001078 | 0.104863 | -0.51421
ILMN_2359627 BCL2L11 -1.17238 8.779525 -6.04323 | 0.000113 | 0.034673 | 1.618289
ILMN_2384122 ADGRG1 -1.17238 8.779525 -6.04323 | 1.13E04 0.034673 | 1.618289
ILMN_1784608 CLEC2B -1.16876 8.356848 -6.30796 | 7.70E05 | 0.028782 | 1.944938
ILMN_1764850 HPCAL1 -1.1536 8.954851 -5.98223 | 0.000119 | 0.037007 | 1.544713
ILMN_2206272 D2HGDH -1.1478 7.301261 -5.80175 | 0.000153 | 0.040565 | 1.315533
ILMN_1887174 SPIDR -1.12257 7.664022 -5.81413 | 0.000151 | 0.040565 | 1.331424
ILMN_1673352 IFITM2 -1.09897 8.586695 -4.77384 | 0.000691 | 0.087839 | -0.09251
ILMN_1773352 CCL5 -1.09188 9.65233 -5.0238 | 0.000472 | 0.078692 | 0.265941
ILMN_1702534 CD244 -1.07558 9.062714 -5.66775 | 0.000185 | 0.043853 | 1.141909
ILMN_1652825 ILIORA -1.07201 7.399028 -4.98604 0.0005 0.080023 | 0.212445
ILMN_1745788 CX3CR1 -1.04819 7.399909 -4.67253 | 0.000808 | 0.092651 | -0.24067
ILMN_2338323 CDC25B -1.02713 9.055486 -4.88509 | 0.000583 | 0.084687 | 0.068272
ILMN_1790412 LINC00921 -0.99407 7.207195 -5.01114 | 0.000481 | 0.078692 | 0.248037
ILMN_2311278 ADD3 -0.99378 8.921911 -5.26291 | 0.000331 | 0.062036 | 0.599233
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Appendi 2( dambt enued)

ILMN_3234142 LINC00623 -0.99007 9.516955 -5.43076 | 0.000259 [ 0.053827 | 0.827539
ILMN_1751425 ERMP1 -0.98356 8.153827 -4.85903 | 0.000606 | 0.084687 | 0.03079

ILMN_1768391 ARL4C -0.98035 7.781243 -4.57721 | 0.000938 | 0.100039 | -0.38154
ILMN_1772359 LAPTM5 -0.9759 7.758342 -4.58844 | 0.000921 [ 0.099822 | -0.36487
ILMN_1768482 CD8A -0.97155 8.611152 -5.27599 | 0.000325 | 0.062036 | 0.617203
ILMN_1764770 OXNAD1 -0.96761 7.532479 -4.74942 | 0.000717 | 0.087839 | -0.12807
ILMN_1758386 SHISAL1 0.952307 7.817675 4.947862 | 0.00053 | 0.083047 | 0.158118
ILMN_1673711 HSP90AB1 0.974146 8.804088 4.526763 | 0.001015 | 0.100039 | -0.45667
ILMN_1693826 HAVCR2 0.984485 9.465262 4.865523 0.0006 0.084687 | 0.040141
ILMN_1676393 ATP5G1 0.985606 7.64183 4.545952 | 0.000985 | 0.100039 | -0.42805
ILMN_2146766 FABP5 1.011888 7.114803 4.607736 | 0.000894 | 0.099522 | -0.33627
ILMN_1712959 DUSP2 1.065651 8.03095 5.324547 | 0.000302 [ 0.059587 | 0.683618
ILMN_1652185 IL4R 1.145683 8.494792 4.557692 | 0.000967 | 0.100039 | -0.41056
ILMN_1673363 ADGRES 1.146868 8.445314 4.722246 | 0.000748 | 0.08842 | -0.16776
ILMN_1779852 FABPS5P3 1.16502 7.298027 5.754704 | 0.000164 | 0.041876 | 1.254912
ILMN_2086965 CCL1 1.193115 6.674174 5.328588 | 0.000301 | 0.059587 | 0.689129
ILMN_1674874 MFSD10 1.235517 8.580166 5.975665 | 0.00012 | 0.037007 | 1.536474
ILMN_1718977 GADD45B 1.269581 9.712742 4.837781 | 0.000626 | 0.085921 | 0.000144
ILMN_3235051 UNQ6494 1.299067 7.048358 4.812581 | 0.000651 | 0.087735 | -0.03629
ILMN_1742145 ESPL1 1.363974 7.032869 7.33366 | 2.11E05 0.0232 | 3.097309
ILMN_1785356 DENNDS5SA 1.370644 8.040404 6.875507 | 3.70E05 | 0.024522 | 2.60222

ILMN_1695311 HLA -DMA 1.374484 7.827389 4.52625 | 0.001016 | 0.100039 | -0.45744
ILMN_1804357 GNG4 1.394802 7.086684 6.227534 | 8.57E05 | 0.028782 | 1.847711
ILMN_1684158 GPT2 1.406953 7.421824 7.639606 | 1.47E05 | 0.022635 | 3.411148
ILMN_1802653 EBI3 1.421801 6.928988 7.772526 | 1.26E05 | 0.022635 | 3.543467
ILMN_1690352 ADO 1.613285 8.468833 4.736544 | 0.000732 | 0.087839 | -0.14687
ILMN_1656501 DUSP5 1.629323 8.114254 7.436721 | 1.87E05 0.0232 | 3.204493
ILMN_1682717 IER3 1.674048 8.316813 6.785498 | 4.15E05 | 0.024522 | 2.501293
ILMN_1796247 CRTAM 1.847618 8.159784 4.867814 | 0.000598 | 0.084687 | 0.04344

ILMN_2328666 CD83 2.141557 8.749467 5.245586 | 0.000435 | 0.06501 | 0.556298
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Appendix Figure 3:

Gene expression profiling of antibodystimulated NK cells.
A direct hybridization microarray was utilized to examine the gene expression
profile of NK cells at four and 24 hours after stimulation with media only (MED) or
immobilized IgG1 (IgG1). (A) Inter-array correlation and (B) principal component

analysis of NK cells stimulated with immobilized IgG1 exhibit distinct gene
expression profiles.
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Appendix Figure 4. Differentially expressed genes following antibody
stimulation.

(A) Heat map displaying differentially expressed genes within the cytotoxicity
pathway predicted by IPA. (B) Heat map displaying differentially expressed genes
within the cell death pathway predicted by IPA. (C) RT-gPCR validation of
HAVCR2 upregulation on NK cells following 24-hour stimulation with immobilized
IVIG. NK cells were collected from three independent experiments.
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Appendix Figure 5. Phenotype of NK cells following exposure to Gi2045.
PBMCs were cultured overnight with G001 (10 pg/ml) or GL-2045 (10 pg/ml) and
the expression of (A) CD16 (Clone: DJ130c, EMD Millipore, USA), (B) CRTAM
(Clone: 210213, R&D Systems, USA), and (C) CD56 (Clone: B159, BD
Biosciences, USA) on NK cells (CD3-CD56+) were measured by FACS. The results
are shown as the mean + SEM from (A-C) three samples.
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Appendix Figure 6: Fc multimer binding to immobilized C1q.
A plate-based assay demonstrating the binding properties of GL-2045 or G019
(various concentrations) to immobilized C1q.
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Appendix Figure 7: C1q Receptor Expression and C1q Binding.

(A) Assessment of C1qg receptor expression on NK cells. Isolated NK cells were
stained with various antibodies specific for different C1q receptors (LAIR1, LAIR2,
cC1gR, gC1gR, and CR1) and the expression was determined by flow cytometry.
(B) Various concentrations of human C1q (0, 5, 20, and 100 pg/ml) were cultured
with human NK cells in order to assess C1qg binding. An anti-C1g Ab was used to
evaluate the levels of C1q binding by FACS.
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Appendix Figure 8:

(A) Isolated NK cells were incubated with culture media only, migG1 (10 pg/ml), or
anti-CD16 (10 pg/ml) prior to the addition of DyLight 488 labeled G019 (1 pg/ml).
Binding of G019 to NK cells was determined by flow cytometry. Data are shown
from a representative sample (top panel) and summarized MFI (mean + SEM) from
three experiments (bottom panel). (B) FcyRIIA- or FcyRIIB-expressing CHO cells
were incubated with Dylight 488 labeled GL-2045 in the presence or absence of
recombinant human C1q (100 pg/ml). Binding of GL-2045 to CHO cell lines was
determined by flow cytometry. Data are shown from a representative experiment (left
panels) and as the summarized MFI (mean + SEM) from three experiments (right
panels). *p < 0.05, **p < 0.01.
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