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Introduction

Summary

Antibodies are adaptor molecules that neutralize pathogens and link
humoral and cellular defence mechanisms. Immunoglobulin D (IgD), one
of the five antibody classes present in mammals, is expressed as an anti-
gen receptor on naive B cells. The functional role that IgD plays in the
immune response is still poorly understood, but the recent characteriza-
tion of immunoglobulin heavy constant delta genes (IGHD) in a variety
of species challenges the view that IgD is of minor importance and is not
present in many animals. On the basis of serological studies, IgD appears
to be expressed in the majority of mammalian species examined. To con-
firm, at the molecular level, that IgD is present in different species, we
cloned and sequenced IGHD ¢DNA from dogs and five non-human pri-
mate species (chimpanzee, rhesus macaque, cynomolgus macaque, baboon
and sooty mangabey). Our results show that in all six species, IgD heavy
chains possess three immunoglobulin domains and a long hinge region
encoded by two exons. Only the hinge region of non-human primates is
similar to the human hinge region, with conservation of O-glycosylation
sites and multiple charged residues at opposing ends. The preservation of
IgD in primates, dogs and previously characterized species suggests an
important functional role for IgD, possibly involving binding to a recep-
tor. The high degree of similarity existing between the structural features
of human and non-human primate IgD suggests that non-human pri-
mates are suitable for in vivo studies designed to define the role that IgD
plays in the immune response.
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the secreted form have languished in part because of the
difficulty of obtaining purified IgD.” Initially described in

Immunoglobulin D (IgD) is the least understood of the
five antibody classes found in mammals, both from a
functional and evolutionary perspective. On the surface of
naive B cells, IgD functions as an antigen receptor in
apparent redundancy with IgM. Indeed, IgM heavy chain
gene (IGHM) knockout mice appear to be healthy, with
only a slight reduction of their B-cell compartment.' IgD
is also present in a secreted form, with sera concentra-
tions (40 pg/ml in adults) considerably less than those of
IgG, IgA and IgM.> Attempts to identify the function of

1965 as a human myeloma protein® IgD was subsequently
characterized in humans, mice and rats at both the pro-
tein and genetic levels.”® The presence of IgD in non-
human primates was firmly established soon after that of
human IgD.’ Putative IgD molecules were also identified
in other species including chicken, rabbit, dog and tor-
toise.'”""> Additional studies failed to identify IgD either
at the protein or the genetic level in other species (swine,
cows, sheep, duck and African clawed frog) as well as in
the same species (chicken and rabbit).'*° The finding

Abbreviations: CART, conserved antigen receptor transmembrane; IGHD, immunoglobulin heavy constant delta; IGHM,
immunoglobulin heavy constant mu; PBMC, peripheral blood mononuclear cells.
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that mouse and human IgD are structurally different
argued against a conserved IgD function.” These com-
bined observations contributed to the speculation that
IgD evolved recently, was repeatedly deleted in different
species, and lacks a major function. However, results
from recent studies indicate that IgD plays an important
role in the immune system.> IgD expression is differen-
tially regulated from that of IgM*' and antigen-binding
properties differ for IgM and IgD because of differences
in their hinge regions.”” Antigen cross-linking of IgD on
B cells leads to a stronger and more prolonged signal than
that of IgM*’ and in IgD-deficient mice affinity matur-
ation is slower than that of normal mice.**

Analysis of newly described immunoglobulin heavy con-
stant delta genes (IGHD) has greatly altered and expanded
the understanding of IgD biology and evolution. Until the
late 1990s, only human and mouse DNA sequences were
available in addition to a partial rat sequence. Even with
this paucity of genetic information, it is apparent that
IGHD properties are quite divergent between species. The
human IGHD consists of eight exons: one encoding the
first immunoglobulin domain (CHI1), two encoding 58
amino acids of an extended hinge region (H1 and H2), two
encoding the second and third immunoglobulin domains
(CH2 and CH3), one encoding a hydrophilic secretory tail
(CH-S), and two encoding the membrane tail (M1 and
M2).” By contrast mouse and rat IGHD have only 6 exons
(CH1, a single hinge exon, CH3, CH-S, M1 and M2).58
The human IgD hinge region is characterized by a highly
O-glycosylated N-terminal end encoded by H1 and a highly
charged C-terminal end encoded by H2. The rodent IgD
hinge region is shorter and appears to be structurally un-
related to the human hinge.7 In 1997, Wilson et al.®® des-
cribed an IGHD in channel catfish, which contains seven
tandem immunoglobulin exons and lacks any hinge exon.
IGHD has since been identified in Atlantic cod, Japanese
flounder, carp, Atlantic salmon, Atlantic halibut, rainbow
trout, fugu and zebra fish. These genes also encode IgD
heavy chains without hinge regions and consist of various
numbers of tandem immunoglobulin domain encoding
exons, which for some species are repeated in clusters.’*°
The fish IgD heavy chains are characterized by the fusion
of their N-terminal end with the CH1 of IgM, which results
in unique chimeric molecules. Recently, IGHD of cow,
sheep, pig and horse have been sequenced. Their exon con-
figuration is similar to that found in humans.’*** With the
exception of the pig IgD, which has the H2 exon spliced
out,”” in ungulates the IgD hinge regions are all encoded
by two exons. However, their hinge regions are dissimilar
to those of humans and rodents in sequence. Interestingly,
pig IGHD transcripts can have the IgM CHI1 fused to their
5" end as described in fish.”” Together, these data demon-
strate that JGHD has an ancient origin, is distributed
widely across vertebrate taxa, and is structurally diverse
particularly within the hinge region.
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Molecular characterization of IgD in mammals

Despite the early recognition of the presence of IgD
both on B cells and as a secreted protein in non-human
primates”**? IgD has not been studied in these animals
at the genetic level. In pioneering studies of IgD function,
injection of anti-IgD antiserum into rhesus macaques was
shown to enhance antibody responses to antigen in an
adjuvant-like manner and lead to hypergammaglobulinae-
mia, indicating a role for IgD in regulation of humoral
responses.*>** Because of their similarities to humans,
non-human primates are commonly used as models to
understand pathogenesis for a variety of human diseases
and to develop therapeutic and preventive approa-
ches.*>*¢ Although IgD in non-human primates appears
well conserved with human IgD based on serology** more
detailed studies are required to determine the extent to
which this is so, particularly in light of the divergence of
IgD seen in other species. A dog immunoglobulin with
IgD-like properties, including B-cell surface expression
and lack of cross-reactivity with antibodies against the
other dog isotypes, has been identified.'* As pointed out
by Naessens'® conclusive evidence that this immunoglob-
ulin is indeed canine IgD, such as cross-reactivity with
known anti-IgD antibodies, is still lacking. Hence, the
presence of IgD in dogs remains to be established, partic-
ularly as it has previously been proposed that IgD may
have been deleted from many mammals.'®*

The human IgD hinge region has structural features in
common with the hinge region of IgA, including a
repetitive sequence. It has been suggested that this repe-
tition is possibly responsible for the genetic instability
and diversification of the IgA hinge region.*” If this is
correct, the hinge regions of IgD from species closely
related to humans might be expected to be highly diver-
gent and polymorphic. On the other hand, the O-glycans
of the human hinge are responsible for forming interac-
tions with an IgD receptor expressed on human CD4"
and CD8" T cells.*** If the human IgD receptor has
orthologues in non-human primates and it is important
for survival, then the hinge region of non-human pri-
mates may be well conserved with that of human IgD.
Therefore, we have sequenced IGHD from chimpanzee,
rhesus macaque, cynomolgus macaque, baboon and
sooty mangabey. We have also sequenced dog IGHD,
thus confirming the presence of IgD in Carnivora, and
expanding the growing body of evidence that IgD is pre-
sent in most mammals and likely to be functionally
important.

Materials and methods

Blood samples and RNA extraction

Total RNA was extracted from heparinized whole blood
of two rhesus macaques (Macaca mulatta), three cyno-
molgus macaques (Macaca fascicularis), two baboons
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(Papio hamadryas anubis) and one sooty mangabey
(Cercocebus torquatus), whereas total RNA was extrac-
ted from isolated peripheral blood mononuclear cells
(PBMC) of two chimpanzees (Pan troglodytes) and one
dog (Canis familiaris) using the QIAamp RNA Blood
Mini Kit (Qiagen Inc., Valencia, CA). PBMC were isola-
ted from whole blood by Histopaque®-1077 (Sigma-
Aldrich, St. Louis, MO) centrifugation. All animals used
were healthy. Macaques and baboons samples were from
animals housed at the Southwest National Primate
Research Center (San Antonio, TX). The sooty mangabey
and the chimpanzees, Tika and Manuel, were housed at
the Yerkes National Primate Research Center (Emory
University, Atlanta, GA). Whole dog blood was
purchased from Harlan Bioproducts for Science, Inc.
(Madison, WI).

Amplification, cloning and sequencing of IgD heavy
chain cDNAs

RNA was reverse transcribed into cDNA using oligo d(T)17
primers, followed by primer extension with AMV reverse
transcriptase (Roche Molecular Biochemicals, Indianapolis,
IN). Polymerase chain reaction (PCR) amplification of
cDNA was performed with Expand High Fidelity polym-
erase (Roche Molecular Biochemicals). Primers for amplifi-
cation of primate IGHD were designed on the basis of the
human sequence assuming conserved homology between
primates. The forward primer IgD7 (5-CGGATGTG
TTCCCCATCATATCAG-3') is located in the 5’ end of the
human CHI1 exon (16-39nt). Two reverse primers were
used with IgD7, IgD3 (5-ACCCAGAAGTGTTCACCT
CACG-3') located in the center of the CH3 exon (135—
156nt) and IgD13 (5-AGCTGACTTCTAGGCTCCGG
CT-3') located at the 3’ end of CH3 exon (303-324nt).
Canine primers were designed from DNA sequences of a
contig (GenBank accession number NW_140211) predicted
to encode an IgD heavy chain-like protein. The canine
forward primer K9IGHDF1 (5'-ATCGTCACTTCTGC
TCCCCTTG-3') is located in the canine IgD CHI1 exon
(12-33nt). The canine reverse primer K9IGHDB6 (5'-AGC
AAAAAGGCAAGGGGCTG-3') is located in a region
upstream of a polyadenylation signal and downstream of
the M2 exon. After initial denaturation at 95° for 10 min,
cDNAs was amplified for 40 cycles, with each cycle consist-
ing of 94° for 1 min, 56° for 1 min and 72° for 1 min 30 s.
A final step at 72° for 10 min was used to ensure complete
extension. Primers IgD7 and IgD13 yield a human product
of 1110 bp and primers IgD7 and IgD3 yield one of 942 bp.
All reactions were performed in at least two independent
reverse transcription PCRs to verify product sequences. At
least 10 clones were sequenced for each animal of the pri-
mate species and six clones were sequenced for dog. An
additional primer set was used to amplify the baboon IgD
hinge region exons and the immediate surround nucleo-
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tides (BGDF 5-AGTACAAATGCACCGTCAAGCAT-3'
and BGDR 5-CGAAGCAGGTGAAGGTGACTTTG-3).

Cloning of the amplified gene sequences

For cloning, 100 pl of a reverse transcription PCR was
run on a 1% agarose gel. The specific band of interest
was excised from the gel and purified using a QIAquick®
Gel Extraction Kit (QIAgen). The ¢cDNA was ligated into
TopoTA vector and transformed into ToplO Esherichia
coli (Invitrogen, Carlsbad, CA). Plasmid DNA was puri-
fied using a FastPlasmid® Mini kit (Hamburg, Germany)
and screened on a 1% agarose gel after digestion with
EcoRI to confirm the correct size of the DNA fragments.
All DNA sequences were determined using the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems, Foster City, CA) on an ABI 3100 Genetic Analyzer
(Perkin Elmer, Wellesley, MA). The forward and reverse
M13 primers were used for the sequencing. For the can-
ine DNA fragments, an additional primer, K9IGHDB2
(5'-TGATCCAGGTGAGGAGGATGTCAG-3'), located in
the CH3 exon, was used.

Analysis of DNA sequences

Overlapping regions were identified and sequences were
edited using the MacVector software program (Accelrys
Inc., San Diego, CA). Sequences were aligned with each
other and other known IGHD using the CLUSTAL func-
tion of the MEGALIGN part of the LASERGENE software
package (DNASTAR Inc., Madison, WI). ImMunoGene
Tics (IMGT) standardized nomenclature and numbering
has been used to show and discuss data based on human
reference sequences.”® The GenBank accession numbers
for the IGHD sequences of the various species used for
analysis which were previously available are human
K02875-K02883, horse AY631942, cow AF411240, pig
AF411239 and AY228508, sheep AF411238, rat AY148494
and AY148495, and mouse V00786-V00788 and J00450.
The GenBank accession numbers for the IGHD sequences
described in this study are: chimpanzee DQ297173-
DQ297174; baboon DQ297175-DQ297176; cynomol-
gus macaque DQ297177-DQ297178; rhesus macaque
DQ297179-DQ297181; sooty mangabey DQ297182—
DQ297184; and dog DQ297185.

Results

Chimpanzee IGHD

We cloned and sequenced IGHD using total RNA of
PBMC from two different chimpanzees. Tika and Manu-
el’s IGHD were sequenced using the primers IgD7 and
IgD3, which amplify a 942 bp product with a sequence
encoding amino acids from the CH1 position 7 to the
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Human chromosome 14q32.33
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Figure 1. Chain diagram of IGHD of human, chimpanzee and dog. Numbers indicate nucleotides in exons or introns. Domains which have not

been identified are indicated by dashed lines.

CH3 position 52. Tika’s IGHD was also amplified using
the primer pair IgD7 and IgD13 allowing for sequencing
through the 3’ terminus of the CH3 and yielding a
1110 bp product. Attempts to sequence Manuel’s IGHD
with this latter primer pair were unsuccessful. The region
amplified for both animals had identical sequence except
for a single G/C difference in the CH1 codon 14 at posi-
tion 3, which is silent. Through screening of GenBank for
matches with the chimpanzee mRNA sequences IGHD,
the genomic sequence was identified on a contig from the
chimpanzee chromosome 14 (NW_115908). The nucleo-
tide sequence of the contig has 99-4% identity to that of
the cDNA, with a G in the third position of CH1 codon
14. In the contig sequence three nucleotide differences
from the cDNA sequences are present: an insertion of C
at CH2 codon 16 between positions 2 and 3, which
results in a reading frame shift; a silent A to C substitu-
tion of CH2 codon 24 position 3; and a missense A to C
substitution of CH3 codon 106 at position 3 resulting in
a coding change from glutamate to aspartate. All exons
had the anticipated boundaries and were of equivalent
sizes to the human counterparts. Besides the CH1-3 iden-
tified by reverse transcription PCR, we identified an exon
for the secretory tail and the first exon for the transmem-
brane tail from the contig (Figs 1 and 2).

The chimpanzee IGHD deduced amino acid sequence,
which is 98:1% identical to that of human IGHD, is
shown aligned with IGHD of other species in Fig. 2. All
cysteines responsible for inter- and intrachain disulphide
bonds found in human IGHD are conserved in the chim-
panzee (CHI positions 15, 28 and 84; CH2 positions 2,
31 and 90; CH3 positions 27 and 88). Similarly, the three
N-glycosylation motifs (CH2 asparagine 66 and CH3 as-
paragines 49 and 100) are conserved between humans

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 88-100

and chimpanzees. The human IgD N-terminal portion of
the hinge is highly O-glycosylated.* Identified sites of
O-glycosylation in human IgD hinge include H1 encoded
residues S8, S9, T12, T25, T26, T30 and T31. All of these
O-glycosylation sites are present in chimpanzee IgD with
the exception of T25, which is replaced by an arginine in
chimpanzee.

IGHD mRNA transcripts in Cercopithecoidea

With the same strategy used to clone and sequence chim-
panzee IGHD, we identified IGHD transcripts for four old
world monkey species commonly used in biological
research. IGHD were sequenced for two rhesus macaques,
three cynomolgus macaques, two baboons and one sooty
mangabey. Amplification of monkey IGHD c¢DNA with
the primer pair IgD7 and IgD13 resulted in an 1107 bp
product for all four species. Because IGHA in macaques
and baboons is highly polymorphic®">* multiple animals
were used for some of the species to allow for identifica-
tion of potentially high levels of IGHD polymorphisms in
these species. A single IGHD sequence was present for
each species, except sooty mangabey, which had two
sequences in one animal that varied at five nucleotides
resulting in two amino acid substitutions. As discussed
below, polymorphisms of IGHD appear to be less exten-
sive than those of IGHA in non-human primates.

The deduced amino acid sequences for each species are
shown in Fig. 2. The percentage identities of the old
world monkey sequences with those of the human and
chimpanzee (in parentheses if different) sequences are:
72% baboon; 77% (78%) sooty mangabey; 77% rhesus
macaque; and 76% cynomolgus macaque. The percentage
identities between old world monkeys are higher: 96%
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Mangabey ~ PQPATYTCVVSHEDSRTLLNASRSLEVS Sheep LWASGSNVICTLSGPGLRSPVSLTAQREH
Rhesus PQPATYTCVVSHEDSRTLLNASRSLEVS Pig SWAAGAPVTCRLSGPGLRSLVTAEARREH
Cynomolgus ~ PQPATYTEVVSHEDSRTLLNASRSLEVS (d)
Dog PHPPTYTCVVRHEASRKLLNTSWSLDS
Horse PPTATYTCVVGHEASRQLLNTSWSLDTG
Cow HAGATYTCVVSHEASRTLLNGSCSLDT IgD TM
Sheep HVGSTYTCVVSHEASRTLLNGSCSLDTG 1 20 40
Pig HQDATYTCVVGHEASRTLLNASWRLDTG ! . ! i
Mouse SSLOTYTOVVEHE ASKTKLNASKSL.ATS Human YTAMTPT.TPQSKDENSDDY TTFDEVGSTWTTT.STEVALFTTT T ¥SGTVEFTKVK
Rat PSLDTYTGVVEHEASOTKLNASKSLELS Chimpanzee DLAMTPT,TPQSKDENSDDY TTFDRVGSTH T, STEVALFTTTT YSGTVEFTKVK
= Dog GLTMTPPAPQSHDESSGDSMDLEDASGLWP- —~TEARLEVLTL LYSGFVEFLKVK
(e) Horse GLAMTPE---SKDENSDDYADLDDAGSLWL- - ~TEMALFL ITLLYSGFVIFIK
Cow GLATWPPW--SQDESSDDGTDVEDASPLWL- - ~TELALFL VTV VICGEVEFIKVK
Sheep GLATWPPW--SQDESSDDSADAEDASPLU TELALFLATVVISCFVTETKVK
Pig GLATLTPG--SQDEGSDDYVDLEDAGRLWL- -~ TETVLFLVTL LYSCEVTFLKVK
Mouse GIVNTIQHSCIMDEQSDSYMDLEEENGLWPEMCTEVALFLLTL LYSGFVEFIKV!

Rat GMVDTIPNSCIRDEQTDSYVDLEEENGLWPELCTEVALFL LTLL YSGEVEFTKY
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Table 1. Range identities  for

deduced amino acid sequences between the

of percent

IgD heavy chain domains of different mamma-
lian phyla

CH1 Hinge CH2 CH3 CH1-3
Human—chimpanzee 98-9 96-6 97-2 99-1 98-1
Hominoids—Cercopithecoidea ~ 57-7-58-8  61-8-65-5  84-3-89-8  88-9-90-7  71-5-77-7
Within Cercopithecoidea 91-8-959  96-4-100 93-5-99-1  99-1-100 93-8-98-4
Primates—Laurasiatheria 21-6-32-0  13-2-19-6  48-6-55-6  51-4-60-2  27-3-42-4
Primates—rodents 15-5-18-7  23-5-31-4  N/A* 47-2-51-9  12-9-32-3

Groups used are based on representative species for which IGHD has been identified and

include: hominoids (human and chimpanzee); Cercopithecoidea (baboon, mangabey, rhesus

macaque and cynomolgus macaque); primates (combined Cercopitheocoidea and hominoids);

laurasiatheria (dog, horse, pig, sheep and cow); rodents (mouse and rat).
*For the described species of rodents, IgD does not encode a CH2 domain.

baboon—sooty mangabey; 97% baboon-rhesus macaque;
94% baboon—cynomolgus macaque; 98% sooty mang-
abey-rhesus macaque; 96% sooty mangabey—cynomolgus
macaque; and 97% rhesus macaque—cynomolgus macaque
(Table 1). The transcripts encoded all expected domains:
CH1, hinge, CH2 and CH3. In the old world monkeys,
CHI is two amino acids longer than the hominoid CH1
(excluding any differences in the first six amino acid
which are encoded by nucleotides prior to where our for-
ward PCR primer annealed), while the old world monkey
hinge is three amino acids shorter than the hominoid IgD
hinge. These differences result in old world monkey IgD
heavy chains being one amino acid shorter in their des-
cribed CH1-CH3 portion than is found in chimpanzee
and human IgD heavy chain. Comparing hominoids to
old world monkeys, CH1 of old world monkeys lacks
arginine 60, has an insertion of proline and threonine
between S71 and T72, and an insertion of lysine between
E96 and 197. Within the carboxy-terminal half of the
hinge region, three amino acids present in human and
chimpanzee IGHD are absent in the old world monkeys:
G3, G4 and R19. All N-glycosylation motifs and cysteines
involving inter- and intrachain disulphide bonds in
humans are conserved in old world monkey IgD. Cyno-
molgus macaques have additional potential N-glycosyla-
tion sites at CH1 N50 and CH2 N93. These position are
not N-glycosylated in any of the other known mammalian
IgD. CH1 N50 is also present in pig and the other old
world primates and CH2 N93 is present in all the pri-
mates examined. However, in these species, neither is fol-
lowed by the N-glycosylation consensus sequence. Human
O-glycosylation sites in the first half of the hinge are par-

tially conserved in the old world monkeys; H1 encoded
residues S9, T12, T25 and T30 are conserved, but S8,
T26, T31 are proline, arginine and asparagine, respect-
ively, in old world monkeys.

Unexpectedly, in addition to the 1107 bp inserts from
the reverse transcription PCR clones, 1044 bp clones were
isolated from all four old world primate species. These
clones have the same sequence as the larger product but,
inferring a similar intron—exon arrangements and bound-
aries as found in humans and chimpanzees, with an
absent H2 exon. This H2 deletion was present in clones
from PCR products of both IgD3 and IgD13, and IgD7
and IgD13 primer sets. In two of the three cynomolgus
macaques examined, all of the clones sequenced had the
H2 deletions. Conversely, the clones of the third cyno-
molgus macaque included the H2 exon. A single clone for
each of the other species (baboon, rhesus macaque and
sooty mangabey) was sequenced that lacked the H2. In
addition to clones that were verified by sequencing, clones
for each species with inserts of size corresponding to the
H2 deletion product were observed on 1% agarose gels.
No clones missing the H2 exon were observed for chim-
panzee clones or human clones when the same primer
sets were employed. Besides the two primer pairs des-
cribed, we also designed a primer set (BGDF and BGDR)
flanking the hinge to amplify small PCR fragments. These
primers were tested with cDNA of two different baboons
than those reported here and produced primarily frag-
ments of the size expected for the IgDAH2 product when
visualized as bands on an agarose gel. The bands for the
product with a complete hinge were faint. These experi-
ments likely under represent the full-length hinge prod-

Figure 2. Alignment of IgD heavy chain deduced amino acid sequences for each domain: CH1 (a), hinge H1 (b) and H2 (c), CH2 (d), CH3 (e)
and transmembrane (f). Mouse and rat hinge is encoded by a single exon. Pig H2 is spliced out of the mature mRNA and its deduced sequence
is denoted in italics to reflect this.”” (b) Glycines in the middle of the hinge, potentially contributing to flexibility, are underlined. O-glycan sites
in human H1 and the corresponding conserved residues in non-human primates are bolded and italicized. (a, ¢, d, and e) N-glycosylation motifs
(NXS or NXT where X is not proline) are bolded and italicized. Cysteines that form disulphide bonds within immunoglobulin domains and
between immunoglobulin chains are bolded and underlined. (f) Amino acid of the conserved antigen receptor transmembrane motif (CART) are
underlined and bolded. Mangabey.1 and mangabey.2 in D are two sequence variants. Numbering is based on the IMGT numbering for human
IgD heavy chain and disregards insertions and deletions found in other species. GenBank accession numbers are given in the methods sections.
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uct, because PCR amplification would favour the smaller
IgDAH2 product, which was nearly half the size of the
product with H2.

Dog IGHD

We performed reverse transcription PCR on dog PBMC
total RNA wusing primers K9IGHDF1 and K9IGHDB6
derived from sequences within a contig (NW_140211) that
had a high percent identity with IGHD of other species.
The resulting 1468nt product consisted of seven exons
(CH1, H1, H2, CH2, CH3, M1 and M2) encoding a 416
amino acids polypeptide (Fig. 2), and a portion of the 3’
untranslated region. Comparison with the genomic
sequence shows the dog IGHD spans 8-25kb and all the in-
trons follow the GT...AG rule with the possible exception
of the H2/CH3 intron, which does not begin with GT in
the contig sequence. The cDNA sequences agree with the
dog contig for all but two nucleotides. Residues corres-
ponding to human IgD CHI positions 56 and 63 are
methionine and glutamate in the contig, but are lysine and
aspartate, respectively, in our clones. All cysteines that
form intra- and interchain disulphide bonds in human
IgD heavy chains are conserved in the dog IgD heavy
chain. An additional cysteine is present in the dog H2 at
position 16. The predicted molecular weight of the ungly-
cosylated transmembrane protein is 45 409 MW, and
without the transmembrane domain is 39 836 MW. There
are four potential N-glycosylation sites in the dog IgD
heavy chain. N-glycosylation sites at CH2 N66 and CH3
N100 are sites conserved with other mammalian IgDs. The
N-glycosylation site at CH2 N4 is shared with artiodactyls
and the N-glycosylation site at CH2 N87 is also present in
cow and sheep. Dog IgD heavy chain amino acid identities
with horse, pig, cow and sheep are similar to those seen
between these species. CH1 and the hinge are least con-
served, while CH2, CH3 and transmembrane domains are
more conserved. Residues of the conserved antigen recep-
tor transmembrane (CART) motif are present in the dog
IgD transmembrane domain with the exception of T31,
which is also absent in the other species of the Laurasiathe-
ria group, i.e. pig, cow, sheep and horse.”® Dog IgD is most
similar to horse IgD for CHI, hinge, CH2 and CH3 with
percentage identities of 40-2%, 37-3%, 57-8% and 67-3%,
respectively. Dog IgD TM is most similar to that of pig
and sheep with 62% identity to each. The percentage iden-
tity of dog IgD CH1-CH3 with that of primates is 39%
(human 39-3%, cynomolgus 38-7%, mangabey 38-6%, rhe-
sus 38-7% and baboon 38-5%).

Phylogenetic analysis and comparative analysis
of IgD heavy chains

To gain further insight into the evolution of IGHD, addi-
tional analysis of IGHD in mammals was performed. A
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phylogenetic tree was constructed from IgD CH1-CH3 of
different mammals (Fig. 3). The relationship between taxa
corresponds to accepted phylogeny, with the exception of
that of the old world monkeys.

The human IgD H1 may have originated from IgM
CH2.* Therefore, we compared the amino acid sequences
from IgD HI1 and IgM CH2 of different species. Human
H1 is 35-3% identical to a portion of human IgM CH2
(R46-T79). The H1 of the chimpanzees and old world
monkeys have 32-4% identity with the same portion of
IgM CH2, but the percent identity was lower when dog
or mouse IgM CH2 was used for comparison. IgD H1 S8
and T26 in humans in this scenario would derive from
IgM CH2 S53 and T71, respectively. However, with the
exception of humans, IgD H1 S8 is only conserved in
chimpanzees and IgD H1 T26 is replaced by an arginine
in all the examined non-human primate species. IgD H1
A22 of hominoids is substituted with S22 in all old world
monkeys, which aligns with the conserved IgM CH2 S67.
IgD H1 of species other than primates have less than 17%
amino acid identities with IgM CH2.

In previously characterized IGHD sequences, differ-
ent exons are conserved at different degrees. Table 1
summarizes the overall trends in deduced amino acid
conservation observed between groups of mammals for
the CH1-CH3 exons. As reported by others®® the CH1
and the hinge exons are the least conserved. CH3 is the
most conserved exon. In rodents, IgD CH2 is absent, but
otherwise CH2 is conserved nearly as well as CH3 for
other mammals. IGHD is well conserved in primates,
both within the old world monkey and hominoid groups,
and between the two groups. Comparing old world mon-
keys with hominoids, the IgD domain conservation is
CH3 > CH2 > hinge > CHI1. IgD CH3 is conserved 100%
between baboon, mangabey and cynomolgus monkeys.
The IgD hinge region of rhesus and mangabey is identi-
cal. The secretory tail (CH-S) of IgDs is poorly conserved
between species. Of all the IgD domains, CH-S has the
lowest percentage identity between chimpanzees and
humans (77-8%; chimpanzee CH-S: YVTDRGPVK versus
human CH-S: YVTDHGPMK).

Discussion

Here we have sequenced IGHD c¢DNA from five non-
human primate species and from dog. Through compar-
ison of these sequences and previously available IGHD
sequences, we have examined issues related to the evolu-
tion of IgD and gained insight into structural IgD features
that are most likely involved in functional properties. In
agreement with what was previously known about IgD,
CH3 is the most conserved domain among the different
species (Table 1). In contrast, the hinge region has diver-
sified extensively between different mammalian groups,
but is well conserved within primates. Hence, the hinge
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Figure 3. Neighbour-joining phylogenetic tree constructed from the deduced amino acid sequences of mammalian IgD heavy chains for domain
CHI1-CH3 created using the CLUSTAL X method. Mangabey.1 and mangabey.2 represent two sequence variants. Accepted phylogenetic relation-
ships between the different species are present in the tree except for old world monkeys, which likely result from the high conservation of IgD

within these species. The values shown represent the number of occurrences of branches over 1000 bootstrap resampling of the data sets.

region may have evolved unique functional roles in
primates.

Despite the importance of non-human primates in
research, the immunoglobulin heavy chain constant
regions of these species are only partially characterized.
Sequences of genes are currently available for only a
few antibody classes, mainly IgG and IgA, and are lim-
ited to a few species.”">>>*® Furthermore, correspond-
ing immunoglobulin Fc receptors, which are responsible
for initiating cellular immune responses to antibody
bound antigens, generally have not been characterized
for non-human primates beyond identification by cross-
reactive antibodies. The biology of humans and mice
with regards to Fc receptors is often quite different.”’
Therefore, non-human primates may provide useful
alternative models to study antibody/Fc receptor inter-
actions. Mice lack a homologue of the human IgA Fc
receptor I°’
In non-human primates, IgA is highly polymorphic and

but homologues are present in macaques.”

sequence differences from the human counterpart may
result in modifications of their functional properties.’">>

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 88—100

Overall, few studies have been performed to evaluate
the functional properties of non-human primate
antibodies, in part because of their incomplete molecular
characterization.

Understanding of IgD has lagged compared to other
immunoglobulin classes, but evidence has mounted over
the past years for distinct roles played by IgD in the
immune response. When immunized with a model anti-
gen, the antibody repertoire of IgD" IgM~ mice differs
from that of the IgD* IgM" mice by VH gene usage,
degree of affinity maturation, and reduced isotype switch-
ing to the IgG2a subclass.” Both secretory and membrane
bound IgD can bind to IgD receptors found on T cells of
humans and mice.*>® In contrast to Fc receptors for IgE,
IgG and IgA, these IgD receptors, identified over a decade
ago, have remained poorly characterized, making it diffi-
cult to assess their true function. In mice, antigen-specific
responses involving the cognate interactions of T and
B cells are enhanced by the combined presence of IgD on
B cells and up-regulation of the IgD receptor on CD4"
T cells.®' IgD can activate the alternate complement path-
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way.®? Despite the low concentration of IgD in normal
sera, IgD serum concentrations are elevated under some
circumstances.” For example, increased serum IgD levels
appear early and persist in human immunodeficiency
virus infections.”® IgD levels also increase in humans with
atopy.®* Pathogen-specific IgD can be produced in
response to infection.” IgD makes up 3-10% of immuno-
globulins in nasal, lacrimal and parotid glands, and in
IgA-deficient individuals IgD increases to 34-57% of the
total immunoglobulins at these locations.®® Elevated levels
of serum IgD are characteristic of an autosomal recessive
disorder, hyper-IgD and periodic fever syndrome (HIDS),
which is caused by mutations in the mevalonate kinase
gene.® Although symptomatic attacks in HIDS patients
do not correlate to IgD serum levels, attacks are marked
by high levels of interleukin-1, interleukin-2 and tumour
necrosis factor-o, the same cytokines induced by incuba-
tion of normal PBMC with IgD, suggesting a possible link
between IgD and HIDS pathology.®’

Our findings show IgD structure of non-human pri-
mates and dog is similar to that found in human,
horse and artiodactyls (cow and sheep). Three CH
domains and a long hinge are present in all the exam-
ined primates and in dog. By contrast, mouse and rat
IgD have no CH2, although a mouse pseudo-exon rela-
ted to CH2 has been described.®”®® Our results cannot
establish whether or not the dog immunoglobulin iden-
tified by Yang et al'* corresponds to the one that
would be produced from dog IGHD; however, our data
is compatible with this possibility. The calculated
molecular weight of dog IgD CHI-CH3 domains is
40 000 MW. A complete IgD heavy chain including gly-
cans at its four N-glycosylation sites, the heavy chain
variable domain and a secretory tail (which we did not
identify) would be expected to be of a greater molecu-
lar weight. This would be consistent with the reported
molecular weight of 55 000 MW of the putative dog
IgD heavy chain found in sera'*.

N-glycosylation is an important feature of all immuno-
globulin molecules including IgD. All the N-glycosylation
sites found in humans are conserved in non-human pri-
mates. In humans, the N-glycosylation site at CH2 N66 is
necessary for the association of IgD heavy chains to form
a complete antibody and for secretion from the endoplas-
mic reticulum.®® The N-glycosylation site at CH3 N49 is
characteristic of all the examined primates and not found
in IgD of the other species. Cynomolgus macaque IgD
has additional N-glycosylation motifs present at CH1 N50
and CH2 N93. Mice possess an IgD receptor different
from that of humans, which is expressed on CD4" T cells
and is specific for N-linked glycans on murine IgD.*>7° It
is unknown if similar IgD receptors are present in other
species, but possible N-glycan sites are present in dog IgD
that might provide points of interaction with such an IgD
receptor.
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The structure of the immunoglobulin hinge regions is
critical for their function; it gives antibodies the flexibility
needed to bind antigen and provide sites of interaction
with Fc receptors and complement. The IgD hinge is
quite diverse in structure between species. Rodents have a
shorter IgD hinge encoded by a single exon. The hinge
regions of dog and chimpanzee are encoded by two
exons. Old world monkey IgD hinge regions, similarly,
have two distinct segments that are highly conserved with
those of hominoids, including the large number of lysine
and glutamate residues of the C-terminal portion. These
charged residues may favour the formation of an o-helix
structure and act to separate the two hinge segments by
repulsion.”’ The IgD hinge region is the longest of that
found in all human antibody isotypes and, besides the
IgG3 hinge, is the only other immunoglobulin hinge
encoded by multiple exons.”® The dog IgD hinge region is
structurally distinct from the corresponding primate
regions and is related more closely to that of ungulates; it
does not have a highly charged second domain. The sec-
ond half of the dog hinge region contains a cysteine
which is at a conserved position with cysteines found in
the hinge regions of sheep and cow. In the latter two spe-
cies a second cysteine is also present in the IgD H2. It is
possible that these cysteines in the IgD hinge regions of
dogs, sheep, and cows are involved in forming inter-heavy
chain disulphide bonds, as described for the cysteines of
IgG hinge regions.

Structurally, IgD and IgAl hinges of humans share
common features. IgAl is the only other immunoglob-
ulin with O-glycosylation in its upper hinge. As previ-
ously demonstrated for IgA, the flexible arms of IgD
Fab can be separated by a wide angle thus resulting in
an average antibody conformation similar to that of a
T-shape in contrast to the more typical immunoglobulin
Y-shape.”””" Comparable to the hinge of IgD, IgA of
different mammals is highly variable in length and
amino acid sequence. IgD H2 is high repetitive. It has
been suggested that the repetitive genetic structure of
the IgA hinge region has led to its evolutionary instabil-
ity.*” Indeed, the hinge of two mouse species has
diverged 25% in the mere 4-8 million years since the
two species have separated.”> Old world monkeys, unlike
humans, have only a single IGHA that encodes a short
hinge more like the human IgA2 hinge without multiple
O-glycosylation sites.”> The IgA hinge within rhesus
macaques is highly polymorphic.”®> By contrast, non-
human primate IgD amino acid substitutions were
found only in a sooty mangabey at two positions in
CH2. More importantly, the hinge is highly conserved
between primates; rhesus macaque and sooty mangabey
IgD hinge regions are identical. Therefore, the hinge
region of IgD appears to be less variable and evolutio-
narily more stable than the hinge region of IgA in non-
human primates.
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In humans, three glycine residues encoded at the start
of H2 contribute to IgD hinge segmental flexibility.”'
Though conserved in chimpanzee, the glycines at H2
positions 3 and 4 are deleted in old world monkeys. Loss
of these glycines may be compensated for by a glycine
dyad created by a glycine substitution next to a conserved
glycine in IgD H1 and by another glycine substitution in
the middle of IgD H2. Besides being important for IgD
receptor interactions*’ the O-glycans of the hinge con-
tribute to structural rigidity.”' We predict that IgD H1
O-glycosylation is reduced in non-human primates. At
equivalent positions of the human O-glycan sites, IgD of
chimpanzee has one substitution and IgD of old world
monkeys have three substitutions. In old world monkeys,
only IgD HI1 S22 offers a potential O-glycosylation site
not found in human IgD H1. Dog IgD hinge is not well
conserved with that of primates. Hence, if present, dog
IgD O-glycosylation is quite different.

In mangabey, baboon, rhesus macaque and cynomolgus
macaque, we identified IGHD clones in which the hinge
region that corresponds to the hominoid H2 exon was
deleted. These transcripts (IgDAH2) may be the result of
(1) an artefact of the reverse transcription PCR, (2) a poly-
morphism encoded by a second IGHD gene or allele or
(3) alternative splicing events. Several lines of evidence
argue against the first possibility. Under the same PCR
conditions, and using the same primer sets, IgDAH2 tran-
scripts were not found in any of the chimpanzee clones,
nor in control experiments using human RNA. The per-
centage of clones for each transcript varied between ani-
mals. Multiple primer pairs produced IgDAH2 clones. The
deletion was always exact so that it maintained the reading
frame. Finally, alignment of the hinge regions and CH3
were compared and no unusual sequences with high iden-
tity were found that might be conducive to PCR jumping.
The latter two possible explanations remain to be tested
and are not necessarily exclusive. For example, an allelic
variant in the intron between H1 and H2 could alter spli-
cing. Pig IGHD has an H2 exon that is spliced out because
of a branchpoint mutation in the HI-H2 hinge intron.”’
When a single T nucleotide is introduced into this
sequence, pig IGHD transcripts include H2. Zhao et al.”’
speculated that some transcripts with H2 might be pro-
duced normally in pigs, although none of their clones
included the H2 exon. Future studies will be needed to test
whether or not these primates express IgD without the H2
portion of the molecule, as such a difference may have pro-
found effects on antigen binding properties.

The origin of the hinge in IgD is still an open question.
Fish IgD have no hinge.”>° Putnam et al® have made
the case that the human IgD N-terminal half of the hinge
(H1) may have originated from a duplication of the
IGHM CH2 domain, as human IgD HI1 residues have
a significant percentage identity with those conserved
between IgM CH2 of different species. Complementing
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this hypothesis is evidence that IGHM and IGHD are clo-
sely related and have exchanged genetic material in the
past. Such evidence includes the probable origination of
IGHD from an ancient duplication of IGHM® and the
demonstration that a duplicated IGHM CH1 replaced the
original IGHD CH1 in artiodactyls.”® IgD HI of primate
appears to have a common origin, and non-human pri-
mate IgD H1 has a 32:4% identity with the same section
of human IgM CH2 that has a 35-:3% identity to human
IgD H1. Such supports the hypothesis for a possible IgM
CH2 origin of the primate IgD HI1. This hypothesis does
not fit as well for species other than primates, which pos-
sess IgD hinges with less than 17% amino acid identities
with IgM CH2. If the hypothesis is correct, then it would
seem likely that IgD hinge regions arose in evolution
three or more times, once for rodent hinge, once for pri-
mate hinge, and once for Laurasiatheria hinge. Addition-
ally, the H2 of primates appears to be unique and may
have yet another origin.

As anticipated on the basis of cross-reactivity obtained
with antihuman antibodies, IgD deduced amino acid
sequences of non-human primates are well conserved
among the examined primates and humans. By contrast,
dog IgD is not as well conserved, and it is not surprising
that the available anti-IgD raised against IgD of other
species do not cross-react with dog IgD. IgD CHI and
CH2 domains compared to CH3 and transmembrane
domains are less conserved at the amino acid levels
(Table 1). This would seem to indicate that the IgD CHI1
and CH2 domains are less critical for functional proper-
ties of IgD that are conserved across species, although
these domains may have important species-specific func-
tions. For example, in human IgD, these domains contain
cysteines necessary for integrity of the quaternary struc-
ture. CH1 C15 forms bonds with the immunoglobulin
light chains and CH2 C2 forms the only covalent bond
between heavy chains. These cysteines are conserved in
non-human primates and in dog.

IgD CHI1 of artiodactyls shares a high degree of conser-
vation with CH1 of IgM as a result of the IGHM CH1 hav-
ing replaced the original IGHD CH1.**® Our data are in
agreement with the hypothesis that the IgD CH1 replace-
ment with IgM CH1 in artiodactyls was recent. Dog IgD
CH1 is not highly conserved with the published dog IgM
CHI protein sequence (14-3% identity).”” Horse IgD CH1
is not highly conserved with IgM CHI.”® Therefore, the
genetic event leading to the replacement of the original IgD
CH1 in artiodactyls occurred after the evolution of Carni-
vora, Perissodactyla and Cetartiodactyla as distinct phyla.

The IGHD M1 and M2 exons encoding the transmem-
brane domain are highly conserved between all species
examined reflecting the importance of the transmembrane
domain that they encode in establishing interactions with
the B-cell receptor-associated signalling chains. As expec-
ted, dog IGHD maintains the M1 and M2 exon arrange-
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ment seen in other species. Presumably, this is also the
case for chimpanzee IGHD, for which we could not iden-
tify the M2 (because of the incomplete resolution of the
chimpanzee contig sequence). Importantly, the dog and
chimpanzee transmembranes domains contain the CART
motif found in antigen receptors described by Campbell
et al.>® This motif is involved in forming interactions with
the B-cell receptor signalling polypeptides.®

Knowledge at the genetic level of IgD in species other
than human and rodents has only begun to accumulate
recently, and has demonstrated that IgD is widespread
throughout vertebrates and is extremely diverse. Despite
this diversity, IgD is surprisingly well conserved between
non-human primates. In contrast to the view that IgD
function as a BCR is redundant with IgM and that secre-
ted IgD is unimportant, this high degree of conservation
indicates that IgD may have valuable biological roles as
yet unappreciated. Future studies should include the
molecular characterization of IgD receptors and the deter-
mination of whether or not IgD receptors are a common
feature of mammals, thus leading to a clear definition of
the roles that IgD plays in the immune response. The IgD
sequences identified here would be valuable in such
endeavours.
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