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Abstract

The rhesus macaque is an important animal model for AIDS and other infectious diseases.
However, the investigation of Fc-mediated antibody responses in macaques is complicated by
species-specific differences in Fcy receptors (FcyRs) and 1gG subclasses relative to humans. To
assess the effects of these differences on FcyR-1gG interactions, reporter cell lines expressing
common allotypes of human and rhesus macaque FcyR2A and FcyR3A were established. FcyR-
mediated responses to B cells were measured in the presence of serial dilutions of anti-CD20
antibodies with Fc domains corresponding to each of the four subclasses of human and rhesus 1gG
and with Fc variants of 1gG1 that enhance binding to FcyR2A or FcyR3A. All of the FcyRs were
functional and preferentially recognized either IgG1 or 1IgG2. Whereas allotypes of rhesus
FcyR2A were identified with responses similar to variants of human FcyR2A with higher (H131)
and lower (R131) affinity for 1gG, all of the rhesus FcyR3A allotypes exhibited responses most
similar to the higher affinity V158 variant of human FcyR3A. Unlike responses to human 1gGs,
there was little variation in FcryR-mediated responses to different subclasses of rhesus 19G.
Phylogenetic comparisons suggest that this reflects limited sequence variation of macaque IgGs as
a result of their relatively recent diversification from a common /GHG gene since humans and
macaques last shared a common ancestor. These findings reveal species-specific differences in
FcyR-IgG interactions with important implications for investigating antibody effector functions in
macaques.

Introduction

The Fcy receptors (FcyRs) are a functionally diverse group of cell-surface glycoproteins
that bind to the Fc domain of 1gG antibodies. They include activating and inhibitory
receptors with a range of affinities for IgG that are expressed by different hematopoietic cell
types. Whereas inhibitory FcyRs have regulatory functions, the activating FcyRs mediate
effector functions important for defense against infectious diseases and tumors. Upon
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recognition of antibody-antigen complexes, these receptors trigger cellular immune
responses, including phagocytosis, cell-mediated cytotoxicity and cytokine release (1, 2).

Humans express up to six different FcyRs that belong to three different classes: FcyR1,
FcyR2 (FcyR2A, FcyR2B and FcyR2C) and FcyR3 (FcyR3A and FcyR3B). Of these, the
low affinity activating receptors FcyR2A and FcyR3A are responsible for cell-mediated
antibody effector functions. FcryR2A (CD32a) is expressed by phagocytic cells, such as
macrophages and neutrophils, and mediates the uptake of antibody-opsonized antigens or
cells by antibody-dependent cellular phagocytosis (ADCP) (1). FcyR3A (CD16) is
expressed on the surface of natural killer (NK) cells and some macrophages, and serves as
the principal receptor for antibody-dependent cellular cytotoxicity (ADCC) (1). FcyR2C
(CD32c) may also be expressed on NK cells and can contribute to ADCC, but is not present
in most individuals due to a premature stop codon in the most common allele for this
receptor (3, 4).

FcyR2A and FcyR3A differentially recognize four subclasses of human 19gG (IgG1-4). Both
of these receptors preferentially bind to IgG1 and 1gG3, but generally exhibit weak or
negligible interactions with 1gG2 and 19gG4 (5, 6). However, polymorphisms in Fc-yR2A and
FcyR3A can affect 1gG binding. There are two common variants of FcyR2A with either
arginine (R) or histidine (H) at position 131 (7). Whereas the H131 polymorphism enhances
binding to 1gG2, the R131 variant binds poorly to this 1gG subclass (5, 8). Interestingly,
homozygosity for FcyR2A R131 has been associated with greater susceptibility to bacterial
diseases and more rapid CD4* T cell decline during HIV-1 infection (9—11). There are also
two common variants of FcyR3A with either valine (V) or phenylalanine (F) at position 158.
Compared to FcyR3A F158, the V158 variant exhibits higher affinity for IgG1 and 19G3
and is associated with greater efficacy of certain tumor immunotherapies (12, 13).

Although macaques express orthologs of FcyR2A and FcyR3A, sequence comparisons have
identified polymorphisms that are not found in human FcyRs (14-19). Macaques also
express four different subclasses of 1gG with species-specific differences relative to human
1gGs (20, 21). Similar to human IgGs, the macaque 1gGs are numbered according to their
relative abundance in serum (IgG1>1gG2>1gG3>1gG4); however, they are more similar to
one another than to human IgGs and exhibit more limited sequence and structural diversity
(20, 22, 23). As a result of these FcyR and IgG differences, it is not possible to predict
FcyR-1gG interactions in macaques based on the interactions of these molecules in humans.
Thus, one cannot assume that human antibodies will have the same FcyR-mediated
functions in macaques as they do in humans or that antibody responses elicited in macaques
will accurately reflect antibody effector functions in humans.

As macaques have become increasingly important models for the pre-clinical evaluation of
antibody-based vaccines and therapies for HIV, dengue virus, Zika virus, SARS-CoV-2, and
other infectious diseases (24—-33), a better understanding of the molecular interactions of
macaque FcyRs with human and macaque antibodies is needed for investigating antibody-
mediated effector functions in these species. While biophysical studies with recombinant
proteins corresponding to the extracellular domains of rhesus macaque FcyRs have revealed
differences in affinity for human and macaque IgGs (34, 35), the functional interactions of
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antibodies with these receptors have not been assessed. This is especially important as the
stimulation of responses through low affinity FcyRs is dependent on the formation of
immune complexes with multiple FcyRs and cellular studies with human FcyRs and 1gG
subclass variants have revealed functional interactions that are not detectable with soluble,
monomeric FcyRs by biophysical methods such as surface plasmon resonance (36). In the
present study, we therefore establish reporter cell lines transduced with selected allotypes of
human and macaque FcyR2A and FcyR3A that represent the most common variants of
these receptors and quantitatively compare responses to different subclasses and Fc variants
of human and rhesus macaque 1gG.

Materials and Methods

Ethics Statement

Cell lines

Indian origin rhesus macaques (Macaca mulatta) were used in this study. The animals were
housed at the Wisconsin National Primate Research Center (WNPRC) according to the
Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC)
and the University of Wisconsin Research Animal Resources Center (UWRARC) standards.
Animal experiments were approved by the UWRARC (protocol number G005141) and
conducted in compliance with the principles described in the Guide for the Care and Use of
Laboratory Animals (37).

CEM.NKR-CCRS5 cells (NIH AIDS Reagent Program) (38, 39) and Raji cells (ATCC) were
cultured in RPMI medium supplemented with 10% FBS, L-glutamine and penicillin/
streptomycin (R10 medium). Jurkat NFAT-Luciferase (JNL) cells (Signosis) were cultured in
R10 medium plus 0.2 mg/ml hygromycin B (Dot Scientific). GP2-293 cells (Clontech
Laboratories) were cultured in DMEM supplemented with 10% FBS, L-glutamine and
penicillin/streptomycin (D10 medium). KHYG-1 cells transduced with rhesus macaque
CD16 were maintained in R10 medium with 1 pg/ml cyclosporine A (Sigma Aldrich), 10
U/ml recombinant human IL-2 (R&D systems) and primocin (Invitrogen) as described
previously (38, 40, 41).

JNL cells expressing human and rhesus macaque (Macaca mulatta) Fcy receptors (FcyRs)
were established by retroviral transduction. Full-length cDNA sequences for FCGR2A and
FCGR3A alleles were either synthesized (ThemoFisher GeneArt or IDT) or amplified from
mRNA isolated from PBMCs by RT-PCR using the Protoscript AMV First Strand cDNA
synthesis Kit (New England Biolabs) and cloned into the retroviral vector pQCXIP. These
constructs were packaged into VSV-G- pseudotyped murine leukemia virus (MLV) particles
by co-transfecting GP2-293 cells with pQCXIP-FCGRZ2A or - FCGR3A clones and pVSV-G
using GenJet In Vitro DNA Transfection Reagent (\er. I1) (Signagen) according to the
manufacturer’s instructions. The cell culture medium was replaced after overnight
incubation and virus-containing supernatant was collected the following day, centrifuged at
1,200 g to remove cell debris and concentrated using Amicon Ultra-15 Centrifugal Units
with a 50 kDa cutoff (Millipore Sigma). JNL cells (5x10°) were incubated overnight with
300 pl concentrated viral supernatant and brought to a volume of 1 ml with 40 pg/ml
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polybrene (Millipore Sigma). The following day, the cells were placed under selection in
R10 medium containing 0.8 ug/ml puromycin (Invitrogen). After selection for puromycin
resistance, FcyR expression was confirmed by flow cytometry. The GenBank accession
numbers for human FCGR sequences are as follows: FCGR2A H131 (NP_001129691),
FCGR2A R131 (AAA35932.1), FCGR3A V158 (HQ447137), and FCGR3A F158
(NM_000569). Accession numbers for rhesus FCGR sequences are as follows:
FCGR2A:01:01 (MT304962), FCGR2A.02:01 (MT304964), FCGRZA:08:01 (MT304968),
FCGR2A:10:01 (MT304970), FCGR2A:11.:01 (MT304972), FCGRZA.12:01 (MT304974),
FCGR2A:13:01 (MT304976), FCGR3A.01:01 (MT305008), FCGR3A:01:02(MT305010),
FCGR3A:02:01 (MT305014) and FCGR3A.03:01 (MT305018).

Monoclonal Antibodies

For anti-CD20 antibodies, cDNA sequences for the variable heavy (VH) and variable light
(VL) domains of rituximab were cloned into separate pCEP4 (Invitrogen) constructs in-
frame with expression-optimized sequences for the constant domains of human and rhesus
macaque (IgGH1-4) and the corresponding kappa light chains (IgGx) of each species,
respectively. Human IgHG1-4 and rhesus macaque IgHG3-4 cDNAs were synthesized
(IDT). Rhesus macaque IgHG1 and IgHG2 cDNAs were provided by Dr. Michael Farzan
(The Scripps Research Institute, Jupiter, FL). The DEL substitutions were introduced into
IgGH1 during cDNA synthesis and the G236A substitution was added to IgGH1 constructs
by oligonucleotide-directed PCR mutagenesis. The GenBank accession numbers for
antibody sequences are as follows: rituximab VH (AX556949), rituximab VL (AX556951),
human IgG1H (AX556949), human IgG2H (AAG00910.2), human IgG3H (P01860.2),
human IgG4H (BC025985.1), human IgGx (AX556951), rhesus macaque IgG1H
(AAQ57550.1), rhesus 1gG2H (AAQ57565.1), rhesus 1IgG3H (ATV90898.1), rhesus 1gG4H
(MT310723) and rhesus 1gGx (ACN96964.1).

Monoclonal antibodies were produced by co-transfecting Expi293 cells (9x107 cells) with
pCEP4 constructs expressing 1gG heavy and light chains in small-scale (30 ml) cultures
using serum-free medium and the Expifectamine transfection kit according to the
manufacturer’s instructions (Gibco). Cell culture supernatants were harvested eight days
later, clarified by centrifugation and filtered with 0.45 pM PVDF syringe filters (Millipore
Sigma). The mAbs were purified using protein-A Gravitrap columns, or in the case of IgG3
protein-G Gravitrap columns (GE Healthcare Life Sciences). The columns were washed
with tris-buffered saline (TBS) and bound antibodies were eluted with Gentle Elution Buffer
(ThermoFisher). The antibodies were concentrated, and the buffer was exchanged with 50
mM sodium citrate using Amicon Ultra-15 Centrifugal Units with a 50 kDa cutoff
(Millipore Sigma) before examination by SDS-PAGE with colloidal Coomassie stain. All
antibody solutions were treated with 0.02% NaNj3 for storage and centrifuged prior to use.

FCGR genotyping

Rhesus macaques were genotyped for Mamu-FCGR2ZA and Mamu-FCGR3A transcripts as
described previously (18). Briefly, RNA was isolated from fresh whole blood or
cryopreserved PMBC using Maxwell 16 LEV simplyRNA Blood or Cells Kits (ProMega).
The SuperScript First-Strand Synthesis System (Thermo Fisher Scientific) was used to
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generate templates for cONA/PCR with Phusion High-Fidelity PCR Master Mix (New
England BioLabs) and barcoded primers that flank complete coding sequences (18). After
normalization and pooling, SMRTbell libraries were prepared and sequenced on a PacBio
Sequel instrument at the University of Wisconsin-Madison Biotechnology Center according
to manufacturer’s protocols (Pacific BioSciences). Raw PacBio sequence datasets were
processed using SMRT Link v6.0.0 tools (https://www.pachio.com/support/software-
downloads) as described recently by Shortreed et a/ (42). The resulting circular consensus
sequences from each animal were mapped against a reference database of all known rhesus
macaque FCGR2A and FCGR3A sequences using Geneious Prime 2020.0.4 software tools
(Biomatters).

Flow cytometry

i. FcyR staining.—JNL cells were stained with Live/Dead NearIR or Aqua Live/Dead
amine-reactive compound (ARC) (Invitrogen), washed in PBS with 1% FBS (FACS buffer)
to quench the ARC, and stained with PE-conjugated anti-CD32 antibody (clone 2E1,
Miltenyi Biotech) to detect human FcryR2A or goat anti-CD32 polyclonal antibody (R&D
Systems) followed by AF647-conjugated rabbit anti-goat antibody (Jackson
Immunoresearch) in the presence of 100 pg/ml rabbit 1gG (Sigma) to detect rhesus macaque
FcyR2A. Human and rhesus macaque FcryR3A were detected by staining with PE-
conjugated anti-CD16 antibody (clone 3G8, Becton-Dickinson). CD20 was detected by
staining CD20-transduced CEM.NKR-CCR5 cells with an A700-conjugated anti-CD20
antibody (clone 2H7, BD Pharmingen). Samples were washed with FACS buffer and fixed in
2% paraformaldehyde (PFA) before flow cytometry. The mean fluorescence intensity (MFI)
of FcyR staining was measured after gating on the live singlet cell population. Data was
collected using a BD LSRII SORP instrument and analyses were performed with FlowJo 9.9
software (TreeStar Inc.).

ii. CD20 staining.—Raji cells were washed with PBS and stained with Aqua Live/Dead
ARC. After 20 min, cells were washed in FACS buffer and stained for 30 mins with anti-
CD20 IgG (5 pg/ml) followed by an AF647-conjugated goat anti-human 1gG polyclonal
antibody. As a control for non-specific staining, cells were also stained with the goat anti-
human 1gG secondary antibody without the anti-CD20 primary antibody. Samples were
washed with FACS buffer and fixed in 2% PFA. The MFI of CD20 staining was measured
after gating on the live singlet cell population and divided by the secondary-only control to
measure the fold-change in MFI. Data was collected using a BD LSRII SORP instrument
and analyzed with FlowJo 9.9 software.

JNL reporter cell assay

FcyR interactions with 1gGs were measured by the dose-dependent upregulation of
luciferase by Jurkat NFAT-luciferase (JNL) cells expressing FcyRs in response to antibody-
opsonized target cells over a range of 1gG concentrations. FcyR-transduced JNL cells
(2x10°) were co-incubated with Raji cells (1x10°) in the presence of serial dilutions of anti-
CD20 IgG antibodies. JNL cells were incubated overnight or for 4 hours with Raji cells in
triplicate wells at each antibody concentration (200 pl/well final volume) in opaque white,
flat-bottom, 96-well plates (Corning). At the end of the incubation, 50 ul BriteLite Plus
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luciferase substrate (PerkinElmer) was added to each well and luminescence was measured
using a Victor X4 multiplate reader (PerkinElmer). Ramos cells (ATCC), which do not
express FcyR2B, were also tested for antibody-mediated recognition by FcyR-transduced
JNL cells. The different IgG subclasses and Fc domain variants of human and rhesus
macaque IgG were run in parallel for each experiment.

ADCC assays

Rhesus macaque PBMCs were isolated from peripheral blood by centrifugation over Ficoll
Paque Plus (GE Healthcare) and incubated overnight in plastic T75 flasks laid on their side
to deplete monocytes and other adherent cell types. Raji cells or CD20-transduced CEM-
NKR.CCRS5 cells were labelled with 10 uM calcein acetoxymethyl ester (CAM)
(ThermoFisher) for 1 hour at 37 °C, washed with PBS, and resuspended in phenol red-free
R10 medium containing 10 U/ml recombinant IL-2. KHYG-1 cells transduced with rhesus
macaque FcyR3A:02 (5x10%) (38) or macaque PBMCs (2x10°) were co-incubated with
CAM-labelled Raji or CD20* CEM-NKR.CCRS cells (1x10%) in the presence of serial
dilutions of anti-CD20 IgG. The cells were incubated for four hours in triplicate wells at
each antibody concentration (200 pl/well final volume) in round-bottom, 96-well plates.
Wells with only CAM-labelled target cells served as controls for background CAM release
and wells treated with 1% NP-40 (Sigma) indicated maximum CAM release. After four
hours, the plates were centrifuged (500 g) and 100 ul of supernatant was transferred from
each well to corresponding wells of black, clear-bottom, 96-well plates. The release of CAM
into the supernatant was measured using a Victor X4 multiplate reader (excitation 485 nm
and absorbance 535 nm). Percent-specific lysis was calculated as (experimental release —
spontaneous release)/(maximum release — spontaneous release) x 100.

Phylogenetic analysis of IGHG sequences

Chimpanzee /GHG sequences were located using the NCBI Genome Data Viewer and exons
with high similarity to human /GHG sequences were extracted. The LOCI identifiers for the
chimpanzee /GHG sequences are as follows: IgHG1 (LOC749366), IgHG2 (LOC453229),
IgHG3 (LOC749390), IgHG4 (LOC749354). The accession numbers for baboon, pigtail
macaque, and mouse /GHG sequences are as follows: baboon IgHG1 (AY125048), baboon
IgHG2 (AY125049), baboon IgHG3 (AY125050), baboon IgHG4 (AY 125051), pigtail
macaque IgHG1 (JQ868732), pigtail macaque IgHG2 (JQ868733), pigtail macaque IgHG3
(JQ868734), pigtail macaque IgHG4 (JQ868735), mouse 1gG1 (LT160966), mouse 1gG2a
(AB097847). Human and rhesus macaque /GHG accession numbers are provided above.
The accession numbers for baboon, pigtail macaque, chimpanzee, and mouse FcyR
sequences are as follows: baboon FcyR1 (XP_009178311.1), baboon FcyR2A
(XM_021926122.2), baboon FcyR3A (NM_001112647.1), pigtail macaque FcyR1
(XP_011735031.1), pigtail macaque FcyR2A (KF234400), pigtail macaque FcyR3A
(XM_011770191.2), chimpanzee FcyR1 (XP_009428355.1), chimpanzee FcyR2A
(NM_001009077.1), chimpanzee FcyR3A (XM_024349652.1), mouse FcyR2B
(NM_001077189.1). Human and rhesus macaque FcyR1 accession numbers are (P12314)
and (AFD32558.1) respectively. Human and rhesus FcyR2A and FcyR3A accession
numbers are provided above using the most frequent rhesus alleles. Amino acid sequences
were aligned using Geneious and subjected to a substitution model test using MEGAX. A
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phylogenetic tree was constructed with MEGAX using the maximum likelihood method and
Jones-Taylor-Thorton substitution model with 1,000 bootstrap replicates. Nodes with
bootstrap values less than 0.5 were collapsed using TreeGraph (version 2.15.0-887 beta).

Statistical analysis

Results

Graphing and statistical analysis were performed using GraphPad Prism (\Version 8.2).
Antibody concentrations for half-maximal responses (ECsg) were calculated from sigmoidal
curves fit to mean RLU data from triplicate wells at each antibody dilution. Mean ECsgg
values were calculated from at least three independent experiments and were compared
using a two-tailed, unpaired student’s t-test.

Rhesus macaque FcyR2A and FcyR3A polymorphisms

Analysis of full-length FCGR cDNA sequences from 17 Indian-origin rhesus macaques
identified seven FCGRZA and four FCGR3A allelic variants. Table | provides the relative
frequencies of these FCGR sequences in an expanded cohort of 155 rhesus macaques from
the Wisconsin National Primate Research Center. The predicted amino acid sequences of
these rhesus macaque alleles are aligned with human FcyR2A and FcyR3A in Figure 1. In
addition to species-specific differences relative to human FcyR2A (huFcyR2A),
polymorphisms in rhesus macaque FcyR2A (rhFcyR2A) were apparent at multiple
positions, including residues predicted to contact 1gG (Fig. 1A). Whereas five of the seven
allotypes of rhFcyR2A have a histidine at position 131, which corresponds to the H131
polymorphism in huFcyR2A that enhances binding to 19G2, two of the rhFcyR2A variants
(rhFcyR2A:11 and rhFcyR2A:12) have a proline at this position (P131) (Fig. 1A). Along
with these species-specific polymorphisms, all allotypes of rhFcyR2A have a potential N-
linked glycosylation site (PNG) at position 135. Two allotypes, rhFcyR2A:01 and
rhFcyR2A:13, have an additional PNG at position 128 (Fig. 1A).

Rhesus FcyR3A (rhFcyR3A) allotypes have fewer amino acid differences relative to human
FcyR3A (huFcyR3A) and exhibit considerably less polymorphism than rhFcyR2A. The
three most common allotypes of rhFcyR3A differ from huFcyR3A by 20-21 amino acids,
including three positions predicted to contact IgG (Fig. 1B). The only extracellular domain
polymorphism among these variants is a conservative isoleucine versus valine difference at
position 158, which is at the same position as the VV158F polymorphism in huFcyR3A. This
residue is an isoleucine (1158) in rhFc-yR3A:01 and rhFcyR3A:02 and a valine (V158) in
rhFcyR3A:03 (Fig. 1B). Additional polymorphisms previously implicated in the efficiency
of B cell depletion with an anti-CD20 antibody were observed in the transmembrane and
cytoplasmic domains of rhFcyR3A:01 (M211 and 1215) (Fig. 1B) (43).

FcyR2A responses to human and rhesus macaque IgG subclasses and Fc variants

To assess FcyR2A interactions with 1gG, reporter cell lines were established by transducing
Jurkat cells that contain a NFAT-inducible luciferase reporter gene (JNL cells) with different
alleles of human and rhesus macaque FCGRZA. These alleles encoded the H131 and R131

variants of huFcyR2A and five of the most common allotypes of rhFcyR2A (rhFcyR2A:01,
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rhFcyR2A:02, rhFcyR2A:08, rhFcyR2A:10 and rhFcyR2A:11), which represent 89% of
the haplotypes of FCGR2A genotyped animals (Table | & Supplemental Fig. 1A).
Recombinant 1gGs were also produced with identical variable regions from the anti-CD20
antibody rituximab, but different heavy chain constant domains corresponding to each of the
four subclasses of human and rhesus macaque IgG (hulgG1-4 and rhulgG1-4)
(Supplemental Fig. 2A-D). Additional variants of 1gG1 were produced with Fc domain
substitutions that selectively enhance binding to FcyR2A (G236A) or FcyR3A (DEL:
S239D, 1332E and A330L) (44-46). The purity of these antibodies was verified by SDS-
PAGE and similar binding to CD20 on the surface of Raji cells was confirmed by flow
cytometry (Supplemental Fig. 2E & 2F). FcyR2A-transduced JNL cells were incubated
overnight with Raji cells in the presence of serial dilutions of anti-CD20 antibodies and
FcyR ligation was measured by the dose-dependent upregulation of luciferase over a 6-log
range of antibody concentrations (Fig. 2A). Antibody concentrations for half-maximal
responses, or 50% effective concentrations (ECsgp), were compared to determine the relative
strength of FcyR-1gG interactions (Table I1). Raji cells maintained consistently high levels
of CD20 expression during passage in culture as reflected by similar CD20 staining on three
different occasions separated by at least three-week intervals (Supplemental Fig. 1C).

As expected, JNL cells expressing huFcyR2A exhibited the strongest responses to hulgG1
and these interactions were significantly enhanced by the G236A substitution (Fig. 2B). P-
values for statistical comparisons are shown in Table I1l. Moreover, consistent with previous
observations (5, 8, 47-50), JNL cells expressing huFcyR2A H131 responded significantly
better to hulgG2 than the R131 variant of this receptor (Fig. 2B & Table I11). Weaker
huFcyR2A H131-mediated responses to hulgG4 are also consistent with previous
observations (5). However, the responses to hulgG3 were surprisingly weak (Fig. 2A) (5,
35). The reason for this difference is presently unclear, since the purity and integrity of
hulgG3 was verified by SDS-PAGE (Supplemental Fig. 2F) and this antibody stimulated
FcyR3A responses in subsequent experiments (Fig. 3A). These results suggest context-
dependent differences in the activity of hulgG3 that may be related to the greater flexibility
afforded by the extended hinge region of this antibody.

Consistent with the presence of histidine at position 131 in four of the five allotypes of
rhFcyR2A (rhFcyR2A:01, rhFcyR2A:02, rhFcyR2A:08 and rhFcyR2A:10), these
receptors exhibited similar responses to hulgG1 and hulgG2 as huFcryR2A H131 (Fig. 2A).
With the exception of rhFcyR2A:10, which preferentially recognized hulgG2, these
rhFcyR2A variants responded more efficiently to hulgG1 than hulgG2 (Fig. 2B & Table I1).
All of the rhFcyR2A variants also recognized hulgG4 (Fig. 2B). The G236A substitution
had a more modest effect on JNL cells bearing rhFcyR2A than huFcyR2A. Although the
G236A substitution reduced the antibody concentration for half-maximal responses for all
five allotypes of rhFcyR2A compared to wild-type 19gG1 (Fig. 2B & Table I1), this difference
was only significant for rhFcryR2A:02 (Table 111). These observations are in accordance with
a recent study showing that the G236A substitution does not increase hulgG1 binding to
rhFcyR2A to the same extent as its human counterpart (35). However, contrary to binding
studies with recombinant FcyRs, which suggest that the N128 and P131 variants of
rhFcyR2A are functionally impaired (34), INL cells expressing receptors with these
polymorphisms respond to all four subclasses of hulgG. As reflected by their ECsgq values,
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rhFcyR2A:01 (N128) and rhFcyR2A:11 (P131) exhibited the strongest and the weakest
responses to hulgG1, respectively (Fig. 2B & Table I1).

JNL cells expressing rhFcyR2A responded better to rhigGs than hulgGs and exhibited less
variation among subclasses. The pattern of rhlgG recognition by different allotypes of
rhFcyR2A also bore a striking resemblance to the pattern of rhigG recognition by each of
the huFcyR2A variants. Similar to huFcyR2A H131, all four allotypes of rhFcyR2A with
the H131 polymorphism (rhFcyR2A:01, rhFcyR2A:02, rhFcyR2A:08 and rhFcryR2A:10)
responded most efficiently to rhigG2 (Fig. 2B). These rhFcyR2A variants recognized
rhlgG1 and rhlgG4 at similarly low ECg values (Fig. 2B & Table I1). Conversely, the P131
variant of rhFcyR2A (rhFcyR2A:11) responded poorly to rhlgG2, but recognized rhigG3 as
efficiently as rhigG1 and rhlgG4, which mirrors the recognition of rhlgGs by huFcyR2A
R131 (Fig. 2B). Whereas the G236A substitution had a modest effect on rhFcyR2A
interactions with human IgG1, the introduction of this substitution into rhlgG1 significantly
enhanced interactions with rhFcyRIla:11 (P131), rhFcyRI1la:02, and huFcyR2A R131
(Table I1I). This substitution may therefore be used in the context of rhigGL1 to increase
interactions with rhFcyR2A. Collectively, these results reveal functional parallels between
allotypes of rhFcyR2A and huFcyR2A and indicate that these receptors are less sensitive to
differences among rhlgG subclasses than hulgG subclasses.

FcyR3A responses to human and rhesus macaque IgG subclasses and Fc variants

The responses of JNL cells expressing different allotypes of human and rhesus macaque
FcyR3A were also tested. These included the V158 and F158 variants of huFcyR3A and the
three most common variants of rhFcyR3A (rhFcyR3A:01, rhFcyR3A:02 and
rhFcyR3A:03), which represent 98% of the haplotypes of FCGR3A genotyped animals.
Stable JNL cell lines expressing similar levels of these receptors were established
(Supplemental Fig. 1B) and incubated with Raji cells in the presence of serial dilutions of
anti-CD20 antibodies corresponding to each of the human and rhesus macaque 1gG
subclasses and Fc domain variants (Fig. 3A & Supplemental Fig. 2). As expected, both
huFcyR3A variants preferentially responded to hulgG1 and these interactions were
significantly enhanced by the DEL substitutions designed to increase binding to huFcyR3A
(Fig. 3B). P-values for statistical comparisons are shown in Table IV. The ECg of the
hulgG1 response was also lower for huFcyR3A V158 than for huFcyR3A F158, consistent
with the higher 1gG1 binding affinity of the V158 variant. Weaker responses to hulgG3 were
observed for both receptors, which differs from studies reporting better interactions for IgG3
than IgG1 (5, 6), but is consistent with cytolysis assays done with primary human PBMCs
(51-53). As expected, huFcyR3A interactions with hulgG2 and hulgG4 were negligible
(Fig. 3B).

JNL cells expressing rhesus macaque FcyR3A variants exhibited a similar pattern of
responses to the human 1gGs as human FcyR3A V158. All three allotypes efficiently
recognized hulgG1 and mediated measurable responses to hulgG3 and hulgG4, but did not
respond to hulgG2 (Fig. 3). However, the DEL substitutions did not significantly enhance
the already strong interactions of hulgG1 with these receptors (Fig. 3B & Table 1V). Each of
the rhFcyR3A variants also responded to hulgG4 better than either of the huFcyR3A
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variants, suggesting that stronger cross-species recognition of human antibodies of this
subclass may trigger FcryR-mediated responses in macaques not observed in humans.

JNL cells bearing rhesus macaque FcyR3A exhibited a similar pattern of responses to the
rhesus 1gGs as human FcyR3A V158, but with surprisingly little variation among
subclasses. Similar to their responses to hulgGs, all three rhFcyR3A variants responded
most efficiently to rhlgG1 (Fig. 3B). Although the DEL substitutions did not improve these
interactions to the same extent as they did for hulgG1 (Table 1), these substitutions appeared
to have a greater effect after a shorter 4 hour incubation than after an overnight incubation
(Supplemental Fig. 3). Unlike responses to hulgGs, the rhFc-yR3A variants also mediated
strong responses to rhigG2, rhigG3 and rhlgG4 (Fig. 3). The ECgq values of the responses to
rhlgG2—-4 were in a similar range and approximately 2- to 3-fold higher than the ECsq values
for rhigG1 (Table I1). The similarity of responses for rhFc-yR3A:02 (1158) and
rhFcyR3A:03 (V158), which only differ by a single amino acid at position 158, are
consistent with data indicating that this polymorphism does not significantly impact 1gG
binding (34). The similarity of responses for rhFcyR3A:01 and rhFcyR3A:02, which differ
by one residue in the transmembrane domain and one residue in the cytoplasmic domain,
also suggests that these polymorphisms do not have a significant effect on signaling. Hence,
these results reveal an overall lack of variability in rhFc-yR3A-mediated responses to human
or rhesus 1gG subclasses, with each allotype exhibiting patterns of 1gG recognition most
similar to the high affinity V158 variant of huFc-yR3A. Moreover, in accordance with the
limited structural diversity among rhigGs (16, 23), there was little variation in rhFcyR3A-
mediated responses to different subclasses of rhigG.

FcyR3A-mediated responses correlate with ADCC

To further corroborate FcyR3A-mediated responses, we took advantage of a previously
established human NK cell line expressing rhesus macaque FcyR3A (38). KHYG-1 cells
transduced with rhFcyR3A:02 were incubated with CAM-labelled Raji cells in the presence
of serial dilutions of anti-CD20 antibodies and ADCC was measured as the dose-dependent
release of CAM into the culture supernatant (Fig. 4A). The ADCC responses of this NK cell
line mirrored luciferase induction from rhFcyR3A:02* JNL cells. As observed for
rhFcyR3A* JNL cells, ADCC responses were strongest for human and rhesus 1gG1 and
were further enhanced (significantly so in the case of rhigG1) by the DEL substitutions (Fig.
4A & Table 1V). ADCC responses were also in a similar range for rhigG2, rhigG3 and
rhlgG4, and weaker responses were detectable for hulgG3 and hulgG4 (Table I1).
Comparison of the antibody concentrations for half-maximal ADCC and JNL cell activation
confirmed a strong correlation between these measures of rhFcyR3A-mediated responses
(Fig. 4B).

ADCC assays with primary rhesus macaque PBMC yielded similar results. For these
experiments, the activation of rhFcyR3A:02* JNL cells and the ADCC activity of
unstimulated PBMCs from two different macaques were measured against a CD20-
transduced CEM.NKR-CCRS5 cell line (Fig. 5A & 5B). PBMCs were incubated overnight in
plastic flasks to deplete monocytes and other adherent cells and CD20* CEM.NKR-CCR5
cells were used as targets, since Raji cells are highly susceptible non-specific lysis by
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macaque NK cells in the absence of antibodies (54). Area under the curve values were
compared, since antibody concentrations for 50% ADCC could not be determined in all
cases. Although more variable than rhFcyR3A:02* KHYG-1 cells, ADCC responses
measured with PBMCs from two different animals correlated well with rhFcyR3A-mediated
JNL cell responses, as indicated by the inverse relationship between ADCC and ECsgq values
for luciferase induction (Fig. 5C). Among the 1gG subclasses, hulgG1 and rhlgG1
consistently resulted in the higher ADCC responses, which were further enhanced by the
DEL substitutions (Fig. 5B). Lower ADCC responses were also measurable for rhlgG2,
rhlgG3 and rhlgG4, but were negligible for hulgG2 and hulgG4 (Fig. 5B). These results
demonstrate a good correspondence between rhFcyR3A-mediated responses of JNL cells
and primary macaque NK cells.

Responses to a FcyR2B-negative B cell line

Raji cells express FcyR2B, which could interfere with IgG ligation of FcyRs on JNL cells
by binding to anti-CD20 antibodies in ¢/s (55). To determine if the presence of FcyR2B on
Raji cells interferes with the availability of antibodies for the stimulation of FcyR2A and
FcyR3A on JNL cells, we compared FcryR-mediated JNL cell responses to Raji cells with
responses to Ramos cells, which are another CD20* B cell line that does not express
FcyR2B (55, 56). These experiments were performed with representative alleles of human
and macaque FcyR2A and FcryR3A and each of the 1gG subclasses and Fc variants.
Although Ramos cells and Raji cells express similar levels of CD20 (Supplemental Fig. 4A),
the Ramos cells resulted in a lower magnitude of luciferase induction, possibly reflecting
their smaller size and lower surface area for FcyR ligation. Nevertheless, with the exception
of slightly higher responses for hulgG3 using Ramos cells, the overall hierarchy and pattern
of responses to Raji cells and Ramos cells were very similar (Supplemental Fig. 4B & 4C).
This suggests that the presence of FcryR2B on Raji cells did not have a significant impact on
the availability of antibodies for the stimulation of FcyRs on JNL cells.

Phylogenetic comparisons of the IgG subclasses of apes and Old World monkeys

The capacity of each of the allotypes of rhesus macaque FcryR2A and FcyR3A to recognize
all four subclasses of rhesus 1gG, albeit with variable efficiency, contrasts with preferential
FcyR recognition of human 1gG subclasses. To investigate the evolutionary relationships
between human and macaque IgG subclasses, we performed a phylogenetic analysis that
included sequences corresponding to the IlgG1-4 heavy chain constant regions of two
hominid species (humans and chimpanzees) and three species of Old World monkeys
(baboons, pig-tailed macaques and rhesus macaques) (Fig. 6A). For comparison, we
performed a similar analysis of the FcyR1, FcyR2A and FcyR3A sequences of these
species (Fig. 6B).

In contrast to the FcyRs, which cluster according to their respective gene products across all
five primate species (Fig. 6B), the 1gG subclasses of hominids and Old World monkeys
segregate into distinct lineages (Fig. 6A). Whereas the human and chimpanzee 1gG
sequences cluster together according to subclass, reflecting an orthologous relationship
among hominid species, the 1gG sequences of macaques and baboons form separate
branches (Fig. 6A). On one branch, the macaque and baboon 1gG1 sequences cluster
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together with the 1gG2 sequences of these species, and on another, the 1gG3 and 1gG4
sequences of these species intermingle (Fig. 6A). This suggests that unlike the FcyRs, the
IgGs of macaques and baboons are products of gene duplication events that occurred after
the divergence of apes and Old World monkeys. Thus, the relatively recent origin of the Old
World monkey 1gGs explains their limited sequence diversity and lack of orthology with
human IgG subclasses.

Discussion

Macaques have become increasingly important animal models for the pre-clinical evaluation
of antibody-based vaccines and therapies for HIV/AIDS and for other infectious diseases.
However, the investigation of Fc-mediated antibody responses in macaques is complicated
by species-specific differences and polymorphisms in macaque Fcy receptors and 1gG
subclasses with respect to their human counterparts. To investigate the effects of these
differences on FcyR-IgG interactions, we established Jurkat NFAT-Luciferase reporter cell
lines expressing common allotypes of human and rhesus macaque FcyR2A and FcyR3A.
We focused on FcyR2A and FcyR3A, since these are the receptors responsible for ADCP
and ADCC effector functions. Five allotypes of rhesus FcyR2A and three allotypes of
rhesus FcyR3A were selected, which represent approximately 89% and 98% of the alleles
for these receptors among FCGR genotyped animals. FcryR-mediated responses were
measured by incubating the JNL reporter cells with Raji cells in the presence of serial
dilutions of anti-CD20 antibodies with Fc domains corresponding to each of the four
subclasses of human and rhesus macaque 1gG, or with Fc variants of 1gG1 that selectively
enhance FcyR binding. Our results show that all the allotypes of rhFcryR2A and rhFcyR3A
tested are functional and preferentially recognize either IgG1 or IgG2. However, in contrast
to the selective recognition of human IgG subclasses, which is a hallmark of FcyR-mediated
effector functions in humans, the variability of responses to different rhesus 1gG subclasses
was more limited.

Of the rhesus macaque FcyRs, FcyR2A is the most polymorphic and exhibited the greatest
diversity of responses. Consistent with the presence of histidine at position 131, four
allotypes of rhFcyR2A (rhFcyR2A:01, rhFcyR2A:02, rhFcyR2A:08 and rhFcyR2A:11)
exhibited patterns of 1gG recognition similar to huFcyR2A H131. Among the human 1gGs,
these responses were characterized by efficient recognition of hulgG1 followed by hulgG2,
and among the rhesus 1gGs, preferential recognition of rhlgG2, efficient recognition of
rhigG1 and rhlgG4, and weaker interactions with rhlgG3. Conversely, rhFcryR2A:11, which
has a proline at position 131, exhibited interactions that were more similar to huFcyR2A
R131. Although the responses of rhFcyR2A:11 to human and rhesus 1gG2 were weaker than
the other rhFcyR2A allotypes, responses to rhlgG3 were comparable to rhigG1. These
results suggest that macaques have high and low affinity allotypes of FcyR2A that are
functionally analogous to human FcyR2A H131 and FcyR2A R131. Whereas the majority
of rhFcyR2A allotypes have the H131 polymorphism and exhibit a pattern of 19G
recognition similar to huFcyR2A H131, rhFcyR2A:11 has a P131 polymorphism and
exhibits responses more similar to huFcyR2A R131.
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These results differ from a previous biophysical characterization of these receptors, which
did not detect consistent 1gG binding to the N128 and P131 variants of rhFcyR2A (34). In
contrast to these experiments, responses to all four subclasses of rhlgG were detectable for
rhFcyR2A:01 (N128) and rhFcyR2A:11 (P131). The responses of rhFcyR2A:01 to rhlgGl,
rhigG2 and rhlgG4 were somewhat stronger than the other H131 variants of rhFcyR2A,
indicating that the additional potential N-linked glycosylation site of this receptor does not
functionally impair interactions with 1gG. In the case of rhFcyR2A:11, responses to rhlgG1
and rhlgG2 were weaker than the other allotypes. However, this receptor still mediated
measurable responses to all four rhigGs, including stronger responses to rhlgG3. Hence, our
results complement previous binding studies to show that N128 and P131 variants of
rhFcyR2A are functional, but differ in their recognition of rhlgG subclasses.

Comparatively little variation in IgG recognition was observed among different allotypes of
rhesus macaque FcyR3A. Despite a number of species-specific differences with respect to
human FcyR3A, the majority of rhFcyR3A allotypes only differ by a single amino acid in
their extracellular domains (1158V) or a pair of residues in their transmembrane and
cytoplasmic domains (V211M & 1215V). Consistent with biophysical studies (34, 35), 1158
and V158 variants of rhFcyR3A (rhFcyR3A:02 and rhFcyR3A:03) exhibited nearly
identical responses to each of the subclasses of human and rhesus 1gG. Likewise, the same
pattern of responses was observed for rhFcryR3A:01, which only differs from rhFcyR3A:02
at positions 211 and 215. The responses mediated by each of the rhFcyR3A allotypes were
most similar to the high affinity V158 variant of human FcyR3, as reflected by preferential
recognition of hulgG1, weaker interactions with hulgG3 and hulgG4, and negligible
responses to hulgG2. These observations support studies indicating that all allotypes of
rhFcyR3A characterized thus far bind 1gG1 with high affinity comparable to huFc-yR3A
V158, and that rhesus macaques lack a low affinity variant of this receptor analogous to
huFcyR3A F158 (16, 35). With the caveat that our assays were performed with human cell
lines, the similarity of responses for rhFcyR3A:01 and rhFcyR3A:02 also suggests that
polymorphisms in the transmembrane and cytoplasmic domains of these receptors
previously implicated in the efficiency of B cell depletion with rituximab (43) do not have a
significant impact on rhFcyR3A-mediated responses.

Compared to FcyR recognition of human IgGs, there was remarkably little variation in
FcyR-mediated responses to different subclasses of rhesus macaque 1gG. This was
particularly evident for allotypes of rhFcyR3A, which efficiently recognized all four
subclasses of rhlgG within a narrow three-fold range of ECgq values. These observations are
consistent with sequence comparisons indicating that different subclasses of rhigG are more
similar to one another than to any of the hulgGs and with recent crystal structures revealing
less structural diversity among the Fc domains of rhigGs (22, 23). To better understand the
evolutionary relationships between human and macaque 1gGs underlying these differences in
Fc diversity, we performed a phylogenetic comparison of the IgG1-4 heavy chain constant
regions of hominids and Old World monkeys. This analysis suggests that macaque 1gGs are
products of gene duplication events that occurred after the divergence of apes and Old World
monkeys. Thus, macaque and human 1gG subclasses are not orthologous and the limited
structural and functional diversity of rhesus macaque 1gGs can be explained by their recent
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divergence from a common /GHG gene since humans and macaques last shared a common
ancestor.

The effects of Fc domain substitutions designed to selectively enhance 1gG1 binding to
human FcyR2A and FcyR3A were context dependent. The G236A substitution significantly
enhanced huFcyR2A-mediated responses to hulgG1 as expected (44, 45). This substitution
also enhanced rhFcyR2A-mediated responses to both hulgG1 and rhigG1. However, in
accordance with biophysical measurements (35), G236A consistently resulted in greater
increases in rhFcyR2A responses in the context of rhigG1 than hulgG1. Similar differences
were observed in the effects of the DEL substitutions on FcyR3A recognition of human
versus rhesus 1gG1. Whereas these substitutions significantly enhanced huFcyR3A-
mediated responses to hulgG1, the effects of these changes on rhFcyR3A-mediated
responses in the context of either hulgG1 or rhigG1 were more modest. In this case, the
smaller effects of the DEL changes on rhFcyR3A recognition may reflect incremental
enhancement of already strong IgG interactions with these receptors.

Our findings are generally consistent with studies characterizing 1gG binding to macaque
FcyRs and have important implications regarding the use of rhesus macaques to model Fc-
mediated antibody responses. Although rhesus macaques express orthologs of FcyR2A with
high and low affinity for IgG, similar to the H131 and R131 variants of huFcyR2A, and
have orthologs of FcyR3A with high affinity for 1gG similar to the huFcyR3A V158, the
IgG subclasses of macaques are not orthologous to human 1gGs and exhibit considerably
less diversity in FcyR recognition. Whereas human and rhesus 1gG1, which are the most
abundant subclasses in their respective species, are efficiently recognized by human and
rhesus macaque FcyRs, these interactions differ for other 1gG subclasses. Unlike hulgG2-4,
rhlgG2-4 are generally well recognized by rhFcyR2A and rhFcyR3A. Although there were
some differences in responses to rhlgG2 and rhlgG3 for different allotypes of rhFcyR2A,
the responses of the rhFcyR3A allotypes to rhlgGs were remarkably similar. This implies
that rhigG2—4 may contribute to FcryR-mediated effector functions in macaques to a greater
extent than hulgG2-4 do in humans.

These differences in FcyR recognition of human versus macaque IgGs are fundamental to
the interpretation of studies in macaques involving passive antibody transfer or vaccine-
induced antibody responses. Since all allotypes of rhFcyR2A and rhFcyR3A recognize
hulgG1 and rhlgG1 with similar efficiency as their corresponding human receptors, human
and rhesus 1gG1 are expected to have similar effector functions. The passive transfer of
hulgG1 or rhlgG1 to rhesus macaques may therefore be useful for assessing FcyR-mediated
functions of certain antibodies in humans. Likewise, vaccine-induced IgG1 responses in
macaques may have similar effector functions as IlgG1 responses in humans.

However, the other subclasses of rhesus 1gG do not follow the same patterns of FcyR
recognition as human IgGs. In accordance with the close phylogenetic relationship between
rhlgG1 and rhlgG2, rhigG2 was recognized at least as efficiently as rhigG1 by four of the
five allotypes of rhFcyR2A, and nearly as efficiently as rhlgG1 by all three allotypes of
rhFcyR3A. Rhesus 1gG4 was also recognized as efficiently as rhlgG1 by all allotypes of
rhFcyR2A and with similar efficiency by each of the allotypes of rhFcyR3A. In the case of
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rhlgG3, interactions with rhFcyR2A were variable, but detectable for all allotypes, and
interactions with rhFcyR3A were similar to the other rhigG subclasses. In some cases,
hulgGs were recognized better by rhFcyRs than huFcyRs. Thus, passive transfer
experiments in which human or rhesus 1gG2, 1gG3 or 1gG4 are administered to macaques
should be interpreted with caution, since rhlgG2—4 may direct rhFcyR2A- and rhFcyR3A-
mediated responses with similar potency as rhlgG1, and hulgG2—-4 may trigger stronger
responses than would normally occur in humans. Likewise, rhigG2—4 responses elicited by
vaccination are not expected to follow the same paradigms of FcyR recognition as hulgG2—
4 and may contribute more broadly to antibody effector functions.

The incubation of FcyR-transduced JNL cells together with anti-CD20 antibodies and
CD20™ target cells provides a simple, robust, and reproducible system to compare human
and macaque FcyR-1gG interactions under the same conditions. Nevertheless, this approach
has some limitations. Because of variation in signaling as result of species-specific
differences and polymorphisms in the cytoplasmic domains of the FcyRs and/or epigenetic
differences in luciferase expression among independently isolated cell lines, it is difficult to
make quantitative comparisons between JNL cells expressing different FcyRs. For this
reason, we have avoided quantitative comparisons between cell lines, focusing instead on
comparisons of ECgq values for different antibodies measured with the same cells and
qualitative comparisons of the overall hierarchies and patterns of responses among different
cell lines. Additionally, certain features of Rituximab antibody binding to CD20 on Raji
cells may not translate to other antibody-antigen combinations. For instance, the orientation
of antibody binding may affect the accessibility of the Fc domain for FcyR ligation. Smaller
targets such as viral particles may also stimulate FcyRs differently than antigens expressed
on the cell surface. Indeed, the size of immune complexes has been shown to differentially
affect functional interactions between human FcyRs and 19G subclass and Fc variants in
cellular assays (36).

In conclusion, this study provides a quantitative comparison of the responses of the most
common allotypes of rhesus macaque FcyR2A and rhFcyR3A to each of the four subclasses
of human and rhesus IgG. To our knowledge, this is the first functional characterization of
individual allotypes of rhesus macaque FcyRs. Our findings reveal parallels and key
differences between the FcyR-IgG interactions of humans and macaques important for
investigating FcryR-mediated effector functions of antibodies in the rhesus macaque.
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Key Points
. Rhesus FcyR2A allotypes differ in their interactions with different 1gG
subclasses.
. Rhesus FcyR3A allotypes show little variation in 1gG subclass interactions.

. Human and macaque 1gG1, but not IgG2-4, exhibit similar IgG-FcyR
interactions.
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Amino acid sequence alignments of human and rhesus macaque FcyR2A (A) and FcyR3A
(B) allotypes. Predicted IgG contact sites based on crystal structures of 19G in complex with

human FcyR2A and FcyR3A are shaded gray (57, 58). Amino acid positions are indic

ated

with dots for identity, dashes for deletions and single-letter amino acid codes for differences.
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FIGURE 2.
FcyR2A-mediated responses. (A) Jurkat NFAT-luciferase cells expressing individual

allotypes of human and rhesus macaque FcryR2A were incubated overnight with Raji cells at
a 2:1 E:T ratio in the presence of serial dilutions of anti-CD20 antibodies with Fc domains
corresponding to each of the four subclasses of human and rhesus macaque 1gG and variants
of 1gG1 that enhance binding to FcyR2A (G236A) or FcryR3A (DEL). Curves were fit to
the data using GraphPad Prism software. Error bars indicate SD of the mean for triplicate
measurements at each antibody concentration. (B) Antibody concentrations for half-
maximal responses (ECsq) were calculated from dose response curves. ECsq values that
could not be determined within the range of antibody concentrations tested are not shown.
Error bars indicate SD of the mean for at least three independent experiments.
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FIGURE 3.
FcyR3A-mediated responses. (A) Jurkat NFAT-luciferase cells expressing individual

allotypes of human and rhesus macaque FcryR3A were incubated overnight with Raji cells at
a 2:1 E:T ratio in the presence of serial dilutions of anti-CD20 antibodies with Fc domains
corresponding to each of the four subclasses of human and rhesus macaque IgG and variants
of 1gG1 that enhance binding to FcyR2A (G236A) or FcryR3A (DEL). Curves were fit to
the data using GraphPad Prism software. Error bars indicate SD of the mean for triplicate
measurements at each antibody concentration. (B) Antibody concentrations for half-
maximal responses (ECsq) were calculated from dose response curves. ECsq values that
could not be determined within the range of antibody concentrations tested are not shown.
Error bars indicate SD of the mean for at least three independent experiments.
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FIGURE 4.
Correlation of rhFcyR3-mediated ADCC and JNL cell responses. (A) An NK cell line

expressing rhFcyR3A:02 was incubated with CAM-labeled Raji cells for four hours at a 5:1

E:T ratio in the presence of serial dilutions of anti-CD20 antibodies. Percent-specific lysis
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was calculated from the release of CAM into the supernatant as measured using a Victor X4
multiplate reader (excitation 485 nm and absorbance 535 nm). Error bars indicate SD of the
mean for triplicate measurements at each antibody concentration. (B) Mean ECgq values for

ADCC responses were calculated from three independent experiments (Table 11) and were

compared to mean ECsq values for rhFcyR3A:02* INL cell responses by two-tailed Pearson
correlation.
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FIGURE 5.

Correlation of ADCC by rhesus macaque PBMC and rhFcyR3-mediated JNL cell responses.
(A) INL cells expressing rhFcyR3A:02 were incubated for six hours with CD20-transduced
CEM.NKR-CCR5 at a 1:1 E:T ratio with serial dilutions of anti-CD20 antibodies and
luciferase activity was measured using a Victor X4 multiplate reader. (B) Unstimulated
PBMCs from two different rhesus macaques (r14094 and r15023) were incubated for four
hours with CAM-labeled CD20* CEM.NKR-CCR5 cells at a 20:1 E:T ratio in the presence
of anti-CD20 antibodies. Percent-specific lysis was calculated from the amount of CAM
released in the supernatant and error bars indicate SD of the mean for triplicate
measurements at each antibody concentration. (C) The relationship between the mean
rhFcyR3A:02% JNL cell responses (ECsg) from two independent experiments and the mean
area under the curve (AUC) values for ADCC responses was determined by two-tailed
Pearson correlation.
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FIGURE 6.
Phylogenetic analysis of hominid and Old World monkey 1gGs and FcyRs. Phylogenetic

trees were generated from the amino acid sequences of each of the IgG subclasses (1gG1-4)
(A) and three FcyRs (FcyR1, FcyR2A and FcyR3A) (B) of humans, chimpanzees,
baboons, pig-tailed macaques and rhesus macaques. Trees were constructed with using the
maximum likelihood method and Jones-Taylor-Thornton substitution model with 1,000
bootstrap replicates. Trees were rooted on murine IgHG1, IgGh2a and FcyR2B sequences
and nodes with bootstrap values less than 0.5 were collapsed using TreeGraph software. The
scale bars indicate amino acid substitutions per site.
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Table I.
Rhesus macaque FcyR allele frequencies

Frequencies of rhesus macaque FCGRZA and FCGR3A alleles. The frequencies of the FCGR2A and
FCGR3A alleles identified in 17 Indian-origin rhesus macaques were determined relative to an internal
database of FCGR sequences from 155 animals.

FCGR2A Allele | Haplotypes | Frequency (%) | Accession #

2A:01:01 94/302 31.1 MT304962
2A:02:01 46/302 15.2 MT304964
2A:08:01 51/302 16.9 MT304968
2A:10:01 71/302 235 MT304970
2A:11:01 8/302 2.6 MT304972
2A:12:01 10/302 3.3 MT304974
2A:13:01 4/302 13 MT304976
other FCGR2A 18/302 6.0 -

FCGRB3A Allele | Haplotypes | Frequency (%) | Accession #

3A:01:01 87/250 34.8 MT305008
3A:01:02 23/250 9.2 MT305010
3A:02:01 125/250 50.0 MT305014
3A:03:01 11/250 44 MT305018
other FCGR3A 4/250 1.6 -

1duosnuey Joyiny

1duosnuep Joyiny

J Immunol. Author manuscript; available in PMC 2021 December 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Grunst et al. Page 29

Table I1.
Average ECsgq values from JNL dose-response curves

ECsp values for FcyR2A- and FcyR3A-mediated responses. Average antibody concentrations for half-
maximal responses (ECsg) and standard deviations of the mean (x) were calculated from at least three

independent experiments with each allotype of FcyR2A and FcyR3A in combination with each subclass of
human and rhesus IgG (top panels) and Fc domain variants of IgG1 with G236A and DEL substitutions
(bottom panels).

Human FcyR2A

H131 R131 1 (N128) 2 8 10 11 (P131)
lgG1 | 86.3+864] 105+ 16.0 | |[63.0+24.4| 119£26.2 | 152 £44.4 | 181 £ 56.6 | 242 £ 93.5
19G2 | 171£20.4 | > 5000 217 £55.8 | 169+ 52.5 | 289+ 37.8 | 123+ 42.2 | 473 + 155
19G3 | > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000
9G4 | 295+ 113 | 170+ 19.5 182+28.4 | 228+ 108 | 295+ 150 | 325+ 68.0 | 21369
N 19G1 [932+127[ 171264 [72.3+248[ 107£545] 1224431 110+29.7 | 177 £37.1
B 10G2 [70.3+17.8[ 2584927 | [359+194|534£12.7|636+101|603%31.0| 343173
A 19G3 | 311+936 | 132+ 267 208 £67.9 | 253 +75.2 | 317 + 136 | 325+ 36.8 | 138 £ 53.5
lgG4 | 145557 |80.8 +17.0| |84.0+24.6|86.5+35.9| 126£66.1 | 100 +27.8 | 105 + 32.6

Human FcyR2A Rhesus FcyR2A

H131 R131 1 (N128) 2 8 10 11 (P131)

1gG1 86.3+8.64 | 105+ 16.0 63.0+244| 119+26.2 | 152+44.4 | 181 +56.6 | 242 +93.5
IgG1 D/E/L [77.1+7.05| 91.1£6.4 25.8+10.3|47.1+15.3|65.3+27.6|82.4+3.28| 102 +29.8
1gG1 G236A [ 32.6 +6.50 | 61.9+7.2 36.9+8.55|53.9+11.8/90.5+9.17 | 56.4+17.1| 101 + 26.3

Human
a-CD20

v Q 1gG1 93.2+12.7 | 171 £26.4 72.3+24.8| 107 £545 | 122 +43.1 | 110+ 29.7 | 177 £ 37 1
ﬁ P_l, IgG1 D/E/L | 143 £49.3 | 120+ 19.9 53.4+209|64.2+7.72|857+231|99.7+454| 104 £27.9
LN 1IgG1 G236A | 59.9 +21.4 | 65.8 £+ 23.7 26.7+£12.2|309+3.17|454+17.5|50.0+22.7|71.0 £ 14.9
Human FcyR3A R R
V158 F158 1 2 3 rFcyR3a:2
IgG1 | 16.0+6.5 | 32.1 +10.9 105+48 | 11.3+6.8 | 8.6+4.1 1.7+0.7
1gG2 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000
IgG3 | 61.3+14.9| 149+78.2 80.0+11.9|72.8+35.0|78.1+39.5 432+7.3
IgG4 | 511 + 236 >5000 156 + 90.9 | 103 + 36.8 | 74.6 + 28.1 192.5 £ 143.8
" O IgG1 | 16.8+59 (36.9+15.7 11.7+£265[828+4.06| 122+57 1.0+£0.3
I 19G2 | 58.7 +28.5 | 83.4 + 25.8 31.3+6.31|23.8+14.9|21.7 £13.1 10.6 +4.8
é ‘é’ IgG3 | 39.8+7.8 | 172+19.7 33.8+11.1|229+10.2| 28174 96+34
IgG4 | 36.3+3.1 |98.2+7.62 30.0+7.09|182+7.28| 19.1+7.9 6.9+14
V158 F158 1 2 3 rFcyR3a:2
] 1gG1 16.0+6.5 | 32.1 +10.9 105+48 | 11.3+6.8 | 8.6+4.1 1.7+0.7
g 8 IgG1 D/IE/IL | 42+22 3.0+1.9 749+28 (823+3.34| 57+1.8 0.22 £ 0.08
=R 2 1IgG1 G236A | 16.7+3.7 |44.5+18.6 19.3+10.7| 13.0+53 | 11.7+5.2 1.3+0.3
] 1gG1 16.8+5.9 |36.9+15.7 11.7+265(8.28+4.06| 122+57 1.0£0.3
E $ IgG1 D/E/IL | 3.6+1.1 6.9+ 3.6 6.9+0.23 |[6.15+£3.09| 6.3+0.74 0.2+0.08
LN 1gG1 G236A | 185+ 11.5| 27.8+5.0 14.8+4.17|13.8+4.01|16.3+12.8 1.1+0.6
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Table lIl.
Statistical comparisons of ECsg values
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Statistical comparison of ECsq values for FcyR2A-mediated responses. The p-values are shown for statistical

comparisons of mean antibody concentrations (ECsgg) for half-maximal responses and were determined using
an unpaired, two-tailed Student’s ¢test. Dashes indicate comparisons with undefined ECsg values.

Human FcyR2A: H131

a hulgG1 hulgG1
aCD20 hulgG1 hulgG2 hulgG3 hulgG4 D/E/L G236A
rhigG1
hulgG1 0.083 0.103 0.038 0.565 0.097 G236A
rhigG1
hulgG2 | 0.010 0.957 0.070 0.112 0.218 D/E/L
hulgG3 | 0.001 0.001 0.072 0.134 0.243 rhigG4
hulgG4 | 0.084 0.193 0.000 0.043 0.054 rhigG3
hulgG1
D/E/L 0.230 0.009 0.001 0.078 0.147 rhigG2
hulgG1
G236A 0.001 0.004 0.001 0.056 0.001 rhigG1
rhigG1 rhigG1 Rhe
G236A D/E/L rhigG4 rhigG3 rhigG2 rhigG1 aCD20
Rhesus FcyR2A:01 (N128)
a hulgG1 | hulgG1
aCD20 hulgG1 hulgG2 hulgG3 hulgG4 D/E/L G236A
rhigG1
hulgG1 0.146 0.038 0.040 0.535 0.067 G236A
rhigG1
hulgG2 | 0.027 0.179 0.048 0.346 0.374 D/EIL
hulgG3 | 0.134 0.154 0.073 0.060 0.592 rhigG4
hulgG4 | 0.006 0.410 0.150 0.039 0.060 rhigG3
hulgG1
DIE/L 0.103 0.024 0.130 0.006 0.120 rhigG2
hulgG1
G236A 0.197 0.028 0.131 0.008 0.226 rhigG1
rhigG1 rhigG1 Rhe
G236A | DIEIL | rhigG4 | rhigG3 | rhigG2 | rhigG1 [EeePl)
Rhesus FcyR2A:08
a hulgG1 hulgG1
aCD20 hulgG1 hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
hulgG1 0.078 0.163 0.072 0.211 0.076 G236A
rhigG1
hulgG2 | 0.016 0.409 0.095 0.235 0.292 DIE/L
hulgG3 | 0.051 0.059 0.120 0.244 0.933 rhlgG4
hulgG4 | 0.238 0.954 0.055 0.084 0.121 rhigG3
hulgG1
DIEIL 0.056 0.002 0.047 0.114 0.139 rhigG2
hulgG1
G236A 0.133 0.009 0.048 0.143 0.249 rhigG1
rhigG1 rhigG1 Rhe
G236A D/EIL rhigG4 rhigG3 rhigG2 rhigG1 aCD20
Rhesus FcyR2A:11 (P131)
a hulgG1 | hulgG1
aCD20 hulgG1 hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
hulgG1 0.171 0.207 0.156 0.111 0.026 G236A
rhigG1
hulgG2 | 0.106 0.964 0.400 0.135 0.056 D/EIL
hulgG3 = = 0.424 0.135 0.065 rhigG4
hulgG4 | 0.684 0.083 - 0.167 0.361 rhigG3
hulgG1
D/E/L 0.111 0.049 - 0.093 0.234 | rhigG2
hulgG1
G236A 0.111 0.050 - 0.093 0.962 rhigG1
rhigG1 rhigG1 Rhe
G236A D/E/L rhigG4 rhigG3 rhigG2 rhigG1 aCD20

Human FcyR2a: R131

hulgG3

-

hulgG4

hulgG1 hulgG1
hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
0.040 0.426 0.033 0.062 0.007 G236A
rhigG1
0.061 0.579 0.119 0.062 D/E/L
0.059 0.076 0.012 rhigG4
0.012 0.108 0.077 0.135 0.148 rhigG3

hulgG1
DIEIL

0.262 0.101

0.073 | 0.013

hulgG1
G236A

0.027 0.099

0.071 0.005 0.007

G236A

DIE/L

rhigG4 rhigG3 rhigG2

rhigG1

Rhesus
aCD20

Rhesus FcyR2A:02

gG2

hulgG4

hulgG1
DIE/L

hulgG1
G236A

rhigG4

rhigG3

rhigG2

hulgG1 hulgG1
hulgG3 | hulgG4 D/EIL G236A
rhigG1
0.114 0.036 0.083 0.000 G236A
rhigG1
0.396 0.048 0.295 0.002 D/E/L
0.043 0.249 0.428 rhigG4
0.049 0.041 0.077 rhigG3
0.043 0.099
0.043 0.107 0.573

rhigG1

Rhesus FcyR2A:10

hulgG4

hulgG1
DIE/L

hulgG1
G236A

rhigG4 rhigG2

hulgG1 hulgG1

hulgG3 | hulgG4 D/E/L G236A
rhigG1
0.074 0.001 0.667 0.054 G236A
rhigG1
0.984 0.003 0.290 0.767 D/E/L
0.001 0.171 0.711 rhigG4
0.002 rhigG3

0.117

0.113

rhigG1
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Table IV.

Statistical comparisons of ECsg values
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Statistical comparison of ECsq values for FcyR3A-mediated responses. The p-values are shown for statistical
comparisons of mean antibody concentrations (ECsgg) for half-maximal responses and were determined using
an unpaired, two-tailed Student’s ftest. Dashes indicate comparisons with undefined ECsq values.

Human FcyR3A: V158

-

hulgG1 hulgG1
hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
0.106 0.064 0.121 0.833 G236A
rhigG1
hulgG2 0.001 0.014 0.079 0.056 DIEIL
hulgG3 | 0.005 - 0.532 0.306 0.014 rhigG4
hulgG4 | 0.025 - 0.031 0.371 rhigG3
hulgG1
D/E/L 0.031 - 0.004
hulgG1
G236A 0.861 - 0.007
rhigG1 rhigG1
G236A D/E/L rhigG4

Rhesus FcyR3A:01

hulgG1 hulgG1
hulgG3 | hulgG4 DIE/L G236A
rhigG1
0.044 0.083 0.025 0.357 G236A
rhigG1
hulgG2 0.030 0.052 0.021 0.087 DIE/L
hulgG3 0.004 - 0.649 0.829 0.034 rhigG4
higea | 0.109 5 0.285 0.753 | 0.068 | rhiga3
hulgG1
DIE/L 0.416 - 0.006 0.106
hulgG1
G236A 0.288 - 0.003 0.120 0.189
rhigG1 rhigG1 Rhesus
G236A | DIE/L | rhigG4 | rhigG3 | rhigG2 | rhigG1 [EeI)

Rhesus FcyR3A:03

hulgG1 hulgG1
hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
0.767 0.254 | 0.635 | 0.652 | G236A
rhigG1
0.105 0.035 0.178 0.213 D/E/L
0.091 0.221 0.783 0.295 rhigG4
0.053 0.907 0.512 0.046 rhigG3
0.361 - 0.086 0.051
0.461 - 0.098 0.056 0.177
rhigG1 rhigG1 Rhesus
G236A | DIE/L_ | rhigG4 | rhigG3 | rhigG2 | rhigG1 [Eevrl)]

Human FcyR3A: F158
a hulgG1 hulgG1
aCD20 hulgG1 hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
hulgG1 0.006 0.000 0.004 0.060 0.427 G236A
rhigG1
hulgG2 - 0.000 0.004 0.034 0.073 D/E/L
hulgG3 | 0.041 - 0.013 0.428 0.010 rhigG4
hulgG4 | 0.133 - 0.165 0.011 0.001 rhigG3
hulgG1
D/E/L 0.011 - 0.024 0.126 0.068 rhigG2
hulgG1
G236A | 0.243 - 0.053 0.136 0.012 rhigG1
rhigG1 rhigG1 R
G236A D/E/L rhigG4 rhigG3 rhigG2 rhigG1 aCD20
Rhesus FCyR3A:02
hulgG1 hulgG1
hulgG1 hulgG2 | hulgG3 | hulgG4 D/EIL G236A
rhigG1
hulgG1 0.062 0.429 0.260 0.368 0.167 G236A
rhigG1
hulgG2 - 0.087 0.094 0.173 0.514 DIEIL
hulgG3 | 0.088 - 0.553 0.601 0.128 rhigG4
hulgG4 | 0.045 - 0.355 0.936 0.117 rhigG3
hulgG1
DIE/L 0.539 - 0.084 0.045 0.208 rhigG2
hulgG1
G236A | 0.751 - 0.095 0.048 0.271 rhigG1
rhigG1 rhigG1 Rhe
G236A D/E/L rhigG4 rhigG3 rhigG2 rhigG1 aCD20
KHYG-1: Rhesus FcyR3A:02
a hulgG1 hulgG1
aCD20 hulgG1 hulgG2 hulgG3 hulgG4 D/E/L G236A
rhigG1
hulgG1 0.138 0.009 0.046 0.074 0.938 G236A
rhigG1
hulgG2 - 0.014 0.042 0.065 0.033 D/E/L
hulgG3 | 0.010 - 0.317 0.318 0.016 rhigG4
hulgG4 | 0.148 - 0.214 0.776 0.049 rhigG3
higG1
D/EIL 0.063 - 0.009 0.147 0.075 rhigG2
hulgG1
G236A | 0.476 - 0.010 0.148 0.021 rhigG1
rhigG1 rhigG1 Rhe
G236A D/E/L rhigG4 rhigG3 rhigG2 rhigG1 aCD20
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