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Abstract

Fc gamma receptors (FCGRs) are immune cell surface proteins that bind IgG and facilitate
cytokine production, phagocytosis, and antibody-dependent cell-mediated cytotoxicity. FCGRs
play a critical role in immunity; variation in these genes is implicated in autoimmunity and other
diseases. Cynomolgus macaques are an excellent animal model for many human diseases, and
Mauritian cynomolgus macaques (MCMs) are particularly useful due to their restricted genetic
diversity. Previous studies of MCM immune gene diversity have focused on the major
histocompatibility complex (MHC) and killer cell immunoglobulin-like receptor (KIR). Here we
characterize FCGR diversity in 48 MCMs, using PacBio long-read sequencing to identify novel
alleles of each of the four expressed MCM FCGR genes. We also developed a high-throughput
FCGR genotyping assay, which we used to determine allele frequencies and identify FCGR
haplotypes in more than 500 additional MCMs. We found three alleles for FCGR1A, seven each
for FCGR2A and FCGRZB, and four for FCGR3A,; these segregate into eight haplotypes. We also
assessed whether different FCGR alleles confer different antibody binding affinities by surface
plasmon resonance, and found minimal difference in binding affinities across alleles for a panel of
wild type and Fc-engineered human IgG. This work suggests that although MCMs may not fully
represent the diversity of FCGR responses in humans, they may offer highly reproducible results
for monoclonal antibody therapy and toxicity studies.

Introduction

Fc gamma receptors (FCGRs) are cell surface glycoproteins that bind to the Fc region of
IgG antibodies. Expressed on monocytes, macrophages, neutrophils, natural Killer cells,
dendritic cells, mast cells, and B cells, FCGRs couple the specificity of antibody responses
with cell-mediated immunity. Antigen-specific 1gG binds to FCGRs, which trigger a variety
of responses, including cytokine production, phagocytosis, and release of cytotoxic granules
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(1). Antibody-dependent cell-mediated cytotoxicity (ADCC) is an FCGR-facilitated process
in which NK cells destroy antibody-bound cells, and is thought to be the mechanism of
action for monoclonal antibodies (mAbs) such as rituximab and trastuzumab used to treat
cancer (2—-4). FCGRs expressed on monocytes and macrophages also facilitate phagocytosis
of tumor cells in the presence of certain monoclonal antibodies (5).

Humans have six classical FCGRs encoded by genes on chromosome 1 — the activating
receptors FCGR1, FCGR2A, FCGR2C, FCGR3A, and FCGR3B, and the inhibitory receptor
FCGR2B. Also included within the broader FCGR family of receptors are the neonatal
FCGR (FCGRT), and FCRL5 and TRIM21 (6). All bind 1gG at the cell surface, except for
FCGRT and TRIM21, which bind IgG intracellularly (6); for this reason we focus on
FCGR1, FCGR2, and FCGR3 as they have been shown to interact with and facilitate the
effects of mAbs (4). The activating receptors trigger the pro-inflammatory responses
described above. The inhibitory FCGR2B dampens activating FCGR responses by inhibiting
cytokine release and antibody production, inhibiting T cell stimulation and migration, and
increasing the B cell activation threshold (1).

Variation in human FCGR genes alters receptor affinity for IgG. Each FCGR allotype has
different affinities for the different 1gG subclasses, which has implications for monoclonal
antibody therapy design (7, 8). Genetic variation within FCGR genes can also result in
altered susceptibility to infection and autoimmunity. Single nucleotide polymorphisms
(SNPs) that increase activating receptor affinity for 1gG tend to decrease susceptibility to
infection, as do SNPs that reduce FCGR2B affinity for IgG (1). Variations in FCGRs are
also associated with several specific disease phenotypes. The FCGR2A H131R
polymorphism has been associated with an increased rate of progression to AIDS, increased
risk of developing systemic lupus erythematosus, and a decreased risk of contracting malaria
(9). The FCGR3A F158V polymorphism has been associated with a decreased risk for
bloodstream infections following liver transplantation as well as an improved response to
rituximab in follicular lymphoma patients (3, 10).

Macaque monkeys are crucial in modeling human disease processes, as they are
anatomically and genetically very similar to humans, and mount similar immune responses.
Macaque models for HIV infection and progression to AIDS, using simian
immunodeficiency virus (SIV), are widely used in research, as are macaque models for
organ transplantation (11). Macaques are also used in preclinical and clinical studies
assessing toxicity of mAb therapies and other drugs (4, 12). Given the known role of
immune gene polymorphisms in disease and treatment outcomes, well-controlled animals
studies must take into account immune gene diversity.

FCGR variation has been previously characterized in rhesus macaques (Macaca mulatta,
“Mamu?), but only limited studies have been published for cynomolgus macaques (Macaca
fascicularis, “Mafa”) (13-15). Mauritian cynomolgus macaques (MCMs) are particularly
important for studies where immunogenetics may impact outcome, as they are relatively
recently descended from a small founder population, which has led to limited genetic
diversity (16, 17). Other immune genes, including the major histocompatibility complex
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(MHC) (18) and Killer cell immunoglobulin-like receptor (KIR) (19) genes, have been well-
characterized in this population.

Macaques have four expressed FCGR genes — FCGRIA, FCGRZA, FCGRZB, and FCGR3A
(13, 20). In the cynomolgus macaque reference genome Mafab, FCGRZA, 3A, and 2B are
located within 110 kilobases of each other on chromosome 1; FCGRI1A is located over
12,000 kb downstream (Figure 1). Cynomolgus macaques express higher levels of FCGR2B
on granulocytes, but expression patterns of these genes on different cell types are otherwise
consistent between macaques and humans (20). Cynomolgus macaque FCGR2B also has
been found to bind 1gG2 with greater affinity than human FCGR2B, thought to be due to the
presence of a histidine, rather than arginine as seen in humans, at amino acid 131.

Here, we present the first comprehensive characterization of FCGR alleles in MCMs. Using
Pacific Biosciences (PacBio) long-read sequencing, we identified full-length alleles of each
FCGR gene. We then used the PacBio data to infer haplotypes across FCGR2A, FCGRZ2B,
and FCGR3A. To assess allele frequency in the MCM population, we genotyped 553
individuals using a high-throughput sequencing assay and found that the majority of our
animals fell into one of eight common haplotypes. Interestingly, an antibody binding screen
revealed that the different allele variants exhibit relatively similar affinities for a variety of
IgG constructs. The screening panel included both wild-type and Fc-engineered human 1gG
used in drug discovery investigations of therapeutic antibodies, particularly biologics used in
immuno-oncology research. While these findings may not reflect the variability of human
FCGR responses attributed to allele polymorphisms, our data suggest that a single panel of
representative FCGRs should be sufficient to represent the MCM population when
evaluating FCGR interactions /n vitro and lessens the need for complex study groups when
using MCMs for preclinical animal model studies.

Materials and Methods

Animals and samples

Pacific Biosciences (PacBio) sequencing was performed for 48 MCMs — 22 using whole
blood samples, and 26 using purified splenocytes or peripheral blood mononuclear cells.
Sixteen of these animals were housed at the Wisconsin National Primate Research Center
(WNPRC, Madison, WI), and 32 were housed by Bristol-Myers Squibb. Whole-genome
sequencing (WGS) or whole-exome sequencing (macaque exome sequencing, “MES”) was
previously performed for the 16 WNPRC animals used for PacBio sequencing (19, 21).
MiSeq genotyping was validated with the 48 animals used for allele discovery, and was
performed for 553 additional animals provided by Bioculture (Mauritius) and other primate
centers. All animals were cared for according to the regulations and guidelines of the
Animal Care and Use Committees at their respective institutions (WNPRC, Bioculture,
AlphaGenesis, Oregon National Primate Center).

Sample preparation for long-read PacBio sequencing of FCGR cDNA transcripts

RNA purification was performed on each sample using the Maxwell® 16 LEV simplyRNA
Purification Kit (Promega, Madison, WI, USA). cDNA synthesis was performed from RNA
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using the SuperScript® First-Strand Synthesis System (ThermoFisher Scientific, Waltham,
MA, USA).

PCR primers were designed to anneal to highly conserved untranslated regions of each
FCGR gene (Supplemental table I). A post-hoc analysis of the priming sites was performed
using WGS of 18 MCM. Of the eight priming sites, six showed no polymorphisms in the
genome/exome sequencing dataset. There was a C/T polymorphism seen in the FCGR2A
reverse primer (second base from the 5’ end) and a G/C polymorphism in the FCGR1
reverse primer (fourth base from the 5” end). As these SNPs are located far from the 3’ end
of the primer, it is unlikely that they would have biased amplification. Standard 16 base-pair
PacBio multiplex barcodes were added to the 5’ end of each primer (Pacific Biosciences,
Menlo Park, CA, USA).

In addition to the amplicons listed in Table I, we also attempted to amplify, but did not find,
a macaque FCGRZ2C by using the forward primer for FCGRZ2B and the reverse primer for
FCGRZA, as FCGR2C in humans is a fusion of the 5’ end of FCGRZ2B and the 3’ end of
FCGRZ2A.

PCR amplification was performed using the Phusion® High-Fidelity PCR Master Mix (New
England BioLabs, Ipswich, MA, USA). PCR products were purified using two rounds of the
Agencourt AMPure XP PCR purification system (Beckman Coulter, Brea, CA, USA) and
quantified using Quant-iT dsSDNA HS Assay Kit (Life Technologies, Grand Island, NY,
USA) and a DTX 800 plate reader (Beckman Coulter, Brea, CA, USA). Equimolar ratios of
PCR samples were pooled, and two additional rounds of AMPure purification were
performed to further concentrate the samples.

Two separate pools were submitted to the University of Washington PacBio Sequencing
Services. SMRTbell™ libraries were created from the samples using the PacBio 2-kb
Template Preparation protocol for circular consensus sequencing (CCS), which allows each
insert to be sequenced multiple times to ensure accurate base calling. Using the PacBio DNA
Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA, USA), the PCR products were
end-repaired and hairpin adapters were added via blunt end ligation to create SMRTbell™
templates. Failed ligation products were removed using Exonucleases Il and IV. The
SMRTbell™ products were purified using AMPure PB beads (Pacific Biosciences, Menlo
Park, CA, USA). The two libraries were sequenced on the PacBio RSII system using P6C4
sequencing chemistry.

Long-read PacBio sequencing data analysis

PacBio reads of insert were generated using the PacBio SMRT Analysis Pipeline (version
3.1.1), and were quality filtered using the USEARCH (version 9.2) fastq_filter command.
Reads were clustered into operational taxonomic units (OTUs) using USEARCH and open
reading frames were found using the USEARCH fastx_findorfs command. USEARCH-
based OTU clustering creates representative sequences by collapsing reads that are 97%
identical. Parameters were set so that the ORF contained the terminating stop codon
(orfstyle=12) and the size was above the minimum number of codons necessary for each
locus (350, 267, 300, and 230 for FCGR1A, 2A, 2B, and 3A respectively). Clusters that had
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fewer than two reads were removed, and chimeras and sequencing errors were identified and
removed using the USEARCH unoise2 and fastx_uniques commands.

To filter out reads matching known FCGR alleles, we used bbmap (version 36.86) to map
reads to the FCGR reference database. This database contains existing GenBank sequences
for cynomolgus macaque FCGRs, including two FCGRI1A, three FCGRZA, two FCGRZB,
and two FCGR3A alleles. Reads that exactly matched alleles in the database (100%
sequence identity) were removed. The remaining unmapped reads were manually validated
by aligning them to known sequences and identifying mismatches and splice variants (based
on insertions/deletions compared to known alleles). Reads for individual animals were
mapped against known and novel alleles using Geneious R9 to count the number of reads
mapping perfectly to putative novel alleles. Alleles were provisionally deemed legitimate if
they appeared as one of the two most prevalent alleles in at least one MCM, with the support
of at least three reads, and with read counts roughly in proportion with the other most
common allele for that subject, should one exist. Additionally, some provisional alleles were
deemed PCR artifacts and discarded if they appeared to have insertions or deletions
compared to legitimate alleles, only appeared in MCMs that had those particular legitimate
alleles, and represented what appeared to be “third” alleles for some of those MCMs.

Establishing a standardized nomenclature for macague FCGR sequences

Existing macaque FCGR sequences have an inconsistent nomenclature that complicates
comparisons of sequences identified across different studies. To address this, we established
a simple syntax for describing FCGR alleles in MCMs, which can be applied more broadly
across all macaque species.

Nucleotide-distinct transcript sequences were named in the form Mafa-FCGR1A:01:02/X01.
Mafa —indicates that the species in question is Macaca fascicularis.
FCGRIA - indicates to which of the four FCGR genes the allele belongs.

01 - identifies which protein the allele belongs to; each protein is differentiated from the
rest by at least one amino acid difference.

02— identifies alleles for the same protein that are differentiated by synonymous nucleotide
changes.

X01 - refers to the splice variant/isoform, typically numbered from most to least abundant.

There are six additional cynomolgus macaque FCGR alleles listed in GenBank that were not
found in our allele discovery sampling. These additional alleles include one FCGR1A allele
(NM_001284040), three FCGRZA alleles (NM_001283669/AF485813, XM_005541169,
and AB169139), one FCGRZ2B allele (NM_001284131/AF485814), and one FCGR3A allele
(NM_001283192/DQ423377).
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Whole genome sequencing (WGS) of MCMs

In this study, we used 18 previously-published MCM WGS datasets to aid in primer design,
validate PacBio allele discovery, add to our allele frequency estimation, and evaluate an
intron for an alternative splice site. The WGS datasets were generated by Ericsen et al. (21),
using 18 male MCMs housed at the WNPRC. The macaque exome sequencing (MES) data
was produced by Prall et al. (22). Variants were then called against the
Macaca_fascicularis_5.0 reference genome (23).

High-throughput FCGR genotyping using the lllumina MiSeq

High-throughput deep sequencing of diagnostic gene fragments is a cost-effective method
for genotyping complex immune genes, such as the MHC (18). We developed an analogous
method for FCGR genotyping using the MiSeq platform (lllumina, San Diego, CA, USA).
The genotyping assay was developed to sequence FCGR1A exon 4, FCGRZA exons 3 and 4,
FCGRZB exon 4, and FCGR3A exon 3 (using PCR amplicons prepared from genomic
DNA), as our PacBio allele discovery results indicated that these amplicons were sufficient
to distinguish between known non-synonymous alleles in MCMs.

We attempted to select PCR priming sites in highly conserved regions of the introns to
minimize the potential for biased amplification (Supplemental table I). To avoid intronic
SNP sites, the forward primer for FCGR1 exon 4 ends 1 bp into the exon, and the reverse
primer ends 4 bp into the exon. According to an analysis of the 18 MCM WGS datasets,
there were no polymorphisms in any of the genotyping primer sites. Fluidigm Access Array
CS1 and CS2 adapters were added to the 5’ ends of each primer to enable the addition of
barcode identifiers during PCR (Fluidigm, South San Francisco, CA, USA).

Genomic DNA was purified from blood and PBMC samples using Promega Maxwell 16
LEV Blood DNA kits. PCR amplification of the gDNA was performed using the Phusion®
High-Fidelity PCR Master Mix. Reactions for each animal contained a final concentration of
0.0125 pM of each site-specific FCGR primer with CS1 or CS2 adapters attached
(Supplemental table 1) and 0.1 uM of two unique Illumina barcode primers. During PCR
cycling, the barcode 1Ds are added as tags to the ends of the FCGR amplicons, serving as a
unique identifier for each MCM. After validation studies with individual PCR reactions for
animals with known FCGR genotypes, multiplex PCR reactions were performed using the
Fluidigm Access Array system. The resulting amplicons were pooled and purified with
Agencourt XP SPRI beads (Beckman Coulter, Brea, CA, USA) prior to deep sequencing on
an Illumina MiSeq.

Data analysis for high-throughput genotyping assay

Illumina MiSeq read data was binned by barcode identifier and then merged using the flash
merger tool (24). Geneious was used to map the reads for each sample against the database
of known FCGR alleles (including both known sequences found in GenBank and new alleles
found in this study), requiring exact matches to the database sequences. A Python script was
applied to the Geneious mapping output to generate a table listing the number of reads for
each sample corresponding to each known allele. This table was manually evaluated to
assign genotypes to each individual for each gene.
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Haplotyping
We inferred haplotypes across FCGRZA, FCGRZB, and FCGR3A using an algorithm which
assigns haplotypes to each individual in a population such that the lowest number of total
haplotypes (and ancestral recombinations) is required (25). The algorithm is traditionally
applied to genotype data composed of a series of unphased SNPs for each individual. Our
genotype data has phased the SNPs within each gene, so we instead applied the algorithm
across the three genes in order to phase the full-length alleles for each locus into unified
haplotypes.

The algorithm first identifies individuals who are homozygous at all three loci. For these
individuals, only one possible haplotype can explain both chromosomes, and so that
haplotype is considered established and is assigned to each of those individuals. The same
process is next applied to individuals who are heterozygous at a single locus. These
individuals’ genotypes can also be explained by a single pair of possible haplotypes, and
these are added to the list of established haplotypes.

The remaining individuals are heterozygous at two or more loci, and their genotypes are
then evaluated using the list of established haplotypes. If an established haplotype can
explain one chromosome of an individual, it is assumed that they have that haplotype plus
one novel haplotype explaining the remaining alleles. The novel haplotype is added to the
list of haplotypes, and the process is repeated until all individuals have haplotype
assignments.

Immunoglobulin binding assay

Surface plasmon resonance (SPR) studies were performed on a Biacore T100 and/or T200
instrument (GE Healthcare, Chicago, IL, USA) at 25°C in 10 mM NaPO4, 130 mM NacCl,
0.05% p20 (PBS-T) (pH 7.1). To study the binding of 1gG to FCGR variants, Fab fragments
from a murine anti-6xHis Ab (generated in-house) were immobilized on a CM5 sensor chip
using ethyl(dimethylaminopropyl) carbodiimide/NHS to a density of ~3800 RU. His-tagged
constructs for the extracellular domains of 14 distinct FCGR1A, FCGR2A, FCGRZ2ZB, and
FCGR3A sequences were expressed in human epithelial kidney (HEK) cells. The FCGR-
containing supernatants were concentration-normalized and captured via the his-tag using a
contact time of 30 seconds at 10ul/min and to a total capture level of 200-600 RU. The
binding of a diverse panel of wild type and engineered recombinantly produced human IgG
isotypes were screened at 1 uM concentration with a 120-second injection at 30 ul/min and
regeneration back to baseline between binding cycles was performed by 2 x 15 second
injections of 10 mM glycine-HCL pH1.5. The screening assay was analyzed by determining
the percent of theoretical maximum binding response for each antibody based on the level of
captured FCGR from the supernatant, assuming 100% fractional activity and only taking
into account protein mass without glycosylation. Apparent KD values were determined for
representative 1gG isotypes binding to select FCGR2A proteins by analyzing the steady state
binding level of a 2-fold serially diluted titration of antibody starting at 10 uM in the same
capture assay format. The data were analyzed using the Biacore T200 Evaluation software
(GE Healthcare). Replicates of select IgG/FCGR interactions were performed to ensure the

J Immunol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haj et al.

Results

Page 8

reproducibility of our reported data; however, the collective SPR dataset was not acquired in
a manner that would enable robust statistical analysis.

FCGR allele discovery

To identify novel MCM FCGR alleles, we analyzed PacBio sequence data for 48 MCMs to
identify the common alleles for the FCGR1A, FCGRZA, FCGR2B, and FCGR3A genes. All
alleles are listed in Table I and can be found in GenBank (nchi.nlm.nih.gov/genbank/).

We identified three full-length alleles for FCGR1A (Figure 2A), which encode two distinct
proteins. One of these alleles, FCGR1A.01:02, matched an existing cynomolgus macaque
GenBank sequence. The other two alleles were novel, with one encoding the known
FCGR1A protein with a synonymous variant and one encoding a distinct FCGR1A protein
with a single amino acid change located in the extracellular domain of the receptor.

We identified seven novel full-length alleles for FCGR2A (Figure 2B), each of which
encodes a distinct protein. Across the transcript, we found fourteen polymorphic amino acid
sites, including one in the peptide leader sequence, eight in the extracellular domain, one in
the connecting region, one in the transmembrane domain, and three in the cytoplasmic
region. Among the MCM FCGR genes, FCGRZA was found to have the greatest degree of
polymorphism.

We also identified seven novel full-length alleles for FCGRZ2B (Figure 2C). Together, these
encode two distinct novel proteins. FCGRZ2B has two polymorphic amino acids, both of
which are located in the extracellular region. This pair of FCGRZ2B variants is analogous to a
pair of SNPs identified previously in cynomolgus macaques (14).

Finally, we identified four full-length alleles for FCGR3A (Figure 2D), encoding two
distinct proteins. Three of these alleles, and one of the proteins, were novel; the allele
FCGR3A:02:01 matched the GenBank sequence AF485815. The polymorphic sites
differentiating the two proteins are located in the extracellular domain, and the
nonsynonymous variant corresponds to a SNP that was also identified previously (14).

Splice variants

We next used the PacBio cDNA transcript sequences to evaluate splice variants for each
gene and assess isoform abundance for each allele. In most cases, splice variants in each
FCGR gene are not closely associated with particular alleles. For FCGR1A and 3A, the X01
isoform comprised over 90% of reads. However, the two most common isoforms of
FCGR2B are expressed in roughly equal proportion for all alleles. The X01 isoform has an
additional 19 amino acids in its cytoplasmic region compared to the X02 isoform,
corresponding to presence or absence of exon 5 sequences in the mature transcript. The X01
isoform represented about one third of all FCGR2B isoform reads, while the X02 isoform
represented about half.
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Notably, the FCGRZA.01, 04, 05, 06, and 07 alleles predominantly expressed isoforms X02,
X04, and X07, which comprised 99% of all isoform reads for these alleles. These isoforms
include an additional 5 amino acids prior to the connecting region compared to the
FCGRZA:02and 03alleles that exclusively expressed isoforms X01, X03, and X05, which
lack those 5 amino acids. To determine why this dichotomy exists, we looked to our
WGS/MES datasets, which revealed a T to G nucleotide substitution in the intron sequence
just prior to exon 5 of FCGRZA (Supplemental figure 1). This mutation is in perfect linkage
disequilibrium with the SNPs in exon 5 that differentiate the alleles. In our datasets, the
FCGRZA:01, 04, 05, 06 and 07 alleles always have an AG dinucleotide 15 base pairs
upstream from the typical start site of exon 5. This creates an early splice site not seen in the
FCGRZA:02and 03alleles, which have an AT at this locus. The lack of an early splice site
makes these alleles more similar to known rhesus macaque and human FCGRZ2A alleles.

FCGR genotyping assay

Haplotypes

To streamline FCGR genotyping we developed a high-throughput assay that can be
performed on a large number of animals. We determined that SNPs sufficient to differentiate
all MCM FCGR alleles with nonsynonymous variation can be identified by sequencing only
five exons across all four genes. We used WGS/MES data from our MCMs to develop
primers (Supplemental table 1) in the introns flanking FCGR1A exon 4, FCGR2A exons 3
and 4, FCGRZB exon 4, and FCGR3A exon 3, and incorporated these into our standard
MHC Fluidigm panel in order to generate FCGR amplicons for sequencing (26). These were
then sequenced on an Illumina MiSeq, and the genotyping assay was validated using the
same 48 animals that we characterized by PacBio sequencing.

We sought to infer haplotypes across FCGRZA, FCGRZB, and FCGR3A, which are located
close to one another on chromosome 1, within a span of ~110 kb (Figure 3). We anticipated
that the proximity of these genes would lead to a high degree of linkage disequilibrium —
that is, they should be inherited together, and a relatively small number of allele
combinations, or haplotypes, should exist. Although FCGRI1A is also on chromosome 1, it is
~12,120 kb away from FCGRZ2A. Over approximately 100 generations since the original
cynomolgus macaques were introduced to Mauritius, recombination between the FCGR1A
and the rest of the FCGR cluster makes it difficult to discern the ancestral haplotypes for the
extended FCGR region.

We applied our haplotyping algorithm, described above, to 553 MCMs for which we had
data covering FCGRZA, FCGRZ2B, and FCGR3A. Most of this data was from the MiSeq
genotyping assay.

We began by identifying animals in the PacBio dataset that were homozygous at each gene;
their haplotypes were unambiguous and therefore served as a launching point for
determining the haplotypes of the others. Two animals (cy0333 and B5_075) carried
identical homozygous alleles, and we designated this combination the F3 haplotype. Another
animal (cy0320) was also homozygous at each gene, and we designated this combination the
F6 haplotype. Subsequently, we identified animals that were heterozygous for either the F3
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or F6 haplotype — one chromosome could be explained by these haplotypes, and based on
this the other could be inferred. Based on the F3 haplotype, we were able to identify three
additional haplotypes (F1, F2, and F4); based on F6 we were able to identify one additional
haplotype (F5). Repeating the process using the F1-6 haplotypes as our established
haplotypes, we identified two more (F7 and F8). The remaining haplotypes identified were
consistent with recombination events between the eight ancestral haplotypes.

With the exception of FCGR2A:02:01, which is found in two of the eight ancestral
haplotypes, each FCGR2ZA allele is overwhelmingly associated with a unique combination
of FCGRZBand FCGR3A alleles (Figure 3). For example, among the eight haplotypes, the
FCGR3A:01.01 and FCGRZB:01.01 combination is only associated with the FCGR2A:
01:01 allele; all other instances of this pair co-occurring with a different FCGR2A allele
were deemed to be recombinant haplotypes. Of the 553 haplotypes we analyzed, 94% were
consistent with the eight most prevalent combinations of proteins, with the remainder
consistent with simple recombination events.

Immunoglobulin binding assays

To determine whether FCGR variants demonstrate different binding affinities for 1gG
antibodies, an antibody binding screen was performed. Structure-based modeling to identify
FCGR/Fc contact and proximal regions indicated that none of the polymorphic FCGR amino
acids are direct FCGR/Fc contact residues, although some are proximal to the predicted
contact residues (data not shown). Based on the allele discovery studies described above,
His-tagged constructs for the extracellular domains of 14 distinct FCGR1A, FCGRZA,
FCGRZB, and FCGR3A sequences were expressed in HEK cells, and tested for IgG binding
by SPR.

The SPR screening assay captured His-tagged FCGRs out of cell culture supernatant and
onto Biacore sensor chip surfaces containing immobilized anti-His-Fab fragments; purified
IgG analytes were then bound to the FCGR molecules (Supplemental figure 2). We used a
diverse panel of wild-type and engineered human 1gG isotypes to represent the diversity of
therapeutic 1gGs that are currently in exploratory and clinical development for a variety of
disease indications (Table Il). Representative FCGR1A, FCGR2A, FCGR2B, and FCGR3A
proteins were also expressed at a larger scale and were purified for comparison. The
expression and purification of FCGR2A, FCGR2B, and FCGR3A were typical for well-
behaved His-tagged proteins, and SPR data demonstrated comparable binding for purified
and unpurified receptors (Figure 4, Supplemental figure 2). In contrast, FCGR1A
demonstrated low expression and the purified protein was prone to aggregation and had low
fractional activity (Supplemental figure 3).

Because FCGR2A, FCGR2B, and FCGR3A all demonstrate fast association/dissociation
kinetics and steady state binding, the relative binding of different 1gG isotypes can be
compared by analysis of the binding response as a percentage of the mass-normalized
theoretical maximum binding response (%6Rmax). As expected, the different wild-type and
engineered 1gG isotypes demonstrated different FCGR selectivities (Figure 4, Supplemental
figure 2). However, the differences in binding among the allelic variants for a given FCGR
were modest. To further quantitate any differences in binding, antibody titrations were
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performed for some of the FCGR2A interactions that demonstrated the largest differences in
%Rmax in the screening data. For these titrations, the apparent KD values for wild type
IgG1 and 19gG2-B varied by 1.5-fold or less among the different FCGR2A variants (Figure
4D). The apparent KD values for the engineered IgG, such as V9, V12, and GASDALIE,
showed slightly larger differences, but still varied by less than 3-fold for a given IgG.
Collectively, these data show that the allelic variations in the MCM FCGR proteins have a
very modest impact on the binding affinity to a wide range of wild type and Fc-engineered
IgG, which is in contrast to human FCGR variants which can have 1gG binding affinities that
differ by five-fold or more for wild type 1gG, and as much as 20-fold for some engineered
variants such as V12 (27, 28).

Discussion

Due to their restricted genetic diversity, MCMs offer a more reproducible model for
biomedical research than non-Mauritian cynomolgus macaques. Here we characterized
FCGR allelic diversity in MCMs, using a combination of PacBio long-read sequencing,
Illumina MiSeq genotyping, and WGS/MES to define full-length allele sequences and
haplotypes as well as determine allele frequencies.

Variation in FCGR genes can produce receptors with varying affinities for 1gG, leading to
different susceptibilities and responses to disease. We identified polymorphic sites in each of
the four FCGR proteins’ extracellular domains; these regions are the most likely to directly
impact receptor binding to I1gG.

FCGRs are likely responsible for the effects of monoclonal antibody (mAb) cancer
therapies, such as rituximab and trastuzumab, due to their role in triggering antibody-
dependent cell-mediated cytotoxicity (ADCC). Polymorphisms in human FCGRs,
particularly FCGR2A H131R and FCGR3A F158V, have been found to impact the
effectiveness of mAb therapies (4, 44). We identified just eight ancestral haplotypes across
the FCGRZA, FCGRZ2B, and FCGR3A genes, which could simplify efforts to design
balanced experimental cohorts of MCMs. Analogous control of experimental groups with
other more diverse macaque species, especially rhesus macaques, is virtually impossible.
However, we found that MCM FCGRs showed minimal differences in antibody binding
affinity, and substantially less variability than reported for human FCGR polymorphisms
(27, 45). In vitro mAb studies using MCM FCGRs can therefore be simplified by testing
antibody binding to a standard panel of representative FCGR proteins rather than a full panel
representing all MCM FCGRs. Furthermore, while MCMs may not reflect the full diversity
of human FCGR binding affinities, they may serve as highly reproducible models for in vivo
mADb therapy studies. Our work suggests that for preclinical and toxicology studies, time-
consuming and costly FCGR haplotyping required for creating balanced study cohorts may
not be necessary when using MCMs, which would simplify and streamline experimental
design.

Our use of PacBio long-read sequencing to sequence full-length alleles allowed us to
identify phased SNPs within each gene, a difficult task with shorter sequence reads that
require assembly. To confirm that our PacBio sequencing was unbiased and comprehensive,
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we compared our data to whole-genome sequences. For FCGR1A and FCGR3A, the PacBio
data encompassed all alleles and SNPs found in the WGS data. For FCGR2A and FCGRZB,
however, we could not map WGS reads uniquely to either gene in exons 3 and 4 due to the
homology between the extracellular domains of the two genes. Long-read sequencing that
spans entire alleles eliminates this problem.

While our sample size was large, the majority of our animals originated from a single vendor
(Bioculture Mauritius) and allele frequencies may differ somewhat for MCMs from different
suppliers. Our dataset also may not encompass the entirety of all MCM FCGR variation
since PacBio long-read sequencing was only performed for 48 individuals (96
chromosomes), and our MiSeq genotyping assay is designed to only identify known, not
novel, alleles. However, because of the restricted genetic diversity of MCMs, any additional
FCGR alleles are likely to be exceedingly rare.

Although identifying copy number variations or polymorphisms in FCGR promoter regions
is beyond the scope of this work, this is an avenue for future research. The human G(-286)C
SNP found in the promoter region of FCGRZ2B is associated with higher levels of
transcription, and copy number variations have been found in the human FCGR3B,
FCGR2C, and FCGR3A genes (46, 47). Our methods also were biased against identifying
nonsense mutations that would lead to truncated proteins, either due to nonsense-mediated
mRNA decay or removal during our open reading frame analyses.

Future directions include PacBio sequencing of FCGRs from additional animals, which will
allow for both genotyping and ongoing novel allele discovery. We also plan to sequence
several whole macaque genomes using PacBio and Oxford Nanopore long-read sequencing
platforms, which will allow us to identify non-coding variation. Further research will also
focus on characterizing the binding affinities of each allele and the ability of each allele to
trigger ADCC (15), and our allele database will provide the basis for generating protein
constructs to study this. Additionally, it will be important to study the effects of
transmembrane and intracellular polymorphic residues on function. Studies of FCGR
expression level differences and their presence on difference cell subsets were beyond the
scope of this work, but will be important in confirming whether, as our work suggests,
FCGR haplotyping is not essential when using MCMs in preclinical and toxicology studies.
This research advances the development of MCMs as an important animal model for disease
modeling and for drug toxicity studies, and shows that their use can streamline preclinical
testing of biological therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Macaque FCGR family. Due to the proximity of FCGR2A, 3A, and 2B, linkage
disequilibrium occurs; FCGRI1A is located further away and is not frequently inherited with
the others. Locations are based on the Mafa5 reference genome.
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Mafa-FCGR1A: 01:01 . 01:02 02:01
Nucleotide
Region Exon variants Amino acid variants
C-like domain (D2) 4 C457A | a1sk |
Cytoplasmic 6 C984A - syn -
B.
Mafa-FCGR2A:
Nuclectide
Region Exon  variants Amino acid variants
Leader 1 G40A | ei4s | G148 | es |
G117A - syn R
C192T syn syn syn
C219T - syn syn
C-likedomain (D1) 3 T242G -
G258A - syn -
G303T -
G343A - - - V1151
C385A I P129T I - P129T P129T
G463A - A155T ‘ A155T A155T
A482T - kietl | | kel |
T484G - S162A - - -
C-likedomain (D2) 4 G505A I D169N I
C513T - syn - -
C537T syn syn syn
G582A - syn
T600C - - - syn
Connecting C662T - | T221tm | | T221m | R
s C669A - - - syn
Transmembrane T669G - - syn
G706A - I V236l | | V236l I - -
Cytoplasmic s TT790AA - - - ‘ F264N F264N F264N
C793G Q265E Q265E Q265E
CytoplasmicTAM 7 C928A l L310M L310M L310M
G930A syn
C.
Mafa-FCGR2B: 01:02 ores IEEE IEE
Nucleotide
Region Exon variants Amino acid variants
C405T syn syn
T509A 170K 170K
C-likedomain (D1) 4 A532G N178D N178D
A609G - syn syn
T627C - syn syn
Leader 7 C846T syn - syn
D.
Mafa-FCGR3A: 02:01 l 02:02
Nucleotide
Region Exon  variants Amino acid variants
Extracellular 3 A232C | s7er | | s7er |
Transmembrane 5 T738C - syn - syn
Figure2.
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FCGR polymorphisms by allele. Every possible nucleotide variant for each region is listed,
and the presence or absence of that variant for each allele is noted. If the variant is present
and causes a change in an amino acid, it is indicated; otherwise, if it is present but does not

change the amino acid at that position, “syn” is used to indicate a synonymous variant.

Nucleotides are numbered from the start of the leader peptide sequence using the longest

isoform. (A) FCGR1A polymorphisms; longest isoform is X02. (B) FCGR2A
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polymorphisms; longest isoform is X02. (C) FCGRZB polymorphisms; longest isoform is
X01. (D) FCGR3A polymorphisms; longest isoform is X01.
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FCGR Haplotype “_m F5 F6 F7 ‘ F8 ‘ Rec
FCGR Gene
FCGR2A 01:01 | | 02:01 | | 0301 | | 0401 0501 |o0601] |o07:01| | 02:01 X
FCGR3A 01:01 | | 02:01 | o101 | Jotor] ot02 foto1| | o202 o102 y
FCGR2B 01:01 | | 02:01 | |o202| | 01:02] o01:03 |o0201| |ot:04| | 01:05 z
FCGR Protein

FCGR2A 01 02 03 04 05 06 07 02 X
FCGR3A 01 02 01 01 01 01 02 01 y
FCGR2B I 01 02 02 01 I 01 I 02 01 01 z
Count 234 179 188 149 103 153 22 13 65

F':fffgg‘;ff) 21.2 16.2 17.0 13.5 9.3 13.8 2.0 1.2 5.9

Figure 3.

Summary of the alleles, and the proteins they form, comprising each FCGR haplotype.
“Rec” indicates recombinant haplotypes.
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Figure 4.
FCGR protein binding to fourteen different 1gG isotypes, with two different monoclonal

antibodies per isotype, was tested by surface plasmon resonance assay. SPR screening data
showing percentage of theoretical Rmax is shown for (A) FCGR2A, (B) FCGR2B, and (C)
FCGR3A. The sequences used to generate the 2A:01 protein were the same as the 2A:06
protein; likewise for 2A:04 and 2A:05. (D) KDgpparent Values are shown for representative
IgG isotypes binding to select FCGR2A proteins, obtained from 2-fold serially diluted 1gG
titrations on captured FCGR surfaces, fit to a 1:1 steady-state model.
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Table | —
Accession numbersfor FCGR alleles.

Accession numbers for each FCGR allele. Full sequences of each FCGR allele can be found in GenBank
(nchi.nlm.nih.gov/genbank/). Only 2 of the 21 listed here had been reported previously. One FCGR2B allele
(NM_001284131/AF485814) was found in GenBank but not in our samples — this allele was named FCGRZB:
03:01 in our naming scheme and was included in the antibody binding assays. Additional alleles found in
GenBank but not our samples (and not included in the antibody binding assay) were one FCGR1A allele
(NM_001284040), three FCGRZA alleles (NM_001283669/AF485813, XM_005541169, and AB169139), and
one FCGR3A allele (NM_001283192/DQ423377).

Transcript isoform

Mafa allele X01 X02 X03 X04 Splicevariant Previous accession #

FCGRI1A:01:01 KU852068 KU852969 del18V in X01 vs .

X02
FCGRIA:01:02 KU8S52970 KU852971 del18VX|82X01 vs AF485812 = X01
FCGRI1A:02:01 KU852072 KU852973 de'18vx'82X01 vs ;

del34A in X04 vs

FCGR2A:01:01 KU852974 KU852975 o ;
FCGR2A:02:01 KU852976 KU852977 de'34AXi(')‘1X°3 vs ;
FCGR2A:03:01 KU852978 KU852979 de'34AX'81X03 vs ;
FCGR2A:04:01 KU852980 KU852981 de'34A>(igZX°4 vs ;
FCGR2A:05:01 KU852982 KU852983 de'34A>282X°4 vs ;
FCGR2A:06:01 KU852984 KU852985 de'34AX'82X04 vs ;
FCGR2A:07:01 KU852986 ;
FCGR2B:0L:01 KU852987 KU852988 delExS in X02 vs X01 ;
FCGR2B:01:02 KU852989 KU852990 delEX5 in X02 vs X01 ;
FCGR2B:01:03 KU852091 KU852992 delEX5 in X02 vs X02 ;
FCGR2B:01:04 KU852993 KU852994 delExS in X02 vs X03 ;
FCGR2B:01:05 KU852995 KU852996  delEx5 in X02 vs X04 ;
FCGR2B:0201 KU852097 KU852998 delEX5 in X02 vs X05 ;
FCGR2B:02:02 KU852999  KU853000 delExS in X02 vs X05 ;

FCGR3A:01:01 KU853001 KU853002 de'21EXiglxoz"5 ;

FCGR3A:01:02 KU853003 KU853004 de|21EXiglx02 vs :
del21E in X02 vs
X01

FCGR3A:02:02 KU853007 KU853008 Gel21E o X0z vs ;

FCGR3A:02:01 KU853005 KU853006 AF485815 = X01
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Table Il —
IgG isotypes tested in SPR binding assay.
| sotype Mutations Description References
1gG1 none Wild type 1gG1 FcR binding affinity.
C219S mutation stabilizes A-form (29-32)
1gG2-A 19G2-C219S disulfide bonding pattern. Has wild
type 1gG2 FcR binding activity.
) C131S mutation stabilizes B-form disulfide bonding pattern. Has wild (29, 32)
19G2-8 1gG2-C131S type 1gG2 FcR binding activity.
1gG4-S228P, where S228P mutation
1gG4 1gG4-S228P stabilizes hinge structure. Has wild (33, 34)
type 1gG4 FcR binding activity.
N297A mutation results in
N297A 1gG1-N297A aglycosylated Fc which dramatically (35, 36)
reduces FcR affinity.
S267E mutation alters human FCGR2
S267E 1gG1-S267E selectivity. (37, 38)
P238D 19G1-P238D
V4 19G1-P238D, P271G
V7 19G1-E233D, P238D, P271G, A330R
Mutations alter human FCGR2 (28, 39)
V8 19G1-G237D, P238D, H268D, P271G  selectivity. '
V9 19G1-G237D, P238D, P271G, A330R
V12 19G1-E233D, G237D, P238D,
H268D, P271G, A330R
Wild type 1gG1 with Fc glycan
NF none lacking fucose, increases human (40-42)
FCGR3A affinity.
G236A, S239D, A330L, and I1332E
GASDALIE G236A, S239D, A330L, I332E mutations increase human FCGR3A (40, 43)

affinity.
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