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Abstract Macaque models are invaluable for AIDS
research. Indeed, initial development of HIV-1 vaccines
relies heavily on simian immunodeficiency virus-infected
rhesus macaques. Neutralizing antibodies, a major compo-
nent of anti-HIV protective responses, ultimately interact
with Fc receptors on phagocytic and natural killer cells to
eliminate the pathogen. Despite the major role that Fc
receptors play in protective responses, there is very limited
information available on these molecules in rhesus mac-
aques. Therefore, in this study, rhesus macaque CD32
(FcyRII) and CD64 (FcyRI) homologues were genetically
characterized. In addition, presence of CD16 (FcyRIII),
CD32, and CD64 allelic polymorphisms were determined
in a group of nine animals. Results from this study show
that the predicted structures of macaque CD32 and CD64
are highly similar to their human counterparts. Macaque
and human CD32 and CD64 extracellular domains are 88—
90% and 94-95% homologous, respectively. Although all
cysteines are conserved between the two species, macaque
CD32 exhibits two additional N-linked glycosylation sites,
whereas CD64 lacks three of them when compared to
humans. Five CD32, three CD64, and three CD16 distinct
allelic sequences were indentified in the nine animals
examined, indicating a relatively high level of polymor-
phism in macaque Fcy receptors. Together, these results
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validate rhesus macaques as models for vaccine develop-
ment and antibody responses, while at the same time,
underscoring the need to take into account the high degree
of genetic heterogeneity present in this species when
designing experimental protocols.
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Introduction

Fc receptors (FcR) are membrane-bound glycoproteins that
specifically recognize and bind the multifunctional Fc
portion of immunoglobulins (IG). Binding of these cell-
surface receptors to IG-opsonized particles (pathogens or
antigens, including autoantigens and allergens) triggers cell
signal transduction events, thus initiating various effector
functions and ultimately resulting in activation or inhibition
of immune-competent cells (Ravetch and Bolland 2001).
FcR, therefore, form a bridge between humoral and cell-
based immunity and couple the potency of cellular effector
responses with the specificity of IG.

FcR are expressed on most of immunologically active
and competent cells (Sondermann and Oosthuizen 2002). In
humans, IgG Fc receptors (FcyR) are classified into three
classes, FcyRI (CD64), FcyRIl (CD32), and FcyRII
(CD16) (Jefferis and Lund 2002). Structurally, all FcyR
are type I transmembrane glycoproteins, are members of the
immunoglobulin superfamily (IgSF) and include a unique
ligand-binding chain consisting of two or three C-like
extracellular domains, followed by a connecting region
(CO), a transmembrane region (TM) and a cytoplasmic
region (CY) (Daéron 1997). A total of eight genes have
been identified for the human FcyR, including three genes
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for the high-affinity IgG receptor FcyRI (FcyRla, FcyRlIb,
and FcyRlIc) as well as five genes for the low-affinity IgG
receptors FcyRII (FcyRlIla, FcyRIIb, and FcyRIlc) and
FcyRII (FeyRlIlla and FeyRIIIb). All classes are encoded
by a gene cluster located on chromosome 1. Specifically,
the low-affinity FcyR genes and the genes for the FcyRIa
and FcR common 7y (FcRy) subunits are clustered on
chromosome 123, whereas the three human FcyRI genes
map to chromosome 1q21 (Takai 2005). The low-affinity
FcyR genomic locus is complex, as it contains regions of
copy number variation that may alter receptor expression
and leukocyte responses to IgG (Niederer et al. 2010).

FevyR genes share common overall intron—exon genetic
organization consisting of five or six exons: two encoding
the leader (L) region, two or three encoding the C-like
domains ([D]), and one encoding the connecting transmem-
brane and cytoplasmic (CO-TM-CY) regions (van de Winkel
and Capel 1993). CD32 and CD16 contain two conserved
C-like domains, the N-terminal (membrane-distal) [D1] and
C-terminal (membrane-proximal) [D2], whereas CD64
possesses a third domain, [D3] (Ravetch and Bolland
2001). The products of the eight human FcyR genes exhibit
considerable genetic, structural, and functional diversity,
and also differ significantly in both binding affinity and
specificity for their ligands (IgG subclasses), as well as in
cellular distribution pattern and effector functions (Jefferis
and Lund 2002; Ravetch and Kinet 1991). Adding to the
complexity of distinct expression patterns, recognition, and
activation profiles of FcyR, is the presence of multiple
allelic polymorphisms (Jefferis and Lund 2002; Takai
2005). Characterization of these allelic polymorphisms
and their relations with two-dimensional and three-
dimensional structures are important for the understanding
of their physiological effects. In this context, IMGT Collier
de Perles graphical two-dimensional representations may
provide useful information for relating structure to potential
function (Bertrand et al. 2004).

The correlation between allelic polymorphism and
function has been shown, in particular, for R131 (CD32a)
([D2] R80, IMGT unique numbering), F158 (CD16a) ([D2]
F108, IMGT unique numbering), and NA2 (CD16b), which
exhibit higher affinity and functional activity compared to
their corresponding alleles (H131, V158, and NAI,
respectively) (Binstadt et al. 2003). As a result, these allelic
variants have the ability to affect susceptibility and/or
severity of certain autoimmune disorders, especially sys-
temic lupus erythematosus, as well as inflammatory and
infectious diseases (Binstadt et al. 2003; van Sorge et al.
2003; Takai 2005). Thus, even a single amino acid change
in FcyR could result in significant differences in functional
properties and, ultimately, establish clinical relevance.

Rhesus macaques are being increasingly used as animal
models for studies involving a variety of human diseases, as
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well as for assessing therapeutics and vaccines, especially
for AIDS research (Hérodin et al. 2005; Staprans et al.
2010). The design and interpretation of experimental data
related to these studies often require the evaluation of
humoral responses and are typically based on the assump-
tion that rhesus macaque antibody molecules and their
interactions with Fc receptors mimic those present in
humans. Although the information available on rhesus
macaque antibody molecules and corresponding receptors
is steadily increasing (Calvas et al. 1999; Scinicariello and
Attanasio 2001; Scinicariello et al. 2004; Rogers et al.
2004, 2006a, 2008), a basic characterization is still lacking
for the majority of Fc receptors. The only rhesus macaque
FecyR gene currently characterized is FcyRIII. This gene
shows 91.7% identity to the human FcyRIIla (Rogers et al.
2006b). Further characterization of FcyR in macaques is
necessary, especially in light of the finding that despite the
extensive sequence identity and almost complete overlap of
amino acids involved in antibody Fc binding, human and
macaque CD16 molecules differ as it relates to number of
isoforms (no CD16b has been identified in macaques) and
cell-type expression patterns (as compared to human
neutrophils, known to express CD16, macaque neutrophils
do not appear to express this protein) (Rogers et al. 2006b).
Additionally, rhesus macaques are known to exhibit a high
level of antibody constant region polymorphism (Rogers et
al. 2008; Scinicariello and Attanasio 2001; Scinicariello et
al. 2004), thus possibly resulting in heterogenous inter-
actions with Fc receptors. Indeed, a number of studies have
demonstrated that individual rhesus macaques exhibit
variable susceptibility to infectious diseases, particularly
AIDS (Joag et al. 1994; Ling et al. 2002; Marthas et al.
2001; Reimann et al. 2005). Moreover, several macaque
CD16 polymorphisms have been identified and appear
responsible for affecting treatment with a monoclonal
antibody (Miller et al. 2007). Together, these observations
highlight the need to further characterize Fc receptor
molecules in rhesus macaques.

Materials and methods

Blood samples Heparinized blood samples were collected
from nine healthy rhesus macaque (Macaca mulatta) of
different ages housed at the Language Research Center
of Georgia State University, Atlanta, GA. Animal blood
collection was done according to local and federal
guidelines.

Total RNA isolation, reverse transcription, and cDNA
synthesis of FcyR genes Total RNA was extracted from
whole blood using QiaAmp RNA Blood Mini kit (Qiagen
Inc., Valencia, CA). Total RNA (~1-3 pg) was then reverse
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transcribed into single-stranded cDNA using either oligo
(dT)15 or random primers, followed by primer extension
with the AMV reverse transcriptase (Roche Diagnostics
North America, Indianapolis, IN), in a total reaction volume
of 15-30 pl. Next, the resulting first-strand cDNA products
were serially diluted and PCR-amplified with Expand High
Fidelity polymerase (Roche Diagnostics North America,
Indianapolis, IN) using appropriate oligonucleotide primer
pairs (see below) in a total of 50 or 100 pl reaction volume.
PCR conditions were as follows: after initial denaturation
at 95°C for 10 min, the cDNAs were amplified for
40 cycles, with each cycle consisting of 94°C for 1 min,
56°C for 1 min, and 72°C for 2 min and 30 s. To ensure
complete extension, a final step at 72°C for 10 min was
applied. At least two independent RT-PCR reactions using
the same total RNA were performed, and from 10 to 15
independent cDNA clones per individual macaque and
from each of two separate PCR reactions were analyzed.
These steps were performed to rule out that the putative
allelic polymorphisms were due to a PCR amplification
artifact.

Design of primers Primers for amplification of macaque
FenRIT (CD32) and FeyRI (CD64) genes were designed
from the corresponding human sequences (assuming con-
served homology between primates). The terminal sense
and antisense FcyRII/FcyRI primers are located within the
start of the leader region (exon 1) and within the end of the
cytoplamic region (FcyRIl exon 5 and FcyRI exon 6),
respectively, of the cDNAs shared by multiple human
FcyRIla/FcyRlIa sequences (Table 1). Internal primers for
each of these two receptors were situated within exon 4,
which encodes the [D2] domain of CD32, or exon 5, which
encodes the [D3] domain of CD64. Using these primer sets,

the PCR amplification product should span most of the
FcyRII or FeyRI-targeted cDNAs (covering from exon 1 to
the most 3’ exon). Specifically, the CD32.1 and CD32.2
primer pair was used to generate a 566-bp product spanning
the first part of FcyRIL, beginning from the leader region.
CD32.3 and CD32.8 primer pair would amplify a 502-bp
fragment that had a 191-bp overlapping sequence with the
fragment produced by CD32.1 and CD32.2, and that
spanned the second part of FcyRII, including the CO-TM-
CY region. Similarly, two FcyRI fragments that had a
194-bp overlapping sequence were amplified by the use
of CD64.1 and CD64.4 (yielding an 800-bp fragment) and
CD64.9 and CD64.10 (generating a 424-bp fragment)
primer pairs. For FcyRIII, primers included FCG3aF
(located within the start of the leader region) and FCG3aR
(located within the end of the cytoplamic region)
(Table 1). All primers were designed to generate FcyRlIla,
FcyRlIa, and FcyRIlla homologue products, and were
used for each individual animal of the nine macaques
examined.

Cloning and sequencing of amplified FcyR c¢DNAs
Appropriate volume of PCR reactions were run on a 2%
agarose gel and the bands of interest (showing expected size)
were excised and purified using QIAquick Gel Extraction kit
(Qiagen Inc., Valencia, CA) using a microcentrifuge. The
purified PCR products were then cloned into the TOPO TA
pCR2.1 cloning vector (Invitrogen, Carlsbad, CA) for
sequencing analysis. The plasmids were transformed into
Topl0 Escherichia coli chemically competent cells using
TOPO TA Cloning and One Shot Chemical Transformation
following the manufacturer's protocols (Invitrogen,
Carlsbad, CA). Subsequently, 10—15 inserted, positive
colonies from each sample were picked and incubated

Table 1 Primers used for amplification of rhesus macaque FcyR® ¢cDNAs

Primer name Sequence (5'-3") Product size (bp)  Position Location Accession number®
FCG3aF (fw)® ATGTGGCAGCTGCTCCTCCCA 765 (=51)~(-31)  L-encoded region DQ423379.1
FCG3aR (1v) TCATTTGTCTTGAGGGTCCTT (714)-(694)  CY-encoded region DQ423379.1
CD32.1 (fw) TTTTGCTGCTGCTGGCTTCTGC 556 (=32)—(-11)  L-encoded region BC020823.1
CD32.2 (rv) ATGCTGGGCACTTGGACAGTGATG (527)-(504)  [D2]-encoded exon 4  BC020823.1
CD32.3 (fw) AAGGACAAGCCTCTGATCAAGGTC 502 (337)-(360)  [D2]-encoded exon 4 XM 001118066.2
CD32.8 (rv) TGACATGGTCGTTGGGAGGAAG (838)-(817)  CY-encoded region BC020823.1
CD64.1 (fw) GACAGCTCTGCTCCTTTGGGTTC 800 (-40)—(=18)  L-encoded region NM_000566.3
CD64.4 (rv) AGGACATTTCCGTCTTCTGTGG (758)-(737)  [D3]-encoded exon 5 NM_000566.3
CD64.9 (fw) AATCTGGTCACCCTGAGCTGTG 424 (565)-(586)  [D3]-encoded exon 5 NM_000566.3
CD64.10 (rv) AATGTCTGTCTTCTTGAAGGCTGG (988)-(965)  CY-encoded region NM_000566.3

# Abbreviation and full gene designations are the following: FcyRI: IgG Fc high-affinity I receptor (CD64); FcyRII: IgG Fc low-affinity II receptor (CD32)

, forward direction; rv, reverse direction
® fiv, forward direct direct

¢ GenBank accession number for the reference sequences used for designing primers

@ Springer



354

Immunogenetics (2011) 63:351-362

overnight in LB culture tubes at 37°C in a shaking rotary
incubator (200-230 rpm). The minipreps DNA Purification
System kit (Promega Corporation, Madison, WI) was used
to purify plasmid DNA, and the plasmid DNA was then
screened on a 1% agarose gel after digestion with EcoRI to
confirm the inserted fragment size. All DNA sequences
were determined using the ABI Prism Dye Termination
Cycle Sequencing kit and on an ABI model 3100
automated sequencing apparatus (PerkinElmer, Wellesley,
MA). Sequencing primers were those used for PCR
amplifications and the forward and reverse M 13 primers.

Sequence analysis MacVector software (Accelrys Inc., San
Diego, CA) and BioEdit program (http://www.mbio.ncsu.
edu/bioedit/bioedit.html) were used to identify overlapping
regions and edit sequences. Sequences were aligned with
each other within the same receptor group and with other
known counterparts using the CLUSTAL function of the
MEGALIGN, part of the LASERGENE software package
(DNASTAR Inc., Madison, WI). Construction of the
phylogenetic tree was also based on the use of the
LASERGENE's MEGALIGN part. Prediction of potential
glycosylation site was performed online using Ensem-
bleGly website (http://turing.cs.iastate.edu/EnsembleGly/;
Caragea et al. 2007). Standardized nomenclature, labels
and numbering of IMGT®, the international ImMunoGe-
neTics information system® (http://www.imgt.org) (Lefranc
et al. 2009) were used to display and discuss sequencing
data based on human reference sequences. Allelic poly-
morphisms and characteristic positions of the C-like
domains were described using the IMGT unique numbering
for C domain (C-DOMAIN of IG and T cell receptors (TR)
and C-LIKE-DOMAIN of IgSF other than IG and TR)
(Lefranc et al. 2005).

Results

We identified macaque FcyR at the cDNA level and
examined whether allelic polymorphisms were present by
analyzing PCR-amplified cDNA sequences. These sequen-
ces were obtained from reverse transcription of whole
blood total RNA extracts, followed by PCR amplification
using primers complementary to human sequences located
within the beginning L and the ending CO-TM-CY exons.
All PCR amplifications were successful in each of the nine
animals examined. The introduction of PCR artifacts was
minimized by the use of a high-fidelity polymerase with
proofreading ability, and by carrying out separate PCRs and
multiple clone selections for each individual animal. The
cDNA sequences determined in the present study are
available as GenBank accession numbers HQ423386-
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HQ423388 (FcyRII), HQ423389-HQ423393 (FcyRID),
and HQ423394-HQ423396 (FcyRI).

Macaque FcyRII and FcyRI ¢cDNA clones exhibit
the typical mRNA primary structure of their human
counterpart

Using the primer sets which were designed based on human
FcryRII gene sequences, we identified an almost full-length
macaque FcyRII homologue cDNA. The molecule contains
865 bp, encoding a 288-amino acid protein (Fig. 1; shown
is a representative sequence). The structure of the deduced
amino acid sequence was inferred by analogy to published
human sequences. It was found extensively similar to that
described for human FcyRIla mRNA structure, typical of
type I membrane IgSF C-like domain proteins. The first 12-
amino acid stretch, which formed the partial putative N-
terminal leader (L) region, is followed by a predicted
mature protein (Fig. 1). The mature protein is composed of
an extracellular portion of 176 amino acids, which, as
previously described for the human counterpart receptor,
contains two extracellular domains, namely [D1] and [D2].
As expected, four cysteines (C26, C68, C107, and C151),
that have potential to form the characteristic C-like intra-
domain disulfide bonds, are conserved in the extracellular
portion (1st-CYS 23 and 2nd-CYS 104 in the IMGT unique
numbering; Lefranc et al. 2005). The conserved C-like
domain structure suggests that disulfide bonds are formed
between C26 and C68 and between C107 and C151 in [D1]
and [D2], respectively.

The conserved C-like extracellular portion is followed
by a relatively short segment of 32 amino acids (AA)
that, by analogy to human CD32a, represents the
connecting region (CO) of 10 AA and the transmem-
brane region (TM) of 22 AA. The remaining amino acids
of the deduced sequence form the partial C-terminal
cytoplasmic (CY) region. Three potential N-linked
glycosylation sites are conserved between humans and
macaques, two of which, [D1] N97 and [D2] N95 (IMGT
unique numbering; Lefranc et al. 2005) are present in the
extracellular portion, whereas the third one, [CY] NI10,
located in the CY region, has probably no functional
significance (Table 2). Macaques carry two additional N-
linked glycosylation sites [D2] N77 and N88 (resulting
from amino acid changes) compared to humans (Table 2
and Fig. 2). However, these two positions are poly-
morphic: the first one, [D2] 77, in rhesus macaques, the
N glycosylation site being or not present (Fig. 2), whereas
the second one, [D2] 88, is polymorphic in humans, and
may have an N-glycosylated site as shown in the ‘2fcb’
3D structure (IMGT/3Dstructure-DB; Ehrenmann et al.
2010). As in humans, two YxxL signatures, separated by
11 amino acids and representing a typical immunoreceptor


http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://turing.cs.iastate.edu/EnsembleGly/
http://www.imgt.org

Immunogenetics (2011) 63:351-362

355

+1

TTGCTGCTGCTGGCTTCTGCAGACAGTCAAACTGCAGCTCCCCCGAAGGCTGTGCTGARACTCGAGCCCCCGTGGATCAACGTGCTCCGG 90

L L L L A S A D S Q T A A P

1

P K A V L K L E P P W I

N V L R

GAGGACTCTGTGACTCTGACGTGTGGGGGCGCTCACAGCCCTGACAGCGACTCCACCCAGTGGTTCCACAATGGGAATCTCATCCCCACC 180

E D
20

s vT L T C G G A H S P D S D s

T Q W F H N G N L I P T

40

CACACGCAGCCCAGCTACATGTTCAAGGCCAACAACAATGATAGCGGGGAGTACAGGTGCCAGACTGGCCGGACCAGCCTCAGCGACCCT 270

H T Q P S Y M F

(R) 60

Yy R ¢ Q T G R T S L S D P

GTTCATCTGACTGTGCTTTCTGAGTGGCTGGCGCTTCAGACCACTCACCTGGAGTTCCGGGAGGGAGAAACCATCATGCTGAGGTGCCAC 360

V H L T V L 8
(I) 80 (P)

E W L A L Q T TH L E F R E G E T I

M L R C H
100

AGCTGGAAGGACAAGCCTCTGATCAAGGTEGCATTCTTCCAGAATGGAAAATCCAAG&AQITTTQ%CATATGAATCCqAAQIIQI_CATC 450
el b 1 1

S W K D K P L I
(T)120

K VA F F Q N G K 8
(I) (&)

CCACAAGCAAACCACAGTCACAGTGGTGATTACCACTGCACAGGAAACATAGGCTACACGCCATACTCATCCAAACCTGTGACC;TCACT 540

(R)

G DY HCT G N

G Y T P Y S S

160

K p Vv T I T

GTCCAAGTGCCCAGCGTGGGCAGCTCTTCACCGATGGGGATCATTGTGGCTGTGGTCACTGGGATTGCTGTAGTGGCCATTGTTGCTGCT 630

v Q v P § V G § s 8§ P M G I I

vV AV V T G I

A vV Vv A I V A A

180

GTAGTGGCCTTGATCTACTGCAGGAAAAAGCGGATTTCAGCCAATTCCACTGATCCTGTGAAGGCTGCCCGAAATGAGCCACTTGGACGT 720

vV VvV A L I Y C R K K R I

200

T D

P V KA A RNE P L G R
220

CAAACGATTGCCCTCAGAAAGAGACAACTTGAAGAAACCAACAATGACTATGAAACAGCCGACGGCGGCTACATGACTCTGAACCCCAGG 810

Q T I A L R K R Q L E E

240

T N N D Y E

T A D G G|Y M T IL|] N P R

GCACCTACTGATGATAGAAACATCTACGTGACTCYTCCTCCCAACGACCATGTCA 865

A P Yy v T L] P

260

T D D R N I

Fig. 1 Nucleotide and deduced amino acid sequences of rhesus
macaque Fcy receptor II (FcyRII, CD32) (GenBank accession
number: HQ423393). Nucleotides are numbered at right and amino
acids are numbered throughout. The amino acid numbering is in
accordance with the IMGT unique numbering system for Ig C-like
domains (Lefranc et al. 2005). Following the N-terminal signal
sequence (a 12 amino acid part is shown doubly underlined) is the
extracellular portion of ~180 amino acids in length. The predicted start
site of the mature protein is indicated by the number “/” below the
amino acid A. +/, above the nucleotide sequence, indicates the start of
the extracellular chain. Underlined Cs (n=4) indicates cysteines that
have the potential to form intra-chain disulfide bonds. Potential N-
linked glycosylation sites (n=5; Caragea et al. 2007) (N-x-S/T; x
denotes any amino acid) are represented by broken boxes, of which
those with broken double-line (n=2) denote potential N-linked
glycosylation sites not recognized in humans. The underlined

tyrosine-based activation motif (ITAM; YxxLx(7-12)
YxxL), are present in the CY region.

Similar to FcyRII, macaque FcyRI ¢cDNA clones also
show a typical human FcyRI mRNA organization. The
obtained 1,027-bp-encoded 342-amino acid polypeptide
starts with a putatively partial leader region of 13 residues,
followed by the extracellular region consisting of three
domains [D1], [D2], and [D3] and is 267 amino acids in
length, ending with a CO region (7AA), a TM region
(23AA) and a partial CY region (Fig. 3). As in humans, six

P N D H V

276

sequence corresponds to the CO-TM region. Closed boxes illustrate
the two YxxL signatures, separated by 11 amino acids in the
intracellular cytoplasmic tail, which represent a typical immunoreceptor
tyrosine-based activation motif (ITAM; YxxLx(7-12)YxxL) in the
molecule. The two over-line arrows at the beginning and the end of the
nucleotide sequence represent the binding regions and directions for
the designed CD32.1 (forward) and CD32.8 (reverse) primers,
respectively. The other two over-line arrows in the middle of the
sequence denote internal primers (CD32.3 (forward) and CD32.2
(reverse), in that order). Arrowheads indicate the allelic positions at
which the polymorphic amino acids (represented by amino acids
displayed below and in parentheses) identified in this work are
present. The closed black circle indicates a functional polymorphic
amino acid in human CD32 (131 H/R), known to define the specificity
of human CD32 for [gG2

cysteines (C26 and C68, C107 and C151, as well as C195
and C243), each pair of which (1st-CYS 23 and 2nd-CYS
104 in the IMGT unique numbering; Lefranc et al. 2005)
forms disulfide bonds of the [D1], [D2] and [D3] domain,
respectively, are conserved in macaques. However, only
four potential N-linked glycosylation sites, [D1] N44, [D2]
N95, [D3] N6 and N8O (Table 2), are present in macaques
as compared to the seven present in humans (Fig. 4).
Together, these results show that rhesus macaque
FcyRII and FcyRI ¢cDNA clones exhibit the typical mRNA
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Table 2 Correspondence between sequence positions and IMGT unique numbering for potential N-linked glycosylation sites in rhesus macaque

FcyRs?
Position CD32 domains CD64 domains
[D1] [D2] [CY] [DI1] [D2] [D3]
In sequences 61 128 135 142 213 42 142 178 223
In IMGT 97 77 88 95 10 44 95 6 80
Compared to human Conserved Polymorphic Polymorphic Conserved Conserved Conserved Conserved Conserved Conserved

# Abbreviation and full gene designations are the following: FcyRI: IgG Fc high-affinity I receptor (CD64); FcyRII: IgG Fc low-affinity II receptor (CD32)

primary structure/organization of their corresponding
human receptor.

The macaque CD32 and CD64 extracellular C-like,
ligand-binding portion shares high homology with that
of human CD32 and, to a greater degree, CD64

We compared the FcyRII and FcyRI deduced amino acid
sequences obtained from all nine macaques examined with
the corresponding sequences in humans. Figures 2 and 4
show that macaque proteins display totally conserved intron—
exon boundaries and exhibit high homology in sequence
compared to their human counterparts. The IMGT Collier de
Perles representation of CD32 and CD64 [DI1] and [D2]
domains are shown in Fig. 5. This representation allows to
locate amino acids within a topological context by bridging
the gap between linear amino acid sequences and 3D
structures (Kaas et al. 2007). For the extracellular portion
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alone, amino acid comparisons between these two primate
species revealed a high level of similarity, which were ~88—
90% for CD32 (18-22 changes in the entire 176-amino-acid
extracellular region) and ~94-95% for CD64 (14-16
changes in the entire 267-amino-acid extracellular region)
(percentage ranged depending on the alleles considered in
comparison). For macaque CD32, these amino acid differ-
ences are distributed equally (n=8 to 11) between [D1] and
[D2] domains (Fig. 2). However, for CD64, while each of
the two first domains [D1] and [D2] show relatively
equivalent number (n=6 to 8) of amino acid differences
(compared to humans), its third domain [D3] displays the
least change (n=2) (Fig. 4). The TM region in macaque
CD32 and CD64 share ~83% (number of amino acid
differences, n=5) and 93% (n=2) identity with that in
humans, respectively. Thus, the number of macaque/human
amino acid differences in these two receptors is substantially
lower in the TM region than in the C-like domains. No attempt
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Fig. 2 Alignment of the deduced amino acid sequences of rhesus
macaque CD32 (FcyRII) (GenBank accession numbers: HQ423389-
HQ423393) obtained by cloning and sequencing whole blood cDNAs
with a human CD32a representative (shown as “Human”; GenBank
accession number: BC020823.1). The deduced amino acid sequences
of macaque CD32 are compared and amino acids that differ from the
human CD32a sequence are shown. Included are only macaque
sequences carrying independent allelic polymorphic amino acids (n=
5), in which each allele has a single polymorphic site or a unique
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combination of polymorphic sites. A computationally predicted
macaque CD32 (“RhesusP”; GenBank accession number (updated 6/
1/2010): XM_001118066.2) was also counted in. Hyphens indicate
identical residues and dots represent the IMGT gaps (missing amino
acids) inserted to maximize alignment. The broken-line box represents
the region where macaque polymorphic sites are clustered. The
unbroken-line box indicates the eight-amino acid stretch bearing
multiple N substitutions (see text for details)
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Fig. 3 Nucleotide and deduced amino acid sequences of rhesus
macaque Fcy receptor I (FcyRI, CD64) (GenBank accession number:
HQ423396). Nucleotides are numbered at right and amino acids are
numbered throughout. The amino acid numbering is in accordance
with the IMGT unique numbering system for Ig C-like domains
(Lefranc et al. 2005). Following the N-terminal signal sequence (a 13
amino acid part is shown doubly underlined) is the extracellular
portion of ~270 amino acids in length. The predicted start site of the
mature protein is indicated by the number “1” below the amino acid
A. +1, above the nucleotide sequence, indicates the start of the
extracellular chain. Underlined Cs indicates cysteines (n=6) that have
potential to form intra-chain disulfide bonds. Potential N-linked

was made for comparing the L or CY region sequences, as
when designing primer sets, we did not aim to confirm the full
length of the receptors (several residues at L and CY terminals
were not present in the final cloning products).

L K R K K K W N L E I S

L D S A H E

glycosylation sites (n=4; Caragea et al. 2007) (N-x-S/T) are
represented by single-line broken boxes. Boxes with broken double-
line (n=3) denote potential N-linked glycosylation sites recognized in
humans only. The underlined sequence represents the CO-TM region.
The two over-line arrows at the beginning and the end of the
nucleotide sequence represent the binding regions and directions for
the designed CD64.1 (forward) and CD64.10 (reverse) primers,
respectively. The other two over-line arrows in the middle of the
sequence denote internal primers (CD64.9 (forward) and CD64.4
(reverse), in that order). Arrowheads indicate the allelic positions at
which the polymorphic residues (represented by amino acids
displayed below and in parentheses) identified in this work are present

As mentioned above, two additional potentially gly-
cosylated N are observed in macaque CD32 (Fig. 2). In
contrast, two residues of this type are replaced by other
amino acids in CD64 (Fig. 4). Furthermore, replacement
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Fig. 4 Alignment of the deduced amino acid sequences of rhesus
macaque CD64 (FcyRI) (GenBank accession numbers: HQ423394-
HQ423396) (obtained by cloning and sequencing whole blood
cDNAs) with a human CD64a representative (shown as “Human”;
GenBank accession number: AK291451.1). The deduced amino acid
sequences of the macaque CD64 are compared and residues that differ
from the human CD64a sequence are shown. Included are only

of human [D2] T101 (148) in CD64 with A in macaques
results in breaking of the potential N-linked glycosylation
motif of [D2] N99 in the receptor. These amino acid
changes are present in all animals examined, with the
exception of the polymorphic amino acid CD32 [D2] 77
(128). All but one of the human CD32a amino acids
known to be crucial for IgG binding (Maxwell et al. 1999)
are conserved in macaque CD32. These residues include:
[D2] K29 and P30 (BC loop), S79 and D82 (D strand),
and Y113 (FG loop) (113, 114, 130, 133, and 157 in
sequence), which presumably directly contact the IgG Fc
ligand; [D2] L36, P87 and 1108 (115, 134, and 155),
which presumably have the ability to affect conformation
of the loops; [D2] H80 (131) (D strand), the established
low-responder polymorphic allele (Fig. 1). The only
exception is at position [D2] 81 (132): it is L in humans
but M in macaques. [D2] M81 is found in all nine
macaques examined. It is noteworthy that all nine
examined macaques display [D2] H80 (131) (Fig. 2), the
well known IgG2 low-responder polymorphic allele in
humans (Warmerdam et al. 1991). Because no human
CD64a crystal structure has been solved to date (Ellsworth
et al. 2010), and thus no specific residues crucial for
ligand binding have been established, it is not possible to
identify potential conserved IgG-binding amino acids in
the macaque CD64 sequence. However, at least three
binding interface residues in [D2], W3, W26, and K77
(87, 110, 128) found to be totally invariant among all
human FcyRs (Radaev et al. 2001), are completely
conserved in all nine macaque CD64 proteins (Fig. 4).
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macaque sequences carrying independent allelic polymorphic amino
acids (n=3), in which each allele has a single polymorphic site or a
unique combination of polymorphic sites. A computationally pre-
dicted macaque CD64-“like” (“RhesusP”’; GenBank accession number
(updated 6/1/2010): XR 013029) was also counted in. Hyphens
illustrate identical residues and dots represent the IMGT gaps (missing
amino acids) inserted to maximize alignment

These amino acids are also conserved in most macaque
CD32 proteins examined (Fig. 2).

Together, these data show that the extracellular C-like,
ligand-binding portion of rhesus macaque CD32 and CD64
shares extensive homology with that of human CD32 and,
to a greater degree, CD64.

A relatively high level of intra-species polymorphism
is present in macaque FcyR sequences

Nine (M55SR, V791, T93P, A119T, KI125I, S126A,
N128K, N133D, and Q142R) or three (V6G, QI8R,
and V60A) allelic polymorphic residues were identified
from all examined macaque FcyRII or FcyRI alleles,
respectively (Table 3). In CD64, all variable residues
occur in membrane-distal [D1], whereas in CD32, most
(seven out of nine) allelic polymorphic sites are clustered
on a short segment in the membrane-proximal [D2]
domain (Table 3 and Fig. 2). Unlike FcyRII and FcyRI,
the macaque FcyRIII sequence and a number of its allelic
polymorphisms have recently been described (Miller et al.
2007; Rogers et al. 2006b). In the present study, two
previously unreported CD16 allelic variants at the amino
acid level were identified from the nine macaques
examined: most macaques carry [DI1] L117 (75) and
[D2] A8 (92), whereas one of the animals exhibits [D1]
P117 and two animals exhibit [D2] T8 in their CD16
domains (Table 3).

Among the nine macaques examined, five (CD32) and
three (CD64 and CD16) distinct allelic sequences, differing
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Table 3 Location and type of allelic polymorphism present in rhesus macaque FeyRs®

FcyR (total novel [D1] amino acid positions (number of animals)®
polymorphism)®

[D2] amino acid positions (number of animals)

93 (9) 119 (40) 125 (46) 126 (47) 128 (77) 133 (82) 140 (93)

6 (5 18(152) 55(90) 60 (96) 75 (117) 79 (121) 92 (8)
CD16 (2) - - - - LP (1) -
CD32 (9) - - MR (4) — - VI (1)
CD64 (3) V/IG (1) QR() - V/A (1) - -

AT Q) - - - - . - _

TP (3) AT(1) KI(G) S/A() NK(G) ND@) QR 4)

 Abbreviation and full gene designations are the following: FcyRI: IgG Fc high-affinity I receptor (CD64); FcyRIIL: IgG Fc low-affinity II receptor

(CD32)

° Number of individual animals (among of the nine animals examined) whose sequences exhibit polymorphism

¢ Number of novel allelic polymorphic amino acids that were identified in this work

4 Numbers in parentheses indicate the IMGT positions per domain (Lefranc et al. 2005)

by at least one amino acid, were recognized (Figs. 2 and 4,
and data not shown).

Thus, these results suggest a relatively high level of
intra-species heterogeneity of CD32 and, to a lesser extent,
CD64 and CD16, in rhesus macaques.

Discussion

The well-recognized protective nature of antibody responses
in HIV-infection (Mascola and Montefiori 2010), along with
the need to test candidate vaccines in the SIV-infected
rhesus macaque model, underscores the importance of
characterizing Fc receptors in this species. Indeed, recent
findings indicate the importance of exploiting antibody
responses that depend on the interactions with Fc receptors
to increase vaccine efficacy. Well-characterized anti-HIV
neutralizing monoclonal antibodies and even some non-
neutralizing antibodies show markedly increased viral
inhibitory activity when operating through an FcyR-
mediated mechanism (Forthal and Moog 2009). Using a
different host-pathogen model system, it has been shown
that antigen-antibody complexes enhance antiviral cyto-
toxic T cell responses through FcyR-mediated binding to
dendritic cells (Michaud et al. 2010). Clearly, the breadth
of FcyR functions appears more extensive than what
initially assumed. Therefore, the characterization of Fc
receptors in rhesus macaques is necessary to correctly and
fully utilize this major animal model.

Although the FcyRII and FcyRI-“like” sequences have
recently (June 2010) been predicted computationally,
results from our study provide the first analysis of FcyRII
and FcyRI macaque homologues along with their intra-
species allelic polymorphisms. The predicted cDNA
structure of the macaque CD32 and CD64 represents the
typical primary structure of their human counterparts,
suggesting similar nature interactions with IgG molecules.
Macaque FcyR exhibit characteristic FcyR structural
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features. In particular, the length of a domain and the
number of amino acids present between cysteine pairs,
both of which are responsible for the folding pattern, is
shorter in FcyR (~88 and 4244 residues, respectively) as
compared to IG proteins (~110 and no fewer than 80
residues, respectively) (Maxwell et al. 1999; Williams and
Barclay 1988).

The high amino acid sequence identity of the FcyR
domains between humans and macaques is consistent with
the highly conserved nature of the individual C-like FcyR
binding domains. Nevertheless, not all amino acids from
the Fc binding region and the interdomain region packing
are completely conserved in the macaque CD32 or CD64
sequences. One example is the addition of two predicted N-
linked glycosylation sites at [D2] 77 and 88 in macaque
CD32, and the lack of three of these sites at [D1] 97, [D2]
88 and 99 in CD64, as compared to their human counter-
parts. It is noteworthy that all these amino acid changes are
recognized in the computer-predicted sequences, as well as
in every individual animal examined, except for the
polymorphic [D2] 77. Given that N-glycosylation sites
have the ability to affect structure and ligand-binding
properties of FcyR (van Sorge et al. 2003), it might be
predicted that these inter-species variations in glycosylation
pattern might have a functional consequence on macaque
CD32 and CD64 proteins.

The majority of amino acids known to be crucial for
CD32 ligand binding in humans (Maxwell et al. 1999) are
conserved in macaques. However, the human [D2] L81 is
substituted by M81 in all nine animals. As L and M are
both amino acids with a hydrophobic side chain and both
favor the formation and stabilization of domain structures,
it is reasonable to speculate that no major alteration in the
hydrophilic/hydrophobic profile results from this change.
Nevertheless, it is noteworthy that this position is located
downstream next to the functionally polymorphic amino
acid [D2] H/R80 (131). This residue defines the specificity
of CD32 for IgG in humans (Warmerdam et al. 1991).
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Interestingly, all nine macaques investigated display H131,
the IgG2 low-responder polymorphic allele. It remains to be
seen, however, if this substitution affects IgG-binding
affinity and/or specificity of the receptor.

Because the C-terminal membrane-proximal [D2] do-
main is the principal IgG-binding domain, its polymor-
phisms may influence binding properties. The N-terminal
membrane-distal [D1] domain, on the other hand, mainly
plays a supporting role in domain—domain interaction;
thus, its variations might only affect the orientation of the
spatial domain (Radaev and Sun 2002). In macaque CD64
proteins, all four (including RhesusP) polymorphic amino
acids occur in [D1] (three in A strand and AB turn and
the fourth one at position 93) (at amino acid 6-60;
Table 3 and Figs. 3 and 4), whereas in CD32 proteins,
most (seven of nine) allelic polymorphic sites are clustered
on a short segment in the middle of D2 (at amino acid
120-140 segment; Table 3 and Figs. 1 and 2). Thus, these
regions might be capable of mutating easily, indicating
the impact of the evolutionary forces and the active
functions of the receptors. In CD32 molecules, this short
segment represents the type of small-region, broad-
variation occurrence that might render the CD32 amino
acid 120-140 segment a mutation hot spot. Even more
interesting is the presence of a shorter stretch of eight
amino acids located within another segment (residues 128
to 135): four of the eight residues are polymorphic, three
of these four polymorphic residues are N, and two of
these three N residues are potential glycosylated ones,
thus indicating that this segment/stretch represents the
most actively functional and evolutionarily instable area
of the molecule.

Although the polymorphic variations identified in the
present study, including the two novel CD16 variants, are
entirely located in the ligand-binding regions, no single,
specific variation is at a location known to be crucial for
IgG binding in the corresponding human molecules.
However, even a single amino acid change may signifi-
cantly alter the ligand-binding affinity of FcyR. FeyR-IgG
interactions are complex and multi-facial, and therefore,
until binding studies are carried out, it is difficult to predict
the functional implications of these allelic variations.

Under natural evolutionary selection, polymorphisms,
when occurring co-locally in both FcyR molecules and and
their native Fc ligand within the binding areas, have the
potential to optimize functional activity and increase the
binding fitness of both interacting players (Kim et al. 2001).
Recent work from our group demonstrates the existence in
macaques of a high level of IgA and IgG intra-species
polymorphisms, particularly in the IgG2 and IgG4 sub-
classes (Rogers et al. 2008; Scinicariello and Attanasio
2001; Scinicariello et al. 2004). The amino acid changes are
primarily located at the hinge region, including the lower

hinge where all FcyRs bind (Radaev and Sun 2002).
Therefore, as both FcyR and IgG are highly polymorphic in
macaques, the binding fitness and effector functions
associated with these molecules might vary from individual
to individual and might differ from those present in humans.
Additionally, since particular allelic variations can be associ-
ated with disease susceptibility and/or severity and may
influence the outcome of treatment with monoclonal anti-
bodies (Cartron et al. 2002; van Sorge et al. 2003), this high
heterogeneity must be considered when designing studies
and interpreting data obtained using macaques for assessing
immunogenicity and protective efficacy of HIV vaccines or
vaccines for other infectious diseases, the genetic basis of
IgG-mediated human diseases, and antibody or FcyR-
derived immunotherapeutic approaches.
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