Polymorphic variants of Fc receptors and antibodies derived from humans and rhesus
macaques exhibit differential binding

Caitlin Penny
Under the supervision of Dr. Tony Moody,

Departments of Pediatrics and Immunology, Duke University

May 2017

Research Supervisor

Faculty Reader

Director of Undergraduate Studies

Honors thesis submitted in partial fulfillment of the requirements for graduation with
Distinction in Biology in Trinity College of Duke University



Abstract

Immune effector functions often depend on the fragment crystallizable (Fc) region of
antibodies binding with Fc receptors (FcRs) on immune cells to trigger various responses.
Polymorphisms in both Fc and FcR genes in humans and rhesus macaques have been
demonstrated to alter the strength of this binding and consequently the immune response that
is elicited. Rhesus macaques are often studied as an animal model for AIDS-like diseases,
although he diversity of their FcRs has not yet been well characterized. Rhesus have more
variation in their FcR genes, but less variation among IgG subclasses compared to humans. |
hypothesize that the strength of signaling and subsequent immune responses caused by FcR-
bearing cells will be regulated by the strength of Fc binding and the expression levels of FcRs on
effector cells. To test this hypothesis, a more accurate genome map of human and rhesus
macaques must be compiled, and methods developed to characterize interactions between
polymorphic variants of FcRs and antibodies. | devised an ELISA protocol to test the hypothesis
that known human and rhesus macaque FcR polymorphisms have differing binding affinities to
antibody variants. My results suggest that ELISA assays can measure the strength of binding
between variants of FcRs and antibodies to characterize interactions between these molecules.
Future work should use similar ELISA techniques as well as immune complexes suspended in
solution to distinguish the differing responses among a wider variety of both human and
macaque polymorphisms within both FcR and antibody genes.



Introduction

Monoclonal Antibodies (mAbs) can be designed to recognize specific antigens and their
high degree of selectivity make them attractive as drug candidates (Kaneko & Niwa, 2011). One
technique to produce mAbs is through cell fusion of an antibody-producing cell, typically from a
mouse injected with a specific antigen, and an immortalized tumor cell, called a myeloma cell,
to produce an immortalized hybridoma cell line that generates mAbs (Kohler & Milstein, 1975;
Park & Smolen, 2001). Another technique is through gene recovery and production of stably or
transiently secreting cell lines, where the desired gene is or is not incorporated into the cell
genome, respectively (Liao et al., 2009; Tiller et al., 2008). Both methods of production allow
for large amounts of mAbs to be created (Liao et al., 2009; Park & Smolen, 2001; Tiller et al.,
2008). There are currently over 40 FDA-approved mAbs in clinical use, and by 2020 at least 70
mAb therapies are predicted to be available on the global market, with $125 billion in projected
sales (Bournazos & Ravetch, 2015; Ecker, Jones, & Levine, 2015). One reason for this explosive
growth is that therapeutic mAbs typically have higher specificity toward complex antigens and
less toxicity when compared to conventional drug molecules (Bevaart et al., 2006; Kaneko &
Niwa, 2011; Wang, Singh, Zeng, King, & Nema, 2007).

There are five isotypes of antibodies, or immunoglobulins (Ig), in mammals—IgD, IgM,
IgA, IgE, and IgG—which are distinguished based on their composition, biological properties,
functional location, and binding affinity (Schroeder & Cavacini, 2010). Almost all recombinant
mAbs used for therapeutics are whole IgG molecules, with variable regions derived from
different sources, including wild-type and humanized mice that are then modified for human

use (Jefferis & Lefranc, 2009). IgG is the most common isotype used for therapeutic mAbs due



to ease of manufacture and strong effector functions such as complement-dependent
cytotoxicity (CDC), antibody-dependent phagocytosis (ADP), and antibody-dependent cellular
cytotoxicity (ADCC) (Bevaart et al., 2006; Nimmerjahn & Ravetch, 2011; Ravetch & Bolland,
2001). CDC triggers the formation of a membrane-attack complex via a cascade of over 30
proteins that induce lysis of the target cell (Zipfel & Skerka, 2009). ADP mediates engulfment of
the target cell by neutrophils, monocytes, macrophages, and other phagocytic cells
(Rajasekaran, Chester, Yonezawa, Zhao, & Kohrt, 2015). ADCC is caused by the binding of the Fc
portion of antibodies to the FcR of effector cells such as natural killer (NK) cells, macrophages,
and dendritic cells (DC) causing the release of cytotoxic molecules, pro-inflammatory cytokines,
and enhancement of DC antigen presentation to lymphocytes (Rajasekaran et al., 2015). These
effector functions are typically inflammatory responses elicited by immune cells to eliminate
potential infection, but in the case of autoimmune disease they target and damage healthy
tissues (Hogarth, 2002; Nimmerjahn & Ravetch, 2008).

Antibodies are proteins consisting of two heavy (H) and two light (L) chains connected
by disulfide bonds that assemble such that each molecule has two antigen recognition arms
called fragment antigen-binding (Fab) regions and a single fragment crystallizable (Fc) region
which interacts with immune cells (Wang et al., 2007). One of the key connections between the
cellular and humoral (macromolecules found in the extracellular fluid) components of the
immune system is the binding of the Fc region of antibodies to receptors on immune cells
(Bournazos & Ravetch, 2015; Gessner, Heiken, Tamm, & Schmidt, 1998). The receptors
responsible for these interactions are called Fc receptors (FcRs), and are able to modulate both

antibody-dependent cellular activity and the strength of immunologic response (Bournazos &



Ravetch, 2015). For this study | focused on the FcRs that bind IgA or IgG. While IgG antibodies
comprise most of the secondary immune response, secretory IgA is an important immune
response that can prevent antigens from penetrating mucosal surfaces and neutralize toxins
(Monteiro & Van De Winkel, 2003; Schroeder & Cavacini, 2010).

The receptors that bind IgA include asialoglycoprotein receptor, transferrin receptor,
the polymeric Ig receptor (plgR), Fca/uR, and FcaRl (CD89) (Monteiro & Van De Winkel, 2003).
Both asialoglycoprotein receptor and transferrin receptor are believed to aid IgA catabolism as
well as tissue IgA deposition (Monteiro & Van De Winkel, 2003). The plgR transports IgM and
polymeric IgA across epithelial barriers (Mostov, 1994). Fca/uR can bind both IgA and IgM
antibodies and likely plays a role in antimicrobial immune response (Monteiro & Van De Winkel,
2003). FcaRl is a type 1 transmembrane receptor and has been demonstrated to recycle IgA, as
well as mediate endocytosis, degranulation, cytokine synthesis, phagocytosis, and cytokine
release (Bakema et al., 2006; Monteiro & Van De Winkel, 2003; Wu et al., 2007). There are two
subclasses of human IgA, IgA1 and IgA2, with IgA1 having an extra thirteen amino acids in the
hinge region (Wu et al., 2007). Monomeric and dimeric IgA are able to bind FcaRI (Wu et al.,
2007) and it is expressed on neutrophils, monocytes, eosinophils, macrophages, DCs, and
Kupffer cells (Bakema et al., 2006).

IgG is bound by neonatal Fc receptors (FcRn) as well as several types of FcyRs including
both activating and inactivating forms (Cocklin & Schmitz, 2014). FcRn was first identified as the
molecule responsible for transferring maternal IgG to the fetus during gestation, but has also
deemed responsible for maintaining levels of I1gG in the serum (Dijstelbloem, van de Winkel, &

Kallenberg, 2001), and may also facilitate bacterial phagocytosis (Vidarsson et al., 2006).



Immune cells with both activating and inactivating FcyRs must reach a threshold for activation
regulated by IgG activity, preventing the unwanted initiation of effector functions (Nimmerjahn
& Ravetch, 2006). Activating and inhibitory FcyRs are expressed on leukocyte types with the
exception of many NK cells which only express the activating FcyRllla, and B cells which only
express inhibitory FcyRIlb (Bournazos & Ravetch, 2015). The extent of cytotoxic response during
ADCC is determined by the balance between activating and inhibiting FcRs on each effector cell,
with FcyRs having the largest influence (Ravetch & Bolland, 2001). Cytokines and complement
proteins from inflammatory responses can upregulate activating FcRs and reducing FcyRllb
expression to modulate this response (Nimmerjahn & Ravetch, 2006, 2010). The strength of IgG
Fc domain interaction with FcyRs is dependent on IgG subclass, antibody glycosylation, and
variation through polymorphisms in FcyR genes (Nimmerjahn & Ravetch, 2010, 2011; van
Sorge, van der Pol, & van de Winkel, 2003). Defining Fc domain and FcR variants that result in
the most effective immune response could lead to better therapies (Kaneko & Niwa, 2011).

However, preclinical animal models such as rhesus macaques and other nonhuman
primates have immunoglobulin and FcyR variants that differ from humans (Jefferis & Lefranc,
2009; Nimmerjahn & Ravetch, 2010). The various subtypes of human FcyRs include FcyRl
(CD64), FcyRIIA (CD32A), FcyRIIC (CD32C), FeyRIIIA (CD16A), and FcyRIIIB (CD16B) all of which
are activating, and FcyRIIB (CD32B) which is inhibitory (Nimmerjahn & Ravetch, 2006). FcyRl is
expressed primarily on monocytes and macrophages, but can be induced on neutrophils and
other myeloid leukocyte types (Bournazos & Ravetch, 2015; Li et al., 2009). FcyRIIA is expressed
on granulocytes, monocytes, macrophages, DCs, platelets, and some endothelial cells, while

FcyRIIB is expressed on B cells, monocytes, and macrophages, and FcyRIIC is only expressed on



NK cells (Bournazos, Woof, Hart, & Dransfield, 2009). FcyRIIIA is expressed on macrophages, NK
cells, monocyte subsets, and T cell subsets, while FcyRIIIB is only expressed on neutrophils
(Bournazos et al., 2009). Genetic linkage maps of rhesus macaque genome have been
constructed and compared to human loci, but much is still unknown about the macaque
genome and how FcyR polymorphisms affect cellular responses (J. Rogers et al., 2006). It has
been determined that FcyRs in rhesus macaques are highly polymorphic, with three FcyRl, five
FcyRIIA and three FcyRIIIA allelic variants detected in a cohort of nine animals (Cocklin &
Schmitz, 2014). Additionally, activating receptor FcyRlllb has not been found in the macaque
genome although it is present in humans (Hogarth, Anania, & Wines, 2014).

FcyRs play a critical and complex role in the variation of individual immune responses to
diseases such as HIV-1, and this role can impact the development and efficacy of therapies and
treatments (Cocklin & Schmitz, 2014). The diversity of HIV-1 places constraints on the
development of broadly neutralizing antibody responses by vaccines that might prevent
infection or the use of isolated antibodies to clear the virus in those already infected
(Bournazos & Ravetch, 2015). Studies have demonstrated a role of FcyRs during HIV-1 infection:
IgG variants with preferential binding to activating FcyRs having improved in vivo activity and
virus clearance (Bournazos & Ravetch, 2015). FcyRl is induced in pro-inflammatory
environments, and is known to mediate endocytosis and the inactivation of toxins, which may
explain its mechanism in HIV control (Hogarth et al., 2014). Human FcyRlIla and FcyRllla
polymorphisms have also demonstrated an effect on HIV-1 infection, progression, and

vaccination (Cocklin & Schmitz, 2014; Hogarth et al., 2014). Additionally, in a small patient



cohort the progression of acquired immune deficiency syndrome (AIDS) was shown to correlate
with genetic variation in FcyRlla (Bournazos & Ravetch, 2015).

Although nonhuman primates are a commonly used model for studying AIDS-like
diseases, macaques infected with simian immunodeficiency virus (SIV) or simian-human
immunodeficiency virus (SHIV) being arguably the best animal model for AIDS-related studies
(Scinicariello, Engleman, Jayashankar, McClure, & Attanasio, 2004), the extensive diversity of
their Fc receptors and receptor functions has not yet been thoroughly characterized (Cocklin &
Schmitz, 2014). The purpose of the present study is to compare known polymorphisms of both
human and rhesus macaque FcR genes, and the binding of these receptors to antibodies
produced with different backbones. Further understanding the interaction of these receptors
and antibodies in humans and rhesus macaques undergoing vaccination trials or passive
infusion studies will aid in the development of more effective treatments and more accurate
analyses of study data. My overarching hypothesis is that because rhesus macaques have more
variation than humans in FcyR genes, but less diversity among their IgG subclasses, the strength
of signaling in FcyR-bearing cells will be regulated by the strength of this interaction and the
expression levels of FcyRs on effector cells. At this time, we do not possess the tools to
investigate this hypothesis directly. The first steps in developing a model system will be to 1)
generate more accurate genome maps of humans and rhesus macaques and 2) develop
methods to characterize the interactions between polymorphisms and variants of FcRs and
antibodies. For this project, | have worked on the second problem, with the hypothesis that
known rhesus macaque and human polymorphisms of FcRs will affect their ability to recognize

antibody variants found in each species, including artificially constructed variants.



Methods

Selection of Antibodies and FcRs

FcR proteins were provided as a generous donation of the Schmitz Lab (Harvard). FcR
proteins were produced in HEK-293T cells and purified using standard techniques. Proteins
were stored at —-80°C before use. | thawed and aliquoted each protein according to the
calculated amount that would be used during each experiment; | stored the remainder at -20°C
for future use. The FcRs represent both human and rhesus macaque polymorphisms, including:
Human 2A-R131, Human 2A-H131, Human 3A-F158, Human 3A-V158, Human CD89, Human
CD89-D113, Rhesus 2A-1, Rhesus 2A-2, Rhesus 2A-3, Rhesus 3A-1, and Rhesus 3A-3.

Antibody CH65 is an influenza hemagglutinin binding site antibody elicited by H1
A/Solomon Islands/03/2006 that was present in the 2007-08 seasonal influenza vaccine. This
antibody was produced with different antibody Fc regions reflective of known variants present
in humans (CH65_IgA, CH65_G2, CH65_G3, CH65_G4, and CH65_SEK_G1), a synthetic variant
designed to alter FcR binding (CH65_AAA_G1), and a rhesus macaque version
(CH65_RhG1_AAA). All antibodies were produced by the DHVI antibody production team and
were stored at —20°C prior to use. In order to repeat key experiments, additional lots of

CH65_G2 and CH65_G4 were produced by Tarra Von Holle.

ELISA Set-Up
| designed an ELISA experiment to specifically test the binding of FcRs derived from both

humans and rhesus macaques with the variant antibody versions captured by antigen (Figure



1). Some data suggests that allosteric changes in antibody Fc can occur upon antigen binding;
the experimental design was specifically chosen to isolate Fc-FcR interactions. In all
experiments, the antigen on the plate is synthetic hemagglutinin from H1 A/Solomon
Islands/03/2006.

The first experiment was a range finding study to determine the ideal FcR concentration
for the ELISAs. | first tested only Human 2A-R131 with each antibody backbone except for
CH65_SEK. The initial experiment was performed using Superwash containing PBS-0.1% Tween
and SuperBlock with Sodium Azide. The negative controls used for each antibody were: two
rows with no coating, two rows with no primary antibody, and two rows with no FcR. FcRs were
tested with each antibody in duplicate. | observed no binding in this experiment; discussion of
this result with the DHVI team suggested that the blocking and washing reagents may have
been a poor match for this experiment.

For the second experiment, | substituted Glycan Wash (PBS-0.5% Tween) containing
5mL Tween-20 and 400mL of 25X PBS topped to 10L with DI H,0, instead of Superwash and
Glycan Block (1% BSA/0.05% Tween) containing 30g of BSA and 40 mL of 25X PBS topped to 1L
with DI H,0, instead of SuperBlock with Sodium Azide. | performed the ELISA again, titrating
only Human 2A-R131 and using the same negative controls. This second trial was successful and
| used Glycan Wash and Glycan Block for the rest of the experiments. Additionally, |
determined that the optimal binding concentration for the FcR was 100ug/mL, which was the

FcR concentration used for the rest of the experiments.

ELISA Experiments



The ELISA protocol used for the rest of the experiments is as follows. | diluted HA H1
A/Solomon Islands/03/2006 with 0.1M filtered NaHCOs at 2ug/mL final concentration for use as
the coating antigen. | coated two Costar 3700 high binding 384-well plates with this antigen
(15uL/well), wrapped the plates in plastic wrap and stored the plates overnight at 4°C. The next
day | washed the plates 1x with Glycan Wash containing PBS-0.05% Tween and patted them
dry. | blocked the plates with Glycan Block with 1% BSA and 0.05% Tween (40uL/well), and
gently tapped the plates until all liquid settled to the bottom of the wells. | incubated the plates
for one hour at room temperature. While the plates were incubating, | used a separate 96-well
plate to perform antibody dilutions starting at an initial concentration of 100ug/mL followed by
3-fold dilutions over 12 wells. To produce enough volume for two plates, the starting volume
was 120uL with 80uL added to the wells and 40pL moved. After one hour of blocking the plates
were washed with Glycan Wash and patted dry. | added the diluted primary antibodies at
10uL/well and tapped the plates until all of the liquid settled to the bottom of the wells. The
plates were then incubated for one hour, washed 2x with Glycan Wash, and patted dry. During
the incubation the FcRs were diluted to 100ug/mL in Glycan Diluent (1% BSA/0.05% Tween)
containing 10g of BSA, 40mL of 25X PBS, and 0.5mL of Tween, topped to 1L with DI H,0. After
the incubation these diluted FcRs were added at 10uL/well and incubated again for one hour.
After the incubation the plates were washed 2X with Glycan Wash and patted dry. Streptavidin-
horseradish peroxidase (HRP) conjugated secondary antibody was diluted at 1:30000 in Glycan
Diluent and added at 10uL/well. All of the plates were tapped lightly until all of the liquid
settled to the bottom and incubated at room temperature for 1 hour. During this hour 3,3',5,5'-

tetramethylbenzidine (TMB) substrate was poured into a conical tube and left in a drawer to



warm up to room temperature. After the incubation of streptavidin, | washed the plates 4x with
Glycan Wash and patted them dry. The room temperature TMB substrate was added at
20uL/well and incubated at room temperature until the positive wells were bright blue and the
negative control wells began to have a slight blueish tint (typically about 5-10 minutes). |
stopped the reaction by adding 1.0% HCI solution at 20uL/well, turning the blue wells yellow.
The plates were then read at 450nm using a 384-well template in SoftmaxPro software. The
absorbance data was then saved in pda format and in txt format. | repeated this experiment
twice for every FcR at a 100ug/mL concentration except for Human 2A-R131 which was tested

once in titrated concentrations and once at a uniform 100ug/mL concentration.

Figure 1. ELISA Binding Diagram
with 1. Well from 384-well plate
coated with Hemagglutinin H1
A/Solomon Islands/03/2006 2.
CH65 Antibody 3. Biotinylated FcR
4. Streptavidin HRP 5. TMB
Substrate

Data Analysis

| exported the ELISA data as text data and imported into an Excel spreadsheet. |
organized the data according to FcR and antibody dilution. | then graphed this data according to
antibody concentration and absorbance values to visualize binding trends. All FcRs tested for a
single antibody were then graphed together to compare the trends in FcR binding for each

antibody individually. Each FcR was tested four times with each antibody to test reproducibility:
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duplicate rows for each trial and two trials run for each FcR. The absorbance values for each
replicate well were averaged and plotted versus the tested antibody concentration value.

Data were fit to a four-parameter logistic regression model in R using the drc package
(Ritz, Baty, Streibig, & Gerhard, 2015). The curve fit also calculated half maximal effective
concentration (EC50) values for each FcR and antibody combination. Curve fits were performed
using the average optical density (OD) measurements read from the ELISA and antibody
concentrations. The EC50 values refer to the antibody concentration at which binding is
midway between the minimum and maximum. A FcR that binds strongly to a certain antibody
will have a low EC50 value, meaning that a small concentration is required for half of maximal
binding, while an FcR that binds weakly will have a high EC50 value.

After analyzing the data, | noticed large discrepancies between some of the EC50 values
for the duplicate tests of the same FcR and antibody binding pair. In the cases where single data
points were abnormal (eg, due to spillover of reagents during the experiment), those data
points were censored and the EC50 value was recalculated. In all cases, EC50 values were
compared to the binding curves to ensure proper data interpretation. For FcR/antibody pairs
that demonstrated weak binding overall when graphed, but had calculated EC50 values
suggestive of strong binding, | suspected that the R program was not able to form complete
curves to determine an accurate EC50 value. To reaffirm this | checked the maximum values for
each measurement that seemed to produce anomalous EC50 values. If the maximum was
below OD 0.6, or 50% of OD 1.2, the median value of OD maxima in the data set, this indicated
that the maximum value was not high enough. This is consistent with weak binding and that the

true EC50 value is actually above the limit of detection (ie, >50ug/mL). Rather than having a low
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EC50 value, that measurement was meant to have a very high EC50 value, meaning that a high

concentration would be required for half of the maximal binding because the binding is weak.

Results

The graphs of FcR binding for each combination are shown in Figure 2. Each graph
consists of all trials of the same FcR/antibody combination plotted according to the OD value
from the ELISA and the concentration of the antibody. Additionally, | created an EC50 value
chart to visualize the binding strength for each FcR/antibody combination (Figure 3). To
produce this chart, | averaged the two EC50 values for each FcR/antibody combination after
discrepancies were corrected by removing outlying data points as described above. The cases
where the maximum OD value was <0.6 for one or both of the experiments were noted, and
the value in the chart was changed to >50ug/mL in order to represent weak or undetectable
binding (Figure 3).

Only the EC50 value for the second experiment testing Human 2A-R131 binding was
used in the EC50 table because the first experiment used titrated FcR as well as antibody,
rather than the standard 100ug/mL Human 2A-R131 which was tested once in titrated
concentrations and once at a uniform 100ug/mL FcR concentration that was used for all others
on the chart. However, in Figure 2 it can be noted that the Human 2A-R131 values from the
titrated FcR experiment have a slightly higher absorbance value at 100ug/mL compared to the
second experiment, but the values decrease much more rapidly. This outcome makes sense as
both the FcR and antibody concentrations decreased 3-fold for each descending data point

during this test rather than just the antibody concentration. Additionally, the EC50 value from
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the second experiment testing Human CD89 was not averaged with the other two in the EC50
value chart. This is because, as can be seen in Figure 2, the absorbance values for this
experiment varied significantly from the other two. It was for this reason that Human CD89 was
tested three times while all other FcRs were tested twice. Once the data from the first two
Human CD89 experiments was collected and showed such a large discrepancy, | decided that it
would be necessary to test this FCR one more time to see which experimental results were
likely in error. After the third Human CD89 experiment, it was clear that the first and third
experiment produced similar results while the second experiment showed large variation from
what was expected, especially being that CD89 should have only bound IgA being that it is an
FcaR.

The CH65_G1_SEK antibody binding is the wild type variant of IgG1. The results in Figure
2 demonstrate that this antibody bound Human 2A-R131 in the single trial that it was tested
with, because this antibody was not available during the initial FcR titration experiment. The
binding with the Human 2A-H131 appears to be much weaker than that of the R131 allele for
both trials (Figure 2). The EC50 values show a similar result to the graphs, with Human 2A-R131
having a low EC50 value of 0.044ug/mL while Human 2A-H131 has an EC50 value greater than
50ug/mL meaning that it had poor binding (Figure 3). Human 3A-F158 and Human 3A-V158
seem to have bound this antibody with about the same strength, with one of the V158 trials
having slightly weaker binding than the rest (Figure 2). This result is confirmed in the EC50 table
where Human 3A-F158 has a value of 0.056pug/mL and Human 3A-V158 has a value of
0.055ug/mL, both having relatively strong binding and being almost the same EC50 value

(Figure 3). The Human 2A-R131, Human 3A-F158, and Human 3A-V158 graphs therefore seem
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to be the strongest binding FcRs with the G1_SEK antibody (Figure 1). Figure 2 demonstrates
that Human CD89 bound this antibody weakly, and that Human CD89-D113 bound it even more
weakly or not at all, while Figure 3 shows a similar result of both FcRs having EC50 values
greater than 50ug/mL, demonstrating weak binding. Of the Rhesus 2A FcRs, Rhesus 2A-1
appears to have bound the antibody the best, with Rhesus 2A-2 and Rhesus 2A-3 both
demonstrating weaker binding when graphed (Figure 2). In Figure 3 all of the Rhesus 2A-3
variants had EC50 values greater than 50. In the graphs both Rhesus 3A-1 and Rhesus 3A-3
appear to have bound G1_SEK with about the same strength, around that of Rhesus 2A-1
(Figure 2). However, Figure 3 shows Rhesus 3A-1 and 3A-3 having EC50 values of 0.031ug/mL
and 0.028ug/mL respectively, demonstrating that they bound the strongest to G1_SEK.

The CH65_G1_AAA antibody is a synthetic version of IgG1 that has been engineered to
have weakened binding to FcyRIIA and improved binding to FcyRIIIA with the aim of enhancing
effector functions such as ADCC (Shields et al., 2001). Overall, graphically G1_SEK and G1_AAA
seemed to have about the same binding results for Human 2A-R131 with the addition of the
first titrated FcR trial that drops off very quickly and Human 2A-H131 (Figure 2), however, the
EC50 value for 2A-R131 binding with G1_AAA is slightly higher, demonstrating slightly weaker
binding compared to G1_SEK (Figure 3). Additionally, Human 3A-F158 and Human 3A-V158 also
seem to be about the same for both G1 variants although G1_AAA may have bound it slightly
better. It is reiterated in Figure 3 that these two FcRs do bind G1_AAA better because they have
lower EC50 values. The second trial of CD89 has clearly deviant results from the other two trials
in this case for G1_AAA, but the other two seem to have about the same binding as G1_SEK,

and CD89-D113 appears not to bind either of them (Figure 2). The EC50 values for both CD89
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FcRs are still greater than 50ug/mL with G1_AAA (Figure 3). Rhesus 2A-1 and Rhesus 2A-2
appear to bind both G1 variants about the same, while Rhesus 2A-3 binds G1_AAA slightly less
(Figure 2). However, the EC50 values for Rhesus 2A-1 and 2A-3 are still greater than 50ug/mL
just as with G1_SEK, but the 2A-2 EC50 value for G1_AAA is 1.495ug/mL demonstrating
stronger binding than with G1_SEK, and with the other 2A variants (Figure 3). Rhesus 3A-1 and
Rhesus 3A-3 seem to bind G1_AAA just slightly better than G1_SEK according to the graphs
(Figure 2), which is reaffirmed in the EC50 table because the values are lower for G1_AAA
(Figure 3).

All FcR binding with 1gG2 is very weak or nonexistent according to the graphs, aside
from Human 2A-R131 which shows slightly stronger binding (Figure 2). This result is reaffirmed
with the EC50 table, where every binding value tested with 1gG2 is greater than 50ug/mL
representing very weak binding (Figure 3).

Binding with 1gG3 seems to be about the same as that of G1_SEK and G1_AAA for
Human 2A-R131, 2A-H131, 3A-F158, and 3A-V158 according to Figure 2. The EC50 values for
Human 2A-H131 are greater than 50ug/mL for G1_SEK, G1_AAA, and IgG3, but none of these
other three FcRs bind IgG3 as well as either of the IgG1 variants (Figure 3). However, although
the EC50 values are slightly higher for Human 2A-R131, 3A-F158, and 3A-V158 binding with
IgG3, they are still low values overall demonstrating binding (Figure 3). The graphs for Human
CD89 and CD89-D113 binding with IgG3 seem to be about the same for G1_SEK and G1_AAA as
well (Figure 2), which is what the EC50 values demonstrate as they are greater than 50ug/mL in
all cases (Figure 3). Rhesus 2A-1, 2A-2, and 2A-3 seems to have slightly stronger binding with

IgG3 than G1_SEK and G1_AAA in Figure 2 while the EC50 value for Rhesus 2A-1 is the only one
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that is not greater than 50ug/mL, at 0.417ug/mL, demonstrating that it has the strongest
binding to 1gG3 (Figure 3). Rhesus 3A-1 and 3A-3 both seem to bind IgG3 the same as both G1
variants (Figure 2) but in the EC50 table, the values for IgG3 are slightly higher for these two
FcRs (Figure 3).

IgG4 binding seems to be nonexistent for all FcRs but slightly stronger for Human 2A-
R131, similarly to 1gG2 binding (Figure 2). In Figure 3 the EC50 values are greater than 50ug/mL
for all FcRs binding with IgG4.

IgA has very weak binding with all FcRs except for Human 2A-131, which is only slightly
stronger than the rest, and Human CD89 and CD89-D113 which demonstrate much stronger
binding (Figure 2). The EC50 values for every FcR are greater than 50ug/mL when binding with
IgA except for those of Human CD89 and CD89-D113 which are 0.101pg/mL and 0.128ug/mL
respectively (Figure 3).

The only rhesus antibody that was tested, Rhesus G1_AAA demonstrates very similar
binding graphically to Human G1_AAA, aside from with Human CD89-D113 and Rhesus 2A-3
which both appear to be slightly stronger for the rhesus variant (Figure 2). Figure 3
demonstrates that Rhesus G1_AAA binding occurs with the same FcRs as Human G1_AAA
binding, but that the rhesus binding is slightly stronger in every case where significant binding

was exhibited.
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Figure 2. Graphs of FcR/antibody binding with antibody concentration (ng/mL)
in the X-axis and ELISA OD in the Y-axis. Each column is a different antibody
and each row is a different FcR. Black plots are human FcRs and red plots are
rhesus macaque FcRs.
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Figure 3. Average
CH65_SEK_G1]CH65_AAA_G1|CH65_IgA |CH65_G2 CH65_G3 |CH65_G4 CH65_RhG1_AAA ECSO VallleS (ug/mL)
Human.2A.R131| 0.04405  0.05776 0.06447 0.035966)| for each FcR and
Human 24 H131 550* 50 >50%*  >S0** >50 >S50+ | antibody
Human.3aF158] 0.05614 0.02098 ORGS0l 0.07552 SS0MM 0.018065 4030 combination. >50*
Human.3A.v158| 0.05492 | 0.02067 -- 0.06891 - 0.017945 30-20 maximum below 0.6
Human.CD89 - 20-10 for one experiment,
Human.CD89.D113 d0-10 >50** maximum
Rhesus.2A.1 below 0.6 for both
Rhesus.2A.2 0.1-0.01 experiments, >50
Rhesus.2A.3 001 already had a EC50
Rhesus.3A.1] 0.03097 0.02543 0.014299 value >50 before
Rhesus.3A.3| 0.02834 = 0.02441 0.04739 0.018027, checking maximum
value.

Discussion

ELISA experiments used to characterize the interactions between polymorphisms and
variants of FcRs and antibodies facilitate data analysis through both graphs and EC50 values,
allowing for a direct comparison of binding. This is particularly important for comparing the
differences in binding between human and rhesus macaque FcRs because differences in their
binding ability has not been studied extensively. Since the macaque is the premier animal
model for testing HIV-1 immunity, understanding the strength of interaction of human and
macaque antibodies with FcRs will facilitate the interpretation of passive infusion and infectious
challenge studies.

Although FcyRI was not tested in this experiment, it has been shown to be the highest

affinity human receptor for IgG, binding even when antibody levels are low (Hogarth et al.,
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2014), with a binding affinity for monomeric IgG of K,= 10-10° M (Gessner et al., 1998).
Overall, it has a 100-fold higher affinity for IgG1 and IgG3 in humans compared to other FcRs,
but a much weaker interaction with IgG4 and the weakest interaction with IgG2 (Gessner et al.,
1998; Nimmerjahn & Ravetch, 2010). If | had tested it, FcyRI would have been expected to bind
much more avidly with both IgG1 and IgG3 than the other FcRs. This will be important to study
in follow-up experiments to facilitate comparisons of FcR binding by ELISAs with that
determined by other methods and to compare with what has been reported in the literature.

The binding affinity of FcyRIl overall is lower (K, < 10’ M™), and it preferentially binds
IgG in the form of immune complexes (Gessner et al., 1998). This receptor participates in direct
binding interactions with 1gG using residues 154-161, 109-116, and 130-135 of the second Ig-
like domain (Raghavan & Bjorkman, 1996). When studied previously this receptor type showed
no binding with 1gG4 (Gessner et al., 1998), consistent with the results of the current study
because neither Human 2A polymorphic form bound IgG4, aside from slight binding with the
2A-R131 variant (Figure 2). FcyRIIA has previously been demonstrated to be polymorphic at
position 131 with either a histidine (H131) or an arginine (R131) and histidine required for 1gG2
binding and enhanced I1gG1 and IgG3 binding compared to the arginine allele (Cocklin &
Schmitz, 2014; Hogarth, 2002; van Sorge et al., 2003). Therefore, the capacity of each individual
to bind 1gG2 should be dependent on the FcyRIIA genotype (van Sorge et al., 2003).

Some of the binding results for the Human 2A variants were consistent with previous
literature, but other results diverged. During this experiment, the result of 2A-R131 having a
weaker bond with G1_AAA compared to G1_SEK as seen in Figure 3 is what is expected, being

that the synthetic IgG1 variant is designed to have weaker binding to FcyRIIA (Shields et al.,
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2001). In the graph of this experiment as seen in Figure 2, Human 2A-R131 had stronger binding
with 1gG2, and Human 2A-H131 had no binding at all, but the EC50 values for both were greater
than 50pg/mL, indicating very weak binding. Structural studies have suggested that FcyRIIA
interaction with IgG is able to occur more readily with a smaller histidine side chain rather than
a larger arginine sidechain (Hogarth et al., 2014). During this study however, | found FcyRIIA-
R131 (Human 2A-R131) to bind more readily with 1gG2, all three variants of IgG1, and IgG3. This
result may be an experimental artifact because Human 2A-R131 had stronger binding than
every other FcR even in cases when none of the others bound and it likely should not have
bound either, as with 1IgG2 and IgG4. This trend is consistent across all tests and can be best
visualized using the graphs where the binding for Human 2A-R131 is always at least slightly
stronger than the rest. The reasoning behind this result may be that the concentration of
Human 2A-R131 used for the experiments was actually higher than what was recorded on the
label. This would mean that a higher concentration of this FcR was added to each experiment
than the rest, so that it was over 100ug/mL. The difference in Figure 2 between Human 2A-
R131 and 2A-H131 is much larger for the IgG1 variants and 1gG3 than for the baseline difference
between Human 2A-R131 and other FcRs in cases where no others bound such as with IgG2 or
IgG4. Therefore, to test if 2A-R131 really does bind 1gG1, 1gG2, and 1gG3 better than 2A-H131,
contrary to previous studies, other experiments should be run with different stocks of these
FcRs and see which binding pattern persists. Another potential reason for these binding results
may be because the ELISA set-up involved antibody captured on an antigen-coated plate rather
than with antibodies in solution as immune complexes. Because immune complexes may

behave differently in solution it would also be useful to test the same reagents used in another
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binding test that did not have the antigen and antibody bound to the plate, but rather
suspended in solution. The results would allow for conclusions about whether the binding was
affected by the testing method, the antibodies themselves, or for some other reason.

FcyRIIB, the main inhibitory receptor (Nimmerjahn & Ravetch, 2006), has been shown to
have a polymorphism at position 232 that is either an isoleucine (1232) or a threonine (T232),
where a threonine being present affects the extent of its inhibitory activity (Hogarth et al.,
2014; van Sorge et al., 2003). Seven additional point mutations have been described in
Japanese individuals which may alter FcyRIIB function but must be studied further (van Sorge et
al., 2003). FcyRIIC, which is only expressed in 20% of the population and is believed to result
from a non-homologous recombination of the FcyRIIA and FcyRIIB genes (Bournazos & Ravetch,
2015; Hogarth et al., 2014), has a point mutation on NK cells at position 13 that is either a
glutamine (G13) or a null allele, which is important because FcyRIIC is believed to cause NK cell
effector functions such as Ca®* mobilization and ADCC (van Sorge et al., 2003). FcyRIIB and
FcyRIIC were not studied in this experiment but they would be interesting to include in future
studies to see how these polymorphisms affect binding affinity with different antibody
subtypes.

The binding affinity of FcyRIIl is low overall, like FcyRlIl, also binding IgG in the form of
immune complexes (Gessner et al., 1998) and it has been demonstrated to bind IgG1 and 1gG3,
but only weakly to IgG2 and IgG4 (Rogers, Scinicariello, & Attanasio, 2006). FcyRIIIA has a
polymorphism at position 158 that is either a phenylalanine (F158) or a valine (V158), with the
valine typically demonstrating a higher affinity for IgG binding (Cocklin & Schmitz, 2014). NK cell

activity induced by IgG is shown to be increased in V158 individuals compared to F158
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individuals because of a higher affinity for IgG1, 1gG3, and IgG4 (van Sorge et al., 2003). This
receptor also has a polymorphism at position 48 that is either a leucine (L48), histidine (H48) or
arginine (R48), but these variations have not been reported to have a biological consequence
(Presta, Shields, Namenuk, Hong, & Meng, 2002) and | did not study these variants in this
project. Although the binding may not look very different in the graphs (Figure 2), the EC50
values in Figure 3 for Human 3A-V158 are slightly lower than for Human 3A-F158 for binding
experiments with both human IgG1 variants and the rhesus macaque IgG1_AAA, as well as with
IgG3. These results are similar to those described previously, however, the EC50 values do not
show very large variation and repeating this experiment would be useful in order to reaffirm
that the increased binding of 3A-V158 is statistically significant.

FcyRIIB has a substitution of four amino acids in its membrane-distal Ig-like domain,
termed a neutrophil antigen (NA) polymorphism, causing allelic differences in glycosylation of
the receptor (Presta et al., 2002; van Sorge et al., 2003). The NA1 allotype has demonstrated to
be more efficient than the NA2 allotype at binding 1gG3 and inducing phagocytosis of IgG1- and
IgG3- opsonized particles (van Sorge et al., 2003). FcyRIIIB also has a polymorphism at position
266 with either an aspartate (D266) or an alanine (A266) but as of now it is unclear if this
substitution affects biological function (van Sorge et al., 2003). FcyRIIIB is was also not studied
in these experiments but it would be interesting to test antibody binding between both NA
variants and 266 polymorphism variants in a future experiment.

FcaRl has two functionally important alleles differing at site 248 which is either a glycine
(G248) or a serine (S248) (Wu et al., 2007). These polymorphisms were not studied in the

present experiment but would be useful to test in the future due to possible implications in
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antibody therapy. A polymorphism that was tested in this experiment was FcaRI-D113, a
residue in the binding region for IgA that has not yet been associated with human disease.
Based on the results from this experiment CD89-D113 seems to bind IgA primarily, just as does
the wild type CD89, but slightly weaker (Figure 3). However, the Human CD89 variant also
demonstrated weak binding with other FcRs when graphed aside from IgA, while CD89-D113
did not seem to show any sign of binding with other FcRs aside from IgA except for very slight
binding with Rhesus IgG1_AAA (Figure 2). Therefore, CD89-D113 may be a more specific
alternative for a FcaR compared to wild type CD89 and potentially allow for more accuracy
when targeting responses specific to IgA effector functions. To confirm these results further
testing will be needed, especially because my second Human CD89 experiment seems to have
significant error and the other two trials have several discrepancies which can be visualized on
the graphs (Figure 2).

FcyRs in rhesus macaques are highly polymorphic and more diverse than humans,
requiring large cohorts for accurate studies, and the polymorphisms have not yet been
extensively explored (Cocklin & Schmitz, 2014). Additionally, there are polymorphisms
demonstrated between macaques sourced from different countries (Jefferis & Lefranc, 2009).
Rhesus macaques express similar high and low affinity FcyRs to humans, including high affinity
FcyRI, and low affinity FcyRIIA, FcyRIIB, and FcyRIll (Hogarth et al., 2014). Sequence identity
appears to be about 95% between rhesus FcyRl and human ortholog extracellular domains
(Nguyen, Scinicariello, & Attanasio, 2011), which was not studied in this experiment, but
greater sequence diversity is present in low affinity receptors, especially FcyRIIA which is only

85% homologous to the human ortholog (Nguyen et al., 2011; Trist et al., 2014). FcyRIIA seems
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to be the most polymorphic rhesus macaque FcyR with at least seven different alleles, while
FcyRIIB is the least polymorphic, and both FcyRI and FcyRIll are somewhere in between (Nguyen
et al., 2011). Therefore, the greatest differences in previous experiments binding human IgG
has been demonstrated between human and macaque FcyRIIA (Hogarth et al., 2014). The
Rhesus 2A and 3A variants that are used in these experiments are labeled 2A-1, 2A-2, 2A-3, 3A-
1, and 3A-3; as of now they have not yet been described in the literature, and likely will be
renamed once further data is collected.

Rhesus FcyRIIA has been shown to bind human 1gG1, 1gG2, and 1gG3 but has impaired
IgG1 and 1gG2 binding compared to the human ortholog, because of the replacement of Leu
159 and F160 in human FcyRIIA with P259 and Tyr150 in macaque FcyRIIA (Hogarth et al.,
2014). The presence of H131 in macaque FcyRIIB is the reason that it binds IgG2 at all (Trist et
al., 2014). Macaque FcyRIIB avidly binds human IgG2 while human FcyRIIB does not, likely
because H131 is present in macaque FcyRIIB while R131 is present in human FcyRIIB (Trist et
al., 2014). Most of the amino acids that have demonstrated to be important for FcyRIl binding
in humans are also conserved in macaques (Nguyen et al., 2011). One observed difference was
in position 81 where humans had an aspartate (D81) and macaques had a methionine (M81),
and that at position 131 all macaques seem to have a histidine (H131) allele, which in humans is
also possibly R131 (Nguyen et al., 2011). The data currently available shows that FcyRlIl in
rhesus macaques seems to have nine total allelic polymorphic sites (Nguyen et al., 2011). In the
experiments | conducted, all three of the Rhesus 2A alleles show binding with Human G1_SEK,
G1_AAA, and G3, and with Rhesus G1_SEK when graphed, as do the Human 2A alleles, but the

rhesus versions seem to have weaker binding overall (Figure 2). According to the EC50 values,
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Rhesus 2A-1 binds with Human 1gG3, and Rhesus 2A-2 binds with Human G1_AAA and slightly
stronger with Rhesus G1_AAA, while Rhesus 2A-3 does not bind significantly with any of the
antibody subtypes (Figure 3). It is possible that the polymorphism in Rhesus 2A-2 enables
better binding to the synthetic IgG1_AAA antibodies of both human and rhesus origin, while the
polymorphism in Rhesus 2A-1 enables binding to IgG3, and the polymorphism in Rhesus 2A-3
just weakens overall binding of the receptor with all of the antibody subtypes tested. In all
cases the EC50 values that do represent binding, demonstrate weaker binding with the rhesus
FcyRlls than with the human FcyRlls, even when binding to the Rhesus IgG1_AAA (Figure 3). It
would be expected that at least one of the Rhesus 2A variants would be able to bind IgG2, and
none of them did. It would be useful to run this test alongside Rhesus 2B which is expected to
bind 1gG2 better than the human ortholog, as a positive control because if neither Rhesus 2A or
2B bound then there may be something wrong with the IgG2 preparation. The results that the
Rhesus 2A had weaker binding with 1gG1 than the human ortholog is supported in the
literature, but 1gG3 binding being weaker is not. This weaker rhesus binding with IgG3 may be a
novel result and should be re-tested. Because there is so much allelic variation both among
Rhesus FcyRlls and compared to Human FcyRlIl, these receptors must be studied in much
greater detail before conclusions can be drawn. In a follow-up experiment all human FcyRl|
variants and rhesus FcyRIl variants would be tested with the same antibodies and binding
would be directly compared. As of now, the conclusions are that human FcyRlls can bind all
variants of IgG1 tested as well as IgG3, whereas the results for rhesus are less clear but it
appears that these 2A-1 binds 1gG3, 2A-2 binds the synthetic versions of human and rhesus

IgG1, and 2A-3 may not bind any of the antibodies very well.
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Only one gene for FcyRIll, homologous to human FcyRIIIA, seems to be present in rhesus
macaques with expression on NK cells and monocytes, and 91.7% identity with the human
ortholog (K. A. Rogers et al., 2006). Overall, there appears to be differences between human
and non-human primate FcyRIll and its interaction with IgG subclasses, but further
characterization is needed (K. A. Rogers et al., 2006). Different polymorphisms have been
found in Rhesus FcyRIll including position 229 which is either methionine (M229) or valine
(V229) and at position 233 which is either Isoleucine (1233) or valine (V233), but it is unclear if
these differences have biological effects (Miller et al., 2007). According to the graphed data
from this experiment, Rhesus 3A-1 and Rhesus 3A-3 bound the same antibody subtypes as
Human 3A, including Human IgG1_SEK and IgG1_AAA, Human IgG3, and Rhesus IgG1_AAA, but
with weaker binding affinity (Figure 2). Additionally, according to the EC50 values, both Rhesus
3A variants were able to bind these four antibody types with significant strength, around the
same or better than the Human 3A binding (Figure 3). This demonstrates that Rhesus 3A may
be stronger binders than Rhesus 2A which were not able to bind as many antibody subtypes or
and demonstrated weaker binding with the ones they did bind to. Additionally, Rhesus 3A may
be even better at binding than Human 3A is. These experiments would need to be conducted
again to provide a better understanding, possibly with more of the 3A variants.

Overall, this study compared differences in FcR binding among several subtypes of
human IgG, human IgA and rhesus macaque IgG. 1gG1 has been shown to bind FcyRI, FcyRIl, and
FcyRIll (Hogarth et al., 2014; Nimmerjahn & Ravetch, 2006; Schroeder & Cavacini, 2010), which
was confirmed during this study as both Human IgG1 variants (SEK and AAA) as well as the

Rhesus IgG1_AAA bound at least one allelic variation for both the human and rhesus FcyRIl and
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FcyRIIl, except for Human IgG1_SEK. The Human IgG1_SEK was the exception because the EC50
values for binding every Rhesus 2A receptor allelic variant was greater than 50ug/mL,
representing weak binding. The graphs of Human IgG1_SEK binding Rhesus 2A however, do
demonstrate some binding, so it may be possible that they did bind but just very weakly and
need to be tested again. These antibodies can also have polymorphisms that have also been
shown to affect binding to specific FcRs (Kaneko & Niwa, 2011). For example, the extracellular
domains of FcyRIIA and FcyRIIB have about 93% homology which makes it difficult to engineer
Fc regions that enhance FcyRIIA binding specifically, but a human IgG1 mutation of position 236
from glycine (G236) to alanine (A236) has been shown to enhance binding affinity selectively
for FcyRIIA (Kaneko & Niwa, 2011; Presta et al., 2002). The human IgG1 residues determined to
interact with all FcyRs directly are L234-P238, A327, and P329, possibly D265, while the
positions that influence the nature of carbohydrate nature or position are D265 and N297
(Shields et al., 2001) so allelic variants of IgG1 altering any of these amino acids are likely able
to affect binding in some way. These IgG polymorphisms are also important for understanding
mAb therapy and the implications of synthetic antibodies such as IgG1_AAA, which may
possibly have some residues in the binding region altered.

IgG2 is thought to only bind FcyRIIA, specifically FcyRIIA-H131 (Hogarth et al., 2014;
Schroeder & Cavacini, 2010). In this experiment no FcRs bound IgG2 to a significant degree,
even Human 2A-H131, which means that it may be possible that the stock of 1gG2 tested was
degraded in some manner, and these experiments should be repeated with a new stock to
confirm. 1gG4 has been shown to bind poorly to FcyRIl and FcyRIIl but the monomeric form

binds readily to FcyRI (Hogarth et al., 2014; Schroeder & Cavacini, 2010). My results were
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consistent because 1gG4 did not bind significantly to any of the FcRs | tested, and FcyRI was not
tested. Because neither IgG2 nor IgG4 bound any FcR there is no way for us to know if there
was some structural or experimental error with these antibody subtypes. In order to verify that
the results for these antibodies are accurate, we would need to have a positive control. For
IgG4 the simplest method would be to test it with FcyRI, but for IgG2 because it is thought to
only bind FcyRIIA-H131 and it did not bind that receptor in this experiment, we could possibly
use another sample of that FcR type, or a higher concentration of it for a future experiment.

In this experiment IgA demonstrated significant binding only with Human CD89 and
Human CD89-D113, as expected (Wu et al., 2007). In future experiments it would be interesting
to test both human IgAl and IgA2 alongside rhesus IgA in order to determine differences in
binding between them. More FcaRl allelic variants aside from CD89-D113 would also be
interesting to study, primarily to understand their relationship to effector functions elicited by
these receptors. There are important implications on the integrity of mucosal barriers against
foreign antigens to prevent disease.

Rhesus macaques have IgA as well as four IgG subclasses (1gG1, 1gG2, 1gG3, and 1gG4),
similar to humans (Scinicariello et al., 2004). While Rhesus IgA demonstrates high levels of
intra-species polymorphisms, the IgG subtypes lack the extensive sequence diversity found in
humans, differing from each other and human IgG primarily at the lower hinge region which
binding low-affinity FcyRs (Scinicariello et al., 2004). The macaque IgG subclasses seem to be
identical human IgG1 in the lower hinge region and neighboring segments aside from Gly237 in
macaque 1gG3 and IgG4 (Hogarth et al., 2014). Macaque IgG subclasses also all showed similar

receptor binding but subclasses responded differently when using whole cells expressing FcyRs
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in experimental models (Hogarth et al., 2014). In addition to the lack of sequence diversity in
macaque IgG subclasses, other aspects of FcyR binding regions are different compared to those
of human IgG, including that the hinge of macaque IgG3 is encoded by a single exon while that
of humans is encoded by multiple exons, resulting in a shorter IgG3 hinge region in macaques
that is likely similar in length to the other subclasses (Scinicariello et al., 2004). Macaque IgG4
also exhibits significant structural differences from humans, which likely alter the function of
the molecule (Hogarth et al., 2014). In this experiment, only one rhesus antibody was used, the
synthetic IgG1_AAA, which bound the same FcRs as did Human IgG1_AAA. This result would be
expected because the macaque subclasses have shown to be similar to human IgG1 in many
ways, and both of these two antibodies specifically were synthetic. It would be interesting in
future experiments to expand this study and test multiple rhesus antibodies alongside human
antibodies in order to note differences in their binding to FcRs, especially because many of
these binding interactions have yet to be significantly characterized.

These results demonstrate that ELISA assays using this set-up are capable of measuring
the strength of binding between variants of FcRs and antibodies, and characterizing the
interactions between these molecules. There are several discrepancies between my results and
those published in the literature, including Human 2A-R131 binding Human IgG1_SEK, Human
IgG1_AAA, Human IgG3, and Rhesus IgG1_AAA stronger than Human 2A-H131. Additionally,
none of the Rhesus 2A variants bound IgG2, which would be expected based on the literature.
To clarify these results, more experiments will need to be run using different sources of
antibodies and FcRs as well as both through ELISA binding and as immune complexes

suspended in solution. Future work will be needed to determine the effect that newly
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discovered polymorphisms and antibody modifications, including synthetic alterations such as
the IgG1_AAA backbone, have on FcR activity. These results will also need to be compared with
subsequent effector functions produced by immune cells to ultimately understand how FcR
variations affect immune responses and in both humans and rhesus macaques. Overall, this
ELISA protocol is a promising method for better characterizing the binding between FcRs and
antibodies. A better understanding of these interactions will aid the development of
therapeutic antibody treatments and the interpretation of study data involving immune

effector functions elicited from antibodies in both humans and rhesus macaques.
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