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SUMMARY

The interaction of the immunoglobulin A (IgA) molecule with its specific cellular receptor is

necessary to trigger a variety of effector functions able to clear IgA-opsonized antigens. The

human IgA-specific Fc receptor, FcaRI or CD89, is expressed on cells of the myeloid lineage.

Recently, CD89 homologues have been identified in rats and cattle. Because non-human pri-

mates represent well established models for a variety of human diseases and for the testing of

immunotherapeutic strategies, we cloned and sequenced cDNAs corresponding to the CD89

gene from rhesus (Macaca mulatta) and cynomolgus (Macaca fascicularis) macaques. Macaque

sequences of full-length CD89 consist of five exons of length identical to the corresponding

human CD89 exons. The rhesus and cynomolgus macaque derived amino acid sequences are

highly homologous to each other (99Æ3%% identity) and exhibit 86Æ5%% and 86Æ1%% identity to the

human counterpart, respectively. Transfection of HeLa cells with plasmids containing the

cloned macaque cDNAs resulted in the expression of surface molecules recognized by an anti-

human CD89 antibody. Five splice variants were identified in rhesus macaques. Three of the five

variants are similar to described human CD89 splice variants, whereas two variants have not

been described in humans. Three splice variants were identified in cynomolgus macaques. Of the

three variants, one is present also in humans and rhesus macaques, whereas the other two are

shared with rhesus macaques but not humans. Similarly to the human CD89, macaque CD89 is

expressed on myeloid cells from peripheral blood. The characterization of macaque CD89

represents an essential step in establishing a non-human primate model for the testing of

immunotherapeutic approaches based on the manipulation of the IgA ⁄CD89 interaction.
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INTRODUCTION

Fc receptors (FcRs) are expressed on a variety of immune

effector cells and, by binding the constant region of anti-
body molecules, provide an essential link between the
humoral and cellular arms of the immune system.1 FcaRI

(CD89), the Fc receptor specific for immunoglobulin A
(IgA) molecules, is a transmembrane glycoprotein that
belongs to the immunoglobulin gene superfamily.2 It is

expressed on monocytes, eosinophils, neutrophils and

macrophages3 and its signalling capacity is dependent on
the association with the FcR c-chain subunit.4 The human

CD89 gene is located within the leucocyte receptor cluster
on chromosome 195 appears to exist as a single copy2 spans
12 kb and includes five exons.6 Exons S1 and S2 encode the

leader peptide, EC1 and EC2 each specify an extracellular
immunoglobulin-like domain of 103 amino acids, and
TM ⁄C codes for the transmembrane domain (19 amino

acids) and cytoplasmic tail (41 amino acids) of the receptor.
The CD89 ⁄IgA interaction mediates immune effector

responses, including antibody-dependent cell-mediated
cytotoxicity, phagocytosis and respiratory burst, as well as

release of cytokines and inflammatory mediators.3 There-
fore, this interaction is necessary to maintain the integrity
of the immune responses in both systemic and mucosal

compartments. Indeed, IgA is the most abundantly
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produced antibody isotype and represents a first line of
defence at mucosal surfaces. The IgA system differs in the
animal species most extensively studied. In humans, there
are two IgA subclasses, designated IgA1 and IgA2. Both

subclasses bind FcaRI with a low affinity of approximately
Ka¼ 106 m)1.7 Only one IgA subclass is present in mice8

whereas rabbits possess 13 IgA subclasses.9 In rhesus

macaques, IgA molecules are characterized by an extremely
high level of intraspecies heterogeneity.10,11 This IgA het-
erogeneity appears in several non-human primate species.12

Interestingly, no FcaRI homologue has been identified in
mice. Recently, FcaRI homologues have been identified in
rats13 and cows.14 Here, we describe the rhesus and cyno-

molgus macaque CD89.

MATERIALS AND METHODS

Amplification, cloning and sequencing of macaque CD89

Heparinized blood samples were collected from one healthy
rhesus macaque (Macaca mulatta) and one healthy cyno-
molgus macaque (Macaca fascicularis). Total RNA was

extracted from whole blood using the QIAamp RNA Blood
Mini Kit (Qiagen Inc., Valencia, CA), and reverse tran-
scribed into cDNA using oligo d(T)17 primers, followed by

primer extension with the AMV reverse transcriptase
(Roche Molecular Biochemicals, Indianapolis, IN). Poly-
merase chain reaction (PCR) amplification of the cDNA
was performed with Expand High Fidelity polymerase

(Roche Molecular Biochemicals). The nucleotide sequences
of the PCR primers used to amplify the complete CD89
transcripts have been previously reported by Pleass and

coworkers.15 Forward (RP1) and reverse (RP2) primers
specific for the human CD89 located at the start codon of
the S1 exon and the stop codon of the TM ⁄C exon,

respectively, were employed. The PCR conditions used
were those described by Pleass and coworkers15 except that
40cycles of PCR were performed.

An alternate form of CD89, known also as FcaRIb
(which lacks exon TM ⁄C but contains nucleotide sequences
present in the intron located between exon EC2 and exon
TM ⁄C of variant 1) has been described.16 There are two

FcaRIb isoforms, known as CD89 transcript variants 9 and
10.16 In order to amplify this alternate form, we designed
the FCARB2 primer (5¢-TCTAGCGAGGAAGTGAA

AGCGG-3¢) located at the 1024–1003 nt of the CD89
transcript variant 9 (GenBank NM_133279) that, used with
the RP1 primer, allows amplification of the complete

FcaRIb transcripts. After reverse transcription of total
RNA, the cDNA was amplified with the FCARB2 and RP1
primers using the same conditions described for the RP1

and RP2 primers.15 Fifty microlitres of a PCR reaction was
run on a 2% agarose gel. The bands of interest were excised
from the gel, purified using the QIAquick Gel Extraction
Kit (Qiagen Inc.) and ligated into the pCR2Æ1 vector

(Invitrogen, Carlsbad, CA). After transformation into the
appropriate Escherichia coli, colonies from each sample
were expanded. Plasmid DNA was screened on a 1%

agarose gel after EcoRI digestion, to confirm the presence
of the correct fragment size. All DNA sequences were

determined using the ABI Prism Dye Termination Cycle
Sequencing kit (PerkinElmer, Wellesley, MA) on an ABI
model 3100 automated sequencer (PerkinElmer). The for-
ward and reverse M13 primers were used for sequencing.

Completed sequences were edited and aligned using the
MacVector sequence analysis package (Accelrys, Burling-
ton, MA).

Expression of macaque CD89 cDNAs in HeLa cells
Full length rhesus and cynomolgus CD89 cDNAs ligated

into the pCR2Æ1 vector were subjected to digestion with
XhoI and EcoRI. The resulting fragments were ligated into
the XhoI and EcoRI digested expression vector pcDNA3.1

(+) (Invitrogen) and amplified in E. coli. Twenty lg of
expression vector was then added to HeLa cells suspended
in 250 ll of Dulbecco’s modified Eagle’s minimal essential

medium (DMEM) at 14 · 106 cells ⁄ml. After 10 minutes of
incubation on ice, cells were electroporated by one or two
pulses using the power supply set to 300 V, 25 mA, and

25 W and the Electroporator II (Invitrogen) set to 1000 lF
and 8 X, according to the manufacturer’s recommenda-
tions. Cells were then incubated at room temperature for
10 min and grown in 10 ml of DMEM with 10% fetal calf

serum in 5% CO2 at 37�. For rhesus macaque CD89, stably
transfected cells were established by selection with Geneti-
cin (400 lg ⁄ml) added 72 hr post transfection. After several

passages non-transfected and transfected HeLa cells were
harvested from cell culture following three phosphate buf-
fered saline (PBS) washes from wells with 90% confluent

growth. 1 · 106 cells were stained at 4� with either 20 ll of
phycoerythrin-conjugated mouse anti-human CD89 (clone
A59) or SimultestTM Control c1 ⁄c2a (both from BD

PharMingen, San Diego, CA) for 15 min, followed by three
washes with PBS. A59 binds to the extracellular domain 2
(EC2) of CD89Æ17 Cells were then fixed with 1% para-
formaldehyde and analysed using a FACSCalibur flow

cytometer (Becton-Dickinson Immunocytometry Systems,
San Jose CA). Repeated flow analysis of cells transfected
for rhesus CD89 confirmed that cells stably expressed

rhesus CD89. Expression of cynomolgus macaque CD89 in
HeLa cells was determined as described above, with the
exception that only transient transfectants were generated

and examined by flow cytometry analysis.

Determination of CD89 expression on blood leucocytes

Blood from four rhesus and seven cynomolgus macaques
was collected in ethylenediaminetetraacetic acid (EDTA)
Vacutainer� tubes (Becton-Dickinson) by venipuncture

under anaesthesia. Leucocyte expression of CD89 was
analysed by two-colour flow cytometry analysis using
phycoerythrin (PE)-conjugated anti-human CD89 and
fluorescein isothiocyanate (FITC)-conjugated monoclonal

antibodies for CD14, CD20, and CD3 and cy-chrome
conjugated anti-CD16 (BD Pharmingen and BD Immuno-
cytometry Systems). Monoclonal antibody clones for

CD14, CD20, CD3 and CD16 were M5E2, L27, SP34,
and 3G8, respectively. SimultestTM Control c1 ⁄c2a was
used to detect nonspecific binding of mouse IgG to cells.

Staining of whole blood was done using a standard
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procedure. Briefly, 100 ll of blood was incubated with
20 ll of each antibody in the dark at room temperature.
Erythrocytes were lysed with 2 ml of BD PharM Lyse (BD
Pharmingen), washed three times with PBS and fixed with

1% paraformaldehyde. Five thousand events were counted
by flow cytometry.

RESULTS

Cloning and sequencing of macaque CD89 cDNA

We cloned and sequenced macaque cDNA obtained
through reverse transcription of total RNA followed by

amplification performed using primers complementary to
sequences located in the S1 and TM ⁄C exons. The intro-
duction of errors into the sequence was minimized by using
a high fidelity polymerase with proofreading ability. To

validate the amplification strategy, we amplified, cloned
and sequenced the full length human CD89 as well as two
human alternatively spliced variants. All human sequences

matched those available in GenBank (accession numbers
NM_002000, NM_133271 and NM_133279) (data not
shown). We then used the same strategy to amplify, clone

and sequence rhesus and cynomolgus macaque CD89. Each
sequence was confirmed by cloning and sequencing the
products of another independent PCR performed using the

same total RNA. A complete transcript including all five
exons along with several additional transcripts representing
alternatively spliced forms of the CD89 mRNA were
identified. Figure 1 shows the deduced amino acid

sequences of the complete cDNA from rhesus and cyno-
molgus macaques along with the corresponding human
sequences. All five macaque exons were of length identical

to the corresponding human CD89 exons. The rhesus

macaque and the cynomolgus macaque CD89 amino acid
sequences exhibit 86Æ5% and 86Æ1% identity to the human
counterpart, respectively. The rhesus macaque CD89 amino
acid sequence shows 99Æ3% identity to the corresponding

cynomolgus macaque sequence. Therefore, the CD89
sequences from these two non-human primate species are
highly homologous to each other, differing for only two

amino acids (a methionine ⁄ isoleucine substitution at posi-
tion 40 and a phenylalanine ⁄ leucine substitution at position
85). We did not identify amino acid differences in the S1

and S2 exons between human and macaque sequences. The
majority of human ⁄macaque substitutions are clustered in
the EC1 exon.

Expression of full-length macaque CD89 cDNA

in HeLa cells

To ascertain whether or not expression of the isolated full-

length CD89 cDNA resulted in the production of a cell
surface product, we generated HeLa cell transfectants using
plasmids containing either rhesus or cynomolgus macaque

full-length CD89 cDNA. Transfected cells were stained
with a PE-conjugated anti-human CD89 and a mouse iso-
type control and analysed by flow cytometry. Transfected

cells exhibited increased fluorescence intensity when stained
for CD89 as compared to staining with a control mouse
antibody (Fig. 2). Staining with anti-human CD89 PE did
not result in detectable fluorescence of untransfected HeLa

cells indicating that CD89 was not expressed in these cells
prior to introduction of the expression vectors. The lower
fluorescence intensity levels observed in cynomolgus mac-

aques as compared to rhesus macaques are likely to reflect
the transient transfection of Hela cells with the cynomolgus
macaque cDNA (as mentioned above, stable transfectants

S1 EC1
MDPKQTTLLCLVLCLGQRIQAQEGDFPMPFISAKSSPVIPLDGSVKIQCQAIREAYLTQLMIIKNSTYREIGRRLKFWWE   80 
MDPKQTTLLCLVLCLGQRIQAQEGNFSTPFISTRSSPVVPWGGSVRIQCQAIPDAYLIWLMMLKNSTYEKRDEKLGFWND   80 
MDPKQTTLLCLVLCLGQRIQAQEGNFSTPFISTRSSPVVPWGGSVRIQCQAIPDAYLIWLIMLKNSTYEKRDEKLGFWND   80

EC2

TTPEFVIDHMDANKAGRYRCRYRIGFSRFRYSDTLELVVTGLYGKPSLSVDRGPVLMPGENISVTCSSAHIPFDRFSLAK  160
TTPEFVIDHMDANKAGRYRCRYRIGLSRFRYSDTLELVVTGLYGKPSLSVDRGPVLMPGENISVTCSSAHIPFDRFSLAK  160      

TDPEFVIDHMDANKAGRYQCQYRIGHYRFRYSDTLELVVTGLYGKPFLSADRGLVLMPGENISLTCSSAHIPFDRFSLAK  160

TM/C

EGELSLPQHQSGEHPANFSLGPVDLNVSGIYRCYGWYNRSPYLWSFPSNALELVVTDSIHQDYTTQNLIRMAVAGLVLVA  240 
EGELSLPQHQSGEHPANFSLGPVDLNVSGSYRCYGWYNRSPYLWSFPSNALELVVTDSINRDYTTQNLIRMAMAGLVLVA   240 
EGELSLPQHQSGEHPANFSLGPVDLNVSGSYRCYGWYNRSPYLWSFPSNALELVVTDSINRDYTTQNLIRMAMAGLVLVA  240

LLAILVENWHSHTALNKEASADVAEPSWSQQMCQPGLTFARTPSVCK 287 
LLAILVENWHSHKALNKEASADVAEPSWSHQMCQPGWTFARTPSVCK 287 
LLAILVENWHSHKALNKEASADVAEPSWSHQMCQPGWTFARTPSVCK 287

Mature Peptide

HuCD89.1 
MamuCD89.1 
MafaCD89.1

HuCD89.1 
MamuCD89.1 
MafaCD89.1

HuCD89.1 
MamuCD89.1 
MafaCD89.1

HUCD89.1 
MarnuCD89.1 
MafaCD89.1

S2

Figure 1. Alignment of CD89 derived amino acid sequences obtained by cloning and sequencing rhesus macaque (GenBank

accession number AY386684) and cynomolgus macaque (GenBank accession number AY386690) cDNA from whole blood

and comparison with the published human sequence (GenBank NM_002000). Amino acid differences are underlined. The first

amino acid of the preprotein is numbered as residue 1. The mature peptide starts at residue 22. Arrows indicate distinct

domains. The first two amino acids for EC1 are encoded at the end of the S2 exon. The signal peptide is encoded by both S1

and S2 sequences. Potential N-glycosylation sites, cysteines involved in disulfide bonds and arginine 209 critical for associ-

ation with the FcRc chain are bolded. Hu: Homo sapiens; Mamu: Macaca mulatta; Mafa: Macaca fascicularis.
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were used to detect cell surface expression of rhesus
macaque CD89).

Identification of macaque CD89 alternatively

spliced transcripts

Several distinct mRNA isoforms of the human CD89 have
been identified. These isoforms are generated through

deletion of exons or parts of exons via alternative RNA
splicing, resulting in the expression of closely related but
functionally different receptor variants.15,18–20 Therefore,

alternative splicing may represent the mechanism under-
lying the diversification of CD89 functions.15 Ten human
variants are listed in the GenBank data base. In addition to

the complete CD89 transcript, we have identified several
alternatively spliced transcripts in macaques. Specifically,
five splice variants were present in the rhesus macaque
blood sample analysed and three splice variants in the

cynomolgus macaque sample. Figure 3 depicts the derived
amino acid sequences of the rhesus macaque variants.
Three of the five variants (MamuCD89.3, MamuCD89.7

and MamuCD89.9) are similar to described human CD89
isoforms3 whereas two variants (MamuCD89.DEC1 and
MamuCD89.DEC1DTM ⁄C) have not been described in

humans. The derived amino acid sequences of the splice
variants from cynomolgus macaques are shown in Fig. 4.
Of the three isoforms, one (MafaCD89.9) is present also

in humans and rhesus macaques, whereas the other
two (MafaCD89.DEC1 and MafaCD89.DEC1DTM ⁄C) are
shared with rhesus macaques but not humans. Figure 5
shows the schematic representation of the complete CD89

transcript and corresponding splice variants identified in
both macaque species. The two variants identified in mac-
aques and not described in humans are characterized by a

deletion of the EC1 exon or by a deletion of the EC1 and
TM ⁄C exons. The latter variant maintains the tail seq-
uences, as found in a human isoform with deletion of the

TM ⁄C exon. This human isoform is designated FcaRIb
and results from an alternate splicing that, by skipping the
3¢ splice site located at the end of the exon EC2, introduces
a tail of 23 new amino acids before reaching the stop

codon.16

CD89 expression on the cell surface of macaque leucocytes

Human CD89 is expressed only in selected cells of the
myeloid lineage and not in lymphocytes. To determine
whether or not macaque CD89 is similarly expressed,

whole blood from four rhesus and seven cynomolgus
macaques was stained with the anti-human CD89 PE as
well as various FITC-conjugated antibodies against

markers of leucocyte populations and then analysed by
flow cytometry. Both macaque species expressed CD89 on
granulocytes and monocytes, but not on lymphocyte
populations. Cells positive for markers of B cells, T cells

and natural killer cells (CD20, CD3 and CD16, respect-
ively) were all CD89 negative in both species (Fig. 6). In
humans, CD16 is present on neutrophils as well as on

natural killer cells.21 However, our results indicate that
either macaque granulocytes do not express CD16 or
granulocyte CD16 is present in a form not recognized by

the antibody clone used in our study. Rhesus macaque
leucocytes stained for CD14 can be plotted along with
their side scatter properties to distinguish the lymphocyte,

eosinophil, neutrophil, and monocyte populations.22

Taking advantage of this, we stained whole blood for
CD89 and CD14, and gated cell populations using a
sidescatter versus CD14 dot plot (Fig. 7). Without gating,

CD14 ⁄CD89 staining identified three clusters of cells: a
double negative population in the bottom left-hand corner
corresponding to lymphocytes, a population with inter-

mediate fluorescence on both axes, and a cluster of cells
positive for CD89 with a broad range of expression for
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Figure 2. Expression of recombinant macaque CD89 on HeLa

cells. Cells were transfected with a plasmid containing full-length

(a) rhesus macaque CD89 cDNA or (b) cynomolgus macaque

CD89 cDNA and stained with anti-human CD89: thick line (rhesus

MFI¼ 120Æ70, SD¼ 343Æ04; cynomolgus 30Æ35, SD¼ 345Æ04) or

with isotype control mouse IgG: thin line (rhesus MFI¼ 8Æ65,
SD¼ 7Æ40; cynomolgus MFI¼ 9Æ27, SD¼ 34Æ47). Untransfected

HeLa cells stained with anti-human CD89: dotted line (MFI¼ 5Æ26,
SD¼ 28Æ69). MFI ¼ Mean fluorescence intensity, SD ¼ standard

deviation. Stable transfectants were used for detection of rhesus

macaque CD89 and transient transfectants were used for detection

of cynomolgus macaque CD89. 5000 events were counted per

sample.
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Figure 3. Alignment of the five rhesus macaque CD89 splice variants (GenBank accession number AY386684-AY386689)

with full-length CD89 from the same species. Arrows indicate distinct domains. Mamu: Macaca mulatta.

MafaCD89.1

Mature Peptide

MDPKQTTLLCLVLCLGQRIQAQEGNFSTPFISTRSSPVVPWGGSVRIQCQAIPDAYLIWLIMLKNSTYEKRDEKLGFWND

MDPKQTTLLCLVLCLGQRIQAQEGNFSTPFISTRSSPVVPWGGSVRIQCQAIPDAYLIWLIMLKNSTYEKRDEKLGFWND
MDPKQTTLLCLVLCLGQRIQAQE---------------------------------------------------------

MDPKQTTLLCLVLCLGQRIQAQE---------------------------------------------------------

S1 S2 EC1

EC2

TM/C

TAIL

MafaCD89.∆EC1
MafaCD89.9(∆TM/C)
MafaCD89.∆EC1∆TM/C

MafaCD89.1
MafaCD89.∆EC1
MafaCD89.9(∆TM/C)
MafaCD89.∆EC1∆TM/C

MafaCD89.1
MafaCD89.∆EC1
MafaCD89.9(∆TM/C)
MafaCD89.∆EC1∆TM/C

MafaCD89.1
MafaCD89.∆EC1
MafaCD89.9(∆TM/C)
MafaCD89.∆EC1∆TM/C

TTPEFVIDHMDANKAGRYRCRYRIGLSRFRYSDTLELVVTGLYGKPSLSVDRGPVLMPGENISVTCSSAHIPFDRFSLAK

TTPEFVIDHMDANKAGRYRCRYRIGLSRFRYSDTLELVVTGLYGKPSLSVDRGPVLMPGENISVTCSSAHIPFDRFSLAK
----------------------------------------GLYGKPSLSVDRGPVLMPGENISVTCSSAHIPFDRFSLAK

----------------------------------------GLYGKPSLSVDRGPVLMPGENISVTCSSAHIPFDRFSLAK

EGELSLPQHQSGEHPANFSLGPVDLNVSGSYRCYGWYNRSPYLWSFPSNALELVVTDSINRDYTTQNLIRMAMAGLVLVA
EGELSLPQHQSGEHPANFSLGPVDLNVSGSYRCYGWYNRSPYLWSFPSNALELVVTDSINRDYTTQNLIRMAMAGLVLVA
EGELSLPQHQSGEHPANFSLGPVDLNVSGSYRCYGWYNRSPYLWSFPSNALELVVT------------------------
EGELSLPQHQSGEHPANFSLGPVDLNVSGSYRCYGWYNRSPYLWSFPSNALELVVT------------------------

LLAILVENWHSHKALNKEASADVAEPSWSHQMCQPGWTFARTPSVCK
LLAILVENWHSHKALNKEASADVAEPSWSHQMCQPGWTFARTPSVCK
-----------------------------------------------GRYLPVQPCVRVGCPGPCHWAGI
-----------------------------------------------GRYLPVQPCVRVGCPGPCHWAGI

80

80
23

23

160
63
160
63

240

216
119

287

239
142

190

143

Figure 4. Alignment of the three cynomolgus macaque CD89 splice variants (GenBank accession number AY386690-

AY386693) with full-length CD89 from the same species. Arrows indicate distinct domains. Mafa: Macaca fascicularis.
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CD14. Gating of the granulocyte population revealed that
the latter two populations contained granulocytes. The
cluster of cells with intermediate fluorescence likely cor-

responds to a portion of eosinophils, as eosinophils are
known to exhibit greater autofluorescence than other cell
populations.22 A percentage of the eosinophil population

was always found in the CD89 high fluorescence cluster of
cells, with the remaining CD89 positive cells representing
neutrophils and monocytes.

DISCUSSION

Macaques are widely used in biomedical research as models
for pathogenesis studies, vaccine development and testing

of immunotherapeutic approaches, including experimental
strategies to prevent transplant rejection.23–31 It is well
recognized that macaques infected with simian immuno-

deficiency virus or simian–human immunodeficiency viruses
are the best animal model currently available to study
acquired immune deficiency syndrome pathogenesis and

vaccine development.32 Given the importance of CD89 in
the immune response, we identified and characterized CD89
cDNA in two different macaque species. Results from our
experiments show that HeLa cells transfected with plasmids

containing rhesus macaque or cynomolgus macaque CD89
cDNA express the CD89 molecule on their cell surface, and
this molecule is recognized by an anti-human CD89 anti-

body. In addition, our results indicate that, similarly to the

human counterpart, macaque CD89 is expressed on blood

leucocytes of the myeloid lineage.
The rhesus and cynomolgus macaque CD89 amino

acid sequences exhibit 86Æ5% and 86Æ1% identity the hu-
man counterpart, respectively, and are highly homologous

to each other (99Æ3% identity). The human CD89 cDNA
encodes a protein containing six potential N-glycosylation
sites, four of which are located in the extracellular

domains.2 Presence of ordered carbohydrates at these four
sites (N44, N58, N120, and N156) has been recently
demonstrated in the crystal structure of the human

CD89Æ33 The other two sites are located at position 165
and 177. Differentially glycosylated CD89 species are
expressed on monocyte ⁄macrophages and granulocytes.34

As shown in Fig. 1, the six glycosylation sites are also

present in the CD89 sequences from both macaque
species. However, an additional potential glycosylation
site is present in the EC1 domain of the macaque CD89

(asparagine at position 4). In the human CD89 molecule,
cysteines involved in disulphide bonds are located at

MamuCD89.1
S1 S2 EC1

S1 S2

S1 S2

S1

S1 S2

S1 S2

S1 S2

S1 S2

S1 S2

S1 S2

EC1

EC1

EC1

EC1

EC2

EC2

EC2

EC2

EC2

EC2

EC2

EC2

EC2

TM/C

TM/C

TM/C

TM/C

TAIL

TAIL

TAIL

TAIL

TM/C

TM/C

MamuCD89.3 (∆EC2)

MamuCD89.∆EC1

MamuCD89.7 (∆s2∆EC1)

MamuCD89.9 (∆TM/C)

MamuCD89.∆EC1∆TM/C

MafaCD89.1

MafaCD89.∆EC1

MafaCD89.9 (∆TM/C)

MamuCD89.DEC1∆TM/C

Figure 5. Schematic representation of the complete CD89 tran-

script and corresponding splice variants identified in rhesus and

cynomolgus macaques. Mamu: Macaca mulatta; Mafa: Macaca

fascicularis.
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Figure 6. Two-colour dot-plots of whole blood leucocytes from a

representative rhesus (a–d) and cynomolgus macaque (e–h). For-

ward scatter (FSC) versus side scatter (SSC) (a and e); CD89 versus

CD20 (b and f); CD3 (c and g); and CD16 (d and h).
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position 28 and 79 of the EC1 domain and at position
125 and 172 of the EC2 domain. As expected, these four
cysteines are conserved in the CD89 sequences from both

macaque species. Additionally, arginine 209, critical for
CD89 association with the signalling molecule FcR c
chain35 is conserved in macaques.

Human CD89 interacts with human IgA molecules

through residues located on the EC1 domain. These resi-
dues, which include Y35, Y81 and R82 (along with R52 and
to a lesser extent H85 and Y86), appear to form a single

face at the N-terminus of the molecule and have been
identified by scanning mutagenesis.7,36 While Y35 and Y81
are conserved in both macaque species, the arginine at

position 52 and the tyrosine at position 86 are substituted
by a glutamic acid and a serine, respectively, in both
macaque species. In addition, the histidine located at posi-
tion 85 of the human sequence is replaced by a phenyl-

alanine in rhesus macaques and by a leucine in cynomolgus
macaques. Recently, additional human CD89 residues

involved in IgA binding (along with those previously des-
cribed) have been identified by analysing the crystal struc-
ture of the molecule.33 Of these amino acids, L54, F56, W57
and G84 are conserved in the human and macaque CD89

molecules, whereas the arginine at position 53 and the ly-
sine at position 55 of the human molecule are substituted by
a lysine and by a glycine, respectively, in both macaque

species. To date, the only CD89 homologue model for IgA
binding is the recently described bovine CD89 (bCD89),
which was found to bind human and bovine IgA simi-

larly.14 Binding of macaque IgA to macaque CD89 has not
yet been shown. Interestingly, two of the human CD89
residues identified in the crystal structure as contributing to

IgA binding (R53 and K55) are lysine and glycine,
respectively, in both bovine and macaque CD89. This and
the observation that bCD89 is more dissimilar than maca-
que CD89 to human CD89 indicates that, although some of

the amino acids involved in the human IgA ⁄CD89 inter-
action are not conserved in macaques, macaque CD89 is
likely to bind IgA from the same species.

Lack of identification in the macaque samples of
additional splice variants similar to human transcripts
may be due to different factors. Macaques may express

only a limited number of the isoforms described in
humans or, most likely, the identified macaque isoforms
are a reflection of the samples used for RNA purification
and therefore of transcripts that are present in cells found

in peripheral blood. Human CD89 splice variants are in-
deed cell-type specific. The CD89.2 isoform is found only
in alveolar macrophages.19 Similarly, expression of the

CD89.3 variant (DEC2) is cell-type specific.37 The pres-
ence of variants found only in macaques may indicate
that such variants are specific to these species or that the

corresponding human isoforms have not been identified
yet. In addition, it has been demonstrated that the ratio
of variants to wild type CD89 is regulated by inflamma-

tory cytokines and can be differentially modulated by
diseases.37,38 Indeed, we have observed differences in the
relative intensity of bands for cDNA of the various splice
variants different individuals (data not shown). Therefore,

CD89 isoform expression may be dependent on the
particular individual analysed and on the concomitant
presence of inflammatory conditions or other disorders.

Clearly, additional studies are necessary to fully charac-
terize the entire set of macaque CD89 splice variants.

The IgA Fc receptor has been characterized only in a

few species. The rat CD89 gene homologue shares 53%
amino acid identity with the human CD89.13 Only full-
length CD89 and a single splice variant (characterized by a
deletion of the S2 exon) have been identified in rat spleen.13

The cattle CD89 homologue shares 56Æ2% amino acid
identity with the human CD89. However, no splice variants
have been reported in this species.14 The identification of

several variants in macaques indicates that CD89 transcript
processing may vary considerably between species.

There is currently increased interest in the manipulation

of the IgA ⁄CD89 interaction for immunotherapeutic pur-
poses.39–41 CD89 represents an effective target molecule
for immunotherapy mediated by bispecific antibodies.42
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Figure 7. Two-colour dot-plots of whole-blood leucocytes from

a representative rhesus (a–d) and cynomolgus macaque (e–h).

(a and e) CD14 versus side scatter. CD14 versus CD89: (b and f)

total leucocytes; (c and g) granulocytes; (d and h) monocytes. Gates

used for granulocyte (R1) and monocyte (R2) populations of

rhesus (a) and cynomolgus macaque (e) are shown.
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Results from a more recent study show that a chimeric
surfactant protein D ⁄anti-CD89 protein may effectively
target pathogens to neutrophils.43 Like humans, macaques
express CD89 on granulocytes and monocytes. Because of

the potential use of macaques as models for the develop-
ment of IgA-based therapies, the characterization of CD89
and corresponding isoforms in these species represents an

essential step to define a valuable system for the testing of
therapeutic antibodies.
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