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Abstract

Background: The scavenger receptor cysteine rich (SRCR) domain is an ancient and conserved protein domain. CD163
and WC1 molecules are classed together as group B SRCR superfamily members, along with Spa, CD5 and CD6, all of
which are expressed by immune system cells. There are three known types of CD163 molecules in mammals, CD163A
(M130, coded for by CD163), CD163b (M160, coded for by CD163L1) and CD163c-a (CD163L1 or SCART), while their
nearest relative, WC1, is encoded by a multigene family so far identified in the artiodactyl species of cattle, sheep, and
pigs.

Results: We annotated the bovine genome and identified genes coding for bovine CD163A and CD163c-a but found

classified as among their CD163 genes.

no evidence for CD163b. Bovine CD163A is widely expressed in immune cells, whereas CD163c-a transcripts are
enriched in the WC1+ y& T cell population. Phylogenetic analyses of the CD163 family genes and WC1 showed that
CD163c-ais most closely related to WC1 and that chicken and platypus have WC1 orthologous genes, previously

Conclusion: Since it has been shown that WCT1 plays an important role in the regulation of y& T cell responses in cattle,
which, like chickens, have a high percentage of y& T cells in their peripheral blood, CD163c-a may play a similar role,
especially in species lacking WC1 genes. Our results suggest that gene duplications resulted in the expansion of
CD163c-a-like and WC1-like molecules. This expanded repertoire was retained by species known as "y& T cell high", but
homologous SRCR molecules were maintained by all mammals.

Background

The CD163 family includes genes encoding CD163A
(also known as M130, HbSR, and coded for by CD163),
CD163b (also known as M160, and coded for by
CD163L1) and CD163c-a (also known as CD163L1 and
SCART). This family is a subset of the scavenger receptor
cysteine-rich (SRCR) super-family, an ancient super-fam-
ily defined by the presence of 100-110 amino acid
domains [1]. Members of the CD163 family are group B
SRCR proteins distinguished by the 6-8 cysteines in their
SRCR domains resulting in 3-4 disulfide bonds; in com-
parison, group A SRCR proteins have only 6 cysteines
and 3 disulfide bonds in their SRCR domains. SRCR
domains, like Ig domains or epidermal growth factor-like
domains, are thought to be involved in protein-protein
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interactions, although the known ligands of these
domains vary widely.

CD163A is a receptor for haptoglobin-hemoglobin
complexes, and is inducibly expressed on monocytes,
macrophages and a subpopulation of hematopoietic pro-
genitors [2-6]. CD163A protects against oxidative dam-
age by mediating the endocytosis of haptoglobin-
hemoglobin complexes [7]. Ligation of CD163A by hap-
toglobin-hemoglobin complexes induces the secretion of
the anti-inflammatory cytokine IL-10 [8]. In addition,
proteolytically-cleaved CD163A shed into serum inhibits
phorbol ester-induced T cell proliferation [9]. The third
SRCR domain of CD163A mediates its interaction with
haptoglobin and TWEAK (TNF-like weak inducer of
apoptosis) [10,11]. CD163A interacts with a molecule
expressed on erythroblasts and with bacteria via its sec-
ond SRCR domain [12,13]. The related group B SRCR
molecule CD6 also binds to bacteria via one or more of its
SRCR domains, through interactions with the bacterial
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non-peptiditic products lipoteichoic acid (LTA) and
lipopolysaccharide (LPS) [14].

CD163A transcripts display alternative splicing of the
extracellular and cytoplasmic coding regions, potentially
increasing the diversity of its function [15,16]. The
CD163A form with a short cytoplasmic domain predomi-
nates and mediates ligand internalization and degrada-
tion but the function of the CD163A form with a long
cytoplasmic domain is unknown [17]. Cross-linking of
CD163A induces inositol triphosphate and cytokine pro-
duction [18]. The CD163A cytoplasmic domain is phos-
phorylated by casein kinase II and protein kinase C-a
(PKC-a) and these phosphorylation events are tied to
cytokine production induced by CD163A cross-linking
[19]. Casein kinase II activity and anti-inflammatory
cytokine production in macrophages is stimulated by
CD163A binding to only one of the two alleles of hapto-
globin, although both bind to CD163A with high affinity
[20]. The non-stimulatory haptoglobin allele is correlated
with increased susceptibility to cardiovascular disease
[21,22].

CD163b is also expressed on macrophages, with two
cytoplasmic domain variants of 71 and 39 amino acids,
resulting from alternative splicing [23]. Little is known
about the function or ligand of CD163b. Thus far, the
gene encoding CD163b has only been found in the
genomes of primates and the horse.

Unlike CD163A, which is encoded by one gene across
eutherian mammals, several species possess multiple
genes encoding CD163c-a molecules. There are two
CD163c-a genes in mice: SCART1 and SCART?2.
SCART1 is expressed in the lymph node, trachea and
lung; SCART?2 is expressed on murine y& T cells that
secrete IL-17 [24,25]. The presence of multiple genes
encoding the SRCR transmembrane receptor CD163c-a
is similar to that of another set of group B SRCR proteins,
WC1. Genes encoding WC1 have been found in the
artiodactyl species cattle (Bos taurus), sheep (Ovis aries)
and swine (Sus scrofa) [26-30]. WC1 molecules are
encoded by a family of fifteen genes in the bovine and,
like SCART?, are expressed on y8 T cells [26,27,30-34].
WC1 contributes to the y8 T cell response to Leptospira
(Wang F, Herzig CTA, Hsu H, Chen C, Baldwin CL,
Telfer JC: Scavenger receptor WC1 contributes to the
gamma delta T cell responses to Leptospira, submitted)
and WCl-mediated potentiation of T cell activation
requires the phosphorylation of a tyrosine in its cytoplas-
mic domain [35]. Moreover, expression of different
molecular forms of WC1 on bovine y& T cells is corre-
lated with differential response to bacteria, suggesting
that WC1 functions as a pattern recognition molecule
similar to the related SRCR molecules CD163A, CD5,
CD6, Spa and DMBT1 [13,14,36-40]. No WC1 homo-
logues have thus far been identified in human or murine
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YO T cells, leading to the question of whether CD163 fam-
ily members, particularly CD163c-a molecules, have
evolved to serve functions equivalent to WC1 in mam-
mals other than the artiodactyls.

In our recent annotation of the bovine genome we
found the gene encoding CD163A embedded within the
region coding for WC1 genes [31]. To determine the
extent of the CD163 family in artiodactyls, we annotated
the bovine genome to identify CD163 family genes in cat-
tle. We found genes encoding both CD163A and
CD163c-a, but not CD163b, and evaluated their expres-
sion profile in y8 T cells and other tissues. Incorrect
assignment of genes belonging to the CD163 and the
WC1 families from many species has created substantial
confusion in naming and categorizing these genes. To
appropriately categorize the genes identified both by us
and by others, we undertook phylogenetic analyses of
CD163 and WC1 family members. Here, we show the
relationship between CD163A, CD163c-a and WC1 fam-
ily receptors, all expressed in Y8 T cells of artiodactyls,
that WC1 orthologues are present in the chicken and
platypus, and correlate the conservation over evolution-
ary time of a diverse array of these receptors with the
presence of a high level of y8 T cells in the peripheral
blood.

Results

Exon-intron structure of bovine CD163 family members
Annotation of the bovine genome indicated that cattle
have a gene coding for CD163A, which was found on
chromosome 5 within one of the two loci coding for the
large WC1 family of genes [31]. A gene coding for bovine
CD163c-a was also found but could not be placed in the
bovine genome due to insufficient scaffolding. Schemat-
ics of the exon-intron structure of these two genes are
shown in Fig. 1. Both CD163A and CD163c-a contain a
cytoplasmic domain coded for by two exons, one of
which also encodes the transmembrane domain. Interest-
ingly, like WC1, both CD163A and CD163c-« contain an
exon that encodes interdomain sequence (Fig. 1, ID) [31].
The gene encoding CD163A spans approximately 30 kbp;
that of CD163c-a spans approximately 12 kbp.

The CD163c-a amino acid sequence generated by auto-
mated prediction lacked a transmembrane region that
was correlated with a gap in the genomic sequence at the
expected location of the exon encoding the transmem-
brane domain (Fig. 1B). We investigated whether bovine
CD163c-a has a transmembrane domain by amplifying
and sequencing cDNA template from peripheral blood
mononuclear cells using primers designed from known
sequences in the genomic sequence, which bracketed the
putative transmembrane region. We obtained transmem-
brane domain sequence in the same frame as known
sequence upstream and downstream (Fig. 2B), indicating
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Figure 1 Schematic representation of bovine CD163 exon-intron structure. Exon-intron structures of (A) CD163A and (B) CD163c-a were deter-
mined based on annotation of the CD163 genes in the bovine genome assembly Btau_3.1. Proposed placement of the exon encoding CD163c-a
transmembrane region is shown in grey and could not be confirmed due to a gap in the genomic sequence assembly. SRCR domain numbers are
indicated by roman numerals. Scale is shown in base pair increments beneath the schematic. Abbreviations are as follows: ID, interdomain sequence;
TM, transmembrane region; ICD, intracytoplasmic domain.

that the bovine CD163c-a is a transmembrane receptor.
The bovine homologue of the human gene encoding
CD163b was not found in the bovine genome assembly
Btau 3.1, which could reflect its absence or a relatively
large gap in the sequenced bovine genome.

Bovine CD163 sequences

Based on the manual annotation of the bovine CD163c-a
and CD163A gene sequences (Fig. 1), we designed prim-
ers to amplify CD163A and CD163c-a transcripts.
Deduced amino acid sequences based on the obtained
c¢DNA sequence of CD163A (Fig. 2A) and on both the
annotated genomic sequence and obtained cDNA
sequence (shaded) of CD163c-a (Fig. 2B) were used to
evaluate their predicted protein structures. Bovine
CD163A has nine SRCR domains and bovine CD163c-a
has eight SRCR domains in their extracellular regions,
which are underlined in the predicted protein (Fig. 2).
Most of the SRCR domains conform to the eight-cysteine
consensus of SRCR group B. The exceptions are the
eighth SRCR domain of bovine CD163A and the fifth
SRCR domain of bovine CD163c-a. These SRCR domains
lack the second and seventh cysteines, which form a dis-
ulfide bond in most, but not all, other SRCR group B
domains. Estimates of the evolutionary divergence
between SRCR domain amino acid sequences confirm

that bovine CD163A is most similar to human CD163A
(Table 1) and that bovine CD163c-a is most similar to
human CD163c-« (Table 2) in both the order of SRCR
domains and sequence identity. Bovine CD163A is identi-
cal to human CD163A in its SRCR domain organization,
and highly similar in its sequence with 82% overall
sequence identity. Bovine CD163c-a is identical to
human CD163c-a in its SRCR domain organization and
68% identical in overall sequence. The evolutionary
divergence between bovine CD163A or bovine CD163c-«
SRCR domains and bovine WC1 SRCR domains is
greater (Table 3), indicating that the genes we have identi-
fied as bovine CD163A or bovine CD163c-a are not WCl1
genes. The sequences of the cytoplasmic domains of
CD163c-a and CD163A from cattle do not exhibit signifi-
cant sequence identity to each other (data not shown),
although they contain the tyrosine-based motifs of YEDI
and YREM respectively.

Expression profiles of bovine CD163A and CD163c-a

A variety of tissues were examined for expression of
bovine CD163 transcripts including mesenteric lymph
node (MLN), lung, intestinal intraepithelial lymphocytes
(IELs, containing approximately 20% yd T cells, data not
shown) and peripheral blood mononuclear cells (PBMC).
PBMC were evaluated both as ex vivo cells and following
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A

SRCR 1
MVLHDNSGSAGFKRCSVHFGPFTLAVVSVLYACLVTSALGGTDKELRLVAGQTKSGRVEVKVQEEWGTV 70

ENTGWDLAAVSVVKQLGPSV I KATGWTNSSAGTGR IWMDHVSRGNESALWDKHEGWGKHNTHQQD 140

SRCR 11
VGVT.SDGSDLEMRL MNGGNRSGRIE | KFQGQWGTVDDNFNLDHASVVKQL GGSAVSFSGSANFGE 210

SRCR III
GSGP IWFDDL V[CHGNESALWN[JRHE GWGKHN[C]PHAEDAGV IELLEGADLSLRLVDGVTK[C]SGRLEVRFQGE 280

waTV[JobewbsHDAAVA[CJaQL G[CJPTAI TAVGRVNASEGTGHIWLDSVS[CJaGHESAVWQCIRHHEWGKH YN 350

SRCR IV
HNEDAGVT[CISDGSDLELRLKGGGSREGTVEVE I QKL | GKVEIPRswWGLKEADVV[CKaL GElJcSALRTSYQV 420

SRCR V
YSKI QATNTWLFLNNENGNETS IWDEKNWQWGGL SEHYHEAKVTSAHREPRLVGGD | PSGRVEVKHG 490

DTWGT IDSDFSLESASVLRELEGSVVS | LGGAHFGEGNGQIWAEEFQEGNESHLSLPVAPRL DGT 560

SRCR VI
ElsHsSKD I GVV]sRYTEVRLVGGNTP[JEGRVEVK ILGTWGPLICINSHWDMEDAHVL[CJaQLK[]JGVAAS I PGRA 630

PFGKGSGQPWRHMFHEITGTEQHMGDCIPVTALGASLEPEGQVASV I[CJSGNRSQTLYPCNSSSSDPESSVVL 700

SRCR VII
EENGVPCIGSGQL RLVNGGGRGR |IEVYHEGSWGT IDDSWDLDDAHVVRQL GGVA INATGSAHFGE 770

SRCR VIII
GSGP IWLDEVN[CINGKEPR 1 SQEJRSHGWGRQN[CRHKEDAGV IC]SEFMSLRL I SDSSSET[CJAGRLEVFYNGA 840

WGSVGKSDMSATTVGVV[RQLG[CITDKGS IRPAPSDKVENRYMWVDNVR[EIPKGPETLWQEP SSPWKRRLAS 910

SRCR IX
PSEETWIT[CJADK PREQEGTTNES GRVEVWHGGSWGTV[CIoDswpL NDAQVV[JRQL G[CJGLALEAGKEAAFGQ 980

™
GTGP IWLNEVK[CIKGNEsSsLWD[ClPARSWGHSDICJcHKEDASVKIJSE | AESKGSVKAAGHSSTVALGI LGV IL 1050

LAFLIATLLWIQRRRQRQRLAVSSRGENSVHEIQYREMNSCLKADDLDLYNSSGLWVLRGSIALGFRLVT 1120

AAEAERHST * 1130

B

SRCR I
MRLLLCLLGLGPLVLILQAAPPRAAPEEQLTIFLHI SRNGI LLLRHQGQLGTATDTWGFPEAAVVRE 70

SRCR I
LD@GAPLGAPKEVPGPE | MAQPWL HGL TQGNESS | QEAL GAWGPRPPHDWVPAVMMGGL EVVIKLV 140

GGRSPAGVPGL QHSNQTLTSDPQSLEAGT | LKELGGSMLQAPSPLPETEGPRKGQQFVGEGSEPT 210

SRCR 1T
VLN[CK | DWANFKP[VSNDEV IC]SGHTEARLVGGEHS[CJAGRLEVRRGLTWGTV[C[DADLDLATAHVV[CJREL Q 280

SRCR IV
ClcAAVSTPQGAHFGQGPGLVWAEAFR[CJAGNESL L FHEIPREPGHR[CJGHGQDAGLR[C]SEFRLVNGSSA[CJEGR 350

VELQVQGAWAPL[JAAHWDLADATVL[CHQL D[CJGNAVATPPGGHF GGGASAPWPDEVHVGTEPYLWS[AVS 420

SRCR V
TLGAPAGPGDAAAAVSGLPDAL RL RDGQSRDGRVEVSLDGVWGRVLDEAWDLRGAAVVRQL GGAA 490

SRCR VI
ERAYEAAAPARGAVPLGLSRVRAGTEPRLTRNVSAAALVSAGASRDAGVVSGSLQVRLAAGPGREAG 560

RVELLHAGEWGTVDDGWDL RDAQVVRQL GGHAL GAPGAAHFGAGAGR IWMDELA@EGHEAALWREPS 630

SRCR VII
RGWGRHD[CJGHKEDAGAL[CJ[SESVALRLRGGAGP[CJAGWLDVFHNGTWGAV[C|SNALKDASL S I I[FaQL G[EJGER 700

GWLENRPGHTSLGTSWVDNIQEJRRLRSSTLWQCJPSAPWHPHS[CITRGEEVW I TCJAGSSGTATQDSGEALNC 770
SRCR VIIT
SLMGSCPEEGELRVRGGEDR[C]SGRVELWHAGSWGTV[DDSWDLADAEVV[CJRQL G[CJGRAVDAVAGAAFGPG 840
™
SGPVWLDEVG[CJRGSEASLWG[C]PAQPWGRGD[CJGHKEDAGVR[JAGDTGAVTPRSASGSPLVPAPALEAGTLP 910

MALGLALGTLLLVTSLVLGARWFRGRDACRGSGMSGSLPSEGVYEDIGVATAGEKDEAAGAAAAAVLEEE 980

YDDVAEPEPEEGDAEEGALLSPTGAQLCVVASTVLLLLYWCYAQGSGPPSPY I * 1034

Figure 2 Amino acid sequences of bovine CD163. Translated amino acid sequence, based on cDNA sequences for (A) CD163A and based on an-
notated and determined cDNA (shaded) sequences for (B) CD163c-a. Individual SRCR domains, identified by comparison to consensus group B SRCR
domain sequence, are underlined, domain numbers are indicated by roman numerals, and cysteines are boxed. Putative transmembrane regions (TM)
were determined by the DAS transmembrane prediction server and are also underlined [70].




Herzig et al. BMC Evolutionary Biology 2010, 10:181 Page 5 of 19
http://www.biomedcentral.com/1471-2148/10/181

Table 1: Estimates of evolutionary divergence between human CD163A, bovine CD163A and bovine CD163c-a SRCR
domains

HsCD163A
SRCR domain h i j k b 4 d e d'
1 2 3 4 5 6 8 9
BtCD163A h 1 0.179 0.462 0.410 0.538 0.603 0.641 0.474 0.679 0.513
(0.043) (0.056) (0.056) (0.056) (0.055) (0.057) (0.057) (0.053) (0.057)
i 2 0.436 0.167 0.513 0.551 0.564 0.628 0.436 0.692 0.500
(0.056) (0.042) (0.057) (0.056) (0.056) (0.056) (0.056) (0.053) (0.057)
j 3 0.372 0.500 0.115 0.590 0.628 0.615 0.449 0.705 0.500
(0.055) (0.057) (0.036) (0.056) (0.055) (0.056) (0.056) (0.052) (0.057)
k 4 0.590 0.590 0.590 0.115 0.692 0.654 0.526 0.731 0.551
(0.056) (0.056) (0.056) (0.036) (0.052) (0.056) (0.057) (0.053) (0.056)
b 5 0.577 0.513 0.628 0.641 0.090 0.538 0.564 0.731 0.603
(0.056) (0.057) (0.055) (0.054) (0.032) (0.056) (0.056) (0.050) (0.055)
C 6 0.590 0.628 0.615 0.679 0.526 0.167 0.577 0.782 0.577
(0.056) (0.057) (0.056) (0.053) (0.057) (0.042) (0.056) (0.047) (0.056)
d 7 0.526 0.474 0.474 0.551 0.577 0.551 0.090 0.667 0.474
(0.057) (0.057) (0.057) (0.056) (0.056) (0.056) (0.032) (0.052) (0.057)
e 8 0.718 0.744 0.744 0.692 0.692 0.705 0.705 0.231 0.744
(0.052) (0.050) (0.052) (0.052) (0.052) (0.053) (0.053) (0.048) (0.052)
d' 9 0.551 0.538 0.551 0.526 0.603 0.538 0.423 0.692 0.167
(0.056) (0.056) (0.056) (0.057) (0.055) (0.056) (0.056) (0.052) (0.042)
BtCD163c-a m 1 0.705 0.718 0.679 0.615 0.718 0.692 0.641 0.808 0.615
(0.052) (0.051) (0.053) (0.055) (0.051) (0.052) (0.054) (0.045) (0.055)
1 2 0.667 0.718 0.679 0.692 0.654 0.667 0.692 0.821 0.718
(0.053) (0.052) (0.052) (0.052) (0.054) (0.053) (0.050) (0.043) (0.051)
b 3 0.577 0.564 0.641 0.590 0.449 0.577 0.538 0.731 0.551
(0.056) (0.056) (0.054) (0.056) (0.056) (0.056) (0.056) (0.050) (0.056)
C 4 0.667 0.654 0.628 0.628 0.615 0.526 0.590 0.731 0.615
(0.053) (0.054) (0.055) (0.055) (0.055) (0.057)0 (0.056) (0.050) (0.055)
n 5 0.654 0.679 0.628 0.590 0.654 0.667 0.564 0.705 0.603
(0.054) (0.053) (0.055) (0.056) (0.054) (0.053) (0.056) (0.052) (0.055)
d 6 0.474 0.526 0.500 0.526 0.577 0.590 0.397 0.667 0.436
(0.057) (0.057) (0.057) (0.057) (0.056) (0.056) (0.055) (0.053) (0.056)
e 7 0.628 0.667 0.679 0.654 0.679 0.744 0.641 0.603 0.679
(0.055) (0.052) (0.054) (0.055) (0.053) (0.049) (0.055) (0.055) (0.053)
d' 8 0.538 0.526 0.538 0.538 0.564 0.628 0.423 0.654 0.397
(0.056) (0.057) (0.056) (0.056) (0.056) (0.055) (0.056) (0.054) (0.055)

The number of amino acid differences per site from analysis between sequences is shown. All results are based on the pairwise analysis of 26
sequences. Standard error estimates are shown in parentheses and were obtained by using analytical formulas. Analyses were conducted using
the amino p-distance model in MEGAA4 [64]. All positions containing gaps and missing data were eliminated from the dataset (complete deletion
option). There were a total of 78 positions in the final dataset. Estimates below 0.500 are in boldtype, and values on the diagonal corresponding
to a high level of identity between sequences are underlined. SRCR domains are labelled with alphabetical designations as previously defined
and by inferring the evolutionary relationships between SRCR domains using the Neighbor-Joining and Bayesian methods [1,65,69].
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Table 2: Estimates of evolutionary divergence between human CD163c-a, bovine CD163A and bovine CD163c-a SRCR

domains
HsCD163c-a
SRCR domain m 1 b 4 n e d'
1 2 3 4 5 7 8
BtCD163A h 1 0.577 0.692 0.590 0.641 0.641 0.500 0.628 0.513
(0.056) (0.052) (0.056) (0.054) (0.054) (0.057) (0.055) (0.057)
i 2 0.590 0.731 0.551 0.628 0.667 0.462 0.641 0.474
(0.056) (0.050) (0.056) (0.055) (0.053) (0.056) (0.054) (0.057)
j 3 0.615 0.679 0.654 0.628 0.641 0.474 0.628 0.526
(0.055) (0.053) (0.054) (0.055) (0.054) (0.057) (0.055) (0.057)
k 4 0.551 0.654 0.615 0.692 0.628 0.577 0.679 0.590
(0.056) (0.054) (0.055) (0.052) (0.055) (0.056) (0.053) (0.056)
b 5 0.654 0.667 0.462 0.590 0.679 0.538 0.692 0.564
(0.054) (0.053) (0.056) (0.056) (0.053) (0.056) (0.052) (0.056)
C 6 0.654 0.654 0.551 0.500 0.667 0.590 0.731 0.615
(0.054) (0.054) (0.056) (0.057) (0.053) (0.056) (0.050) (0.055)
d 7 0.615 0.615 0.551 0.590 0.577 0.372 0.679 0.436
(0.055) (0.055) (0.056) (0.056) (0.056) (0.055) (0.053) (0.056)
e 8 0.718 0.795 0.744 0.756 0.679 0.654 0.577 0.692
(0.051) (0.046) (0.049) (0.049) (0.053) (0.054) (0.056) (0.052)
d' 9 0.513 0.679 0.526 0.590 0.590 0.436 0.667 0.410
(0.057) (0.053) (0.057) (0.056) (0.056) (0.056) (0.053) (0.056)
BtCD163c-a m 1 0.462 0.641 0.667 0.718 0.692 0.654 0.808 0.667
(0.056) (0.054) (0.053) (0.051) (0.052) (0.054) (0.045) (0.053)
| 2 0.705 0.577 0.692 0.705 0.744 0.731 0.756 0.744
(0.052) (0.056) (0.052) (0.052) (0.049) (0.050) (0.049) (0.049)
b 3 0.603 0.692 0.167 0.577 0.679 0.526 0.667 0.526
(0.055) (0.052) (0.042) (0.056) (0.053) (0.057) (0.053) (0.057)
C 4 0.603 0.667 0.590 0.218 0.641 0.615 0.756 0.615
(0.055) (0.053) (0.056) (0.047) (0.054) (0.055) (0.049) (0.055)
n 5 0.615 0.641 0.603 0.654 0.231 0.538 0.731 0.538
(0.055) (0.054) (0.055) (0.054) (0.048) (0.056) (0.050) (0.056)
d 6 0.538 0.667 0.538 0.551 0.590 0.218 0.654 0.410
(0.056) (0.053) (0.056) (0.056) (0.056) (0.047) (0.054) (0.056)
e 7 0.692 0.731 0.641 0.718 0.744 0.615 0.179 0.654
(0.052) (0.050) (0.054) (0.051) (0.049) (0.055) (0.043) (0.054)
d' 8 0.551 0.692 0.487 0.577 0.564 0.423 0.628 0.141
(0.056) (0.052) (0.057) (0.056) (0.056) (0.056) (0.055) (0.039)

Analyses were conducted as described in Table 1.
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Table 3: Estimates of evolutionary divergence between bovine archetypal WC1.1, bovine CD163A and bovine CD163c-a SRCR domains

a
1

b
2,7

3,8

BtWC1.1
d
4,6,9

e
5,10

d'
11

BtCD163A

0.551 (0.056)

0.667, 0.654 (0.053, 0.054)

0.641, 0.654 (0.054, 0.054)

0.462, 0.462, 0.500 (0.056, 0.056, 0.057)

0.705, 0.692 (0.052, 0.052)

0.500 (0.057)

0.526 (0.057)

0.577,0.564 (0.056, 0.056)

0.590, 0.615 (0.056, 0.055)

0.436, 0.410, 0.436 (0.056, 0.056, 0.056)

0.705, 0.667 (0.052, 0.053)

0.487 (0.057)

0.500 (0.057)

0.679, 0.654 (0.053, 0.054)

0.654, 0.679 (0.054, 0.053)

0.449, 0.449, 0.449 (0.056, 0.056, 0.056)

0.705, 0.705 (0.052, 0.052)

0.500 (0.057)

0.564 (0.056)

0.654, 0.641 (0.054, 0.054)

0.615,0.615 (0.055, 0.055)

0.564, 0.551, 0.577 (0.056, 0.056, 0.056)

0.705, 0.692 (0.052, 0.052)

0.500 (0.057)

0.551 (0.056)

0.449, 0.436 (0.056, 0.056)

0.577,0.603 (0.056, 0.055)

0.526, 0.590, 0.513 (0.057, 0.056, 0.054)

0.718,0.692 (0.051, 0.052)

0.538 (0.056)

0.590 (0.056)

0.615,0.590 (0.055, 0.056)

0.513,0.538 (0.057, 0.056)

0.513,0.590, 0.526 (0.057, 0.056, 0.057)

0.769,0.731 (0.048, 0.050)

0.603 (0.055)

0.487 (0.057)

0.641, 0.628 (0.054, 0.055)

0.590, 0.603 (0.056, 0.055)

0.218, 0.321,0.218 (0.047, 0.053, 0.047)

0.667, 0.641 (0.053, 0.054)

0.474 (0.057)

0.744 (0.049)

0.731,0.705 (0.050, 0.052)

0.731,0.731 (0.050, 0.050)

0.718,0.744, 0.692 (0.051, 0.049, 0.052)

0.513,0.500 (0.057, 0.057)

0.692 (0.052)

0.526 (0.057)

0.615,0.590 (0.055, 0.056)

0.590, 0.590 (0.056, 0.056)

0.423, 0.436, 0.397 (0.056, 0.056, 0.055)

0.679,0.667 (0.053, 0.053)

0.359 (0.054)

BtCD163c-a

0.654 (0.054)

0.756, 0.731 (0.049. 0.050)

0.679, 0.679 (0.053, 0.053)

0.654, 0.667, 0.654 (0.054, 0.053, 0.054)

0.795, 0.769 (0.046, 0.048)

0.628 (0.055)

0.718 (0.051)

0.692, 0.705 (0.052, 0.052)

0.705,0.718 (0.052, 0.051)

0.654, 0.654, 0.667 (0.054, 0.054, 0.053)

0.769, 0.795 (0.048, 0.046)

0.679(0.053)

0.551 (0.056)

0.538,0.526 (0.056, 0.057)

0.577,0.577 (0.056, 0.056)

0.513,0.577,0.526 (0.057, 0.056, 0.057)

0.718,0.692 (0.051, 0.052)

0.526 (0.057)

0.603 (0.055)

0.628, 0.615 (0.055, 0.055)

0.526, 0.538 (0.057, 0.056)

0.603, 0.615, 0.603 (0.055, 0.055, 0.055)

0.744, 0.744 (0.049, 0.049)

0.615 (0.055)

SRCR domain
h 1
i 2
j 3
k 4
b 5
C 6
d 7
e 8
d' 9
m 1
| 2
b 3
C 4
n 5

0.513 (0.057)

0.679, 0.667 (0.053, 0.053)

0.654, 0.654 (0.054, 0.054)

0.564, 0.590, 0.564 (0.056, 0.056, 0.056)

0.744, 0.756 (0.049, 0.049)

0.564 (0.056)
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Table 3: Estimates of evolutionary divergence between bovine archetypal WC1.1, bovine CD163A and bovine CD163c-a SRCR domains (Continued)

d 6 0.500 (0.057)  0.577,0.564 (0.056, 0.056) 0.577,0.590 (0.056, 0.056)  0.346, 0.423, 0.333 (0.054, 0.056, 0.053)  0.679, 0.667 (0.053, 0.053) 0.487 (0.057)
e 7 0.705 (0.052)  0.667,0.679 (0.056, 0.056) 0.692,0.718 (0.052,0.051)  0.628, 0.641, 0.628 (0.055, 0.054, 0.055) 0.526,0.526 (0.057,0.057)  0.615 (0.055)
d' 8 0.526 (0.057)  0.577,0.577 (0.053, 0.053) 0.615,0.615 (0.055,0.055)  0.436, 0.423, 0.397 (0.056, 0.056, 0.055)  0.615,0.615 (0.055,0.055)  0.321 (0.053)

Analyses were conducted as described in Table 1.
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activation by Con A. Based on expressed sequence tag
(EST) analysis in the NCBI UniGene database http://
www.ncbi.nlm.nih.gov/sites/entrez?db=unigene, it was
predicted that bovine CD163c-«a is expressed in the intes-
tine and that bovine CD163A is expressed in the intestine
and mesenteric lymph node (MLN). Interestingly, we
found CD163A to be expressed in all tissues evaluated
(Fig. 3A) and not just in intestine and MLN. Surprisingly,
we found that CD163A is also expressed on WC1+and y6
TCR* as well as WC1-and y6 TCR- cells sorted from ex
vivo PBMC (Fig. 3B) indicating that the expression of
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bovine CD163A is not restricted to monocytes and mac-
rophages, as is the case in humans [5,41].

We found that CD163c-a transcripts were relatively
higher in PBMC, MLN and IELs, than in lung (Fig. 3A),
consistent with expression in leukocytes. The CD163c-a
family member SCART?2 has been shown to be expressed
in murine y§ T cells [25]. To test the hypothesis that
bovine CD163c-a is expressed on a T cell subset separate
from the WC1+y0 T cell subset, we evaluated the expres-
sion of bovine CD163c-a on WC1+, WC1-, y§ TCR+and
y8 TCR- cells sorted from ex vivo PBMC (Fig. 3B). We
found that CD163c-a was preferentially expressed in the

Tissue evaluated

Exvivo ConA-
PBMC PBMC

CDI163A
CD163C-a

GAPDH

[E—
(\O]

IELs

MLN lung

Transcripts amplified

CD163c-a

GAPDH

| CD163A
PEMC R
o e —
v ——
wer
wer R

factor of three. These results are representative of two reactions.

Figure 3 Expression profiles of bovine CD163 genes. (A) Bovine exvivo PBMC (lane 1), ConA-activated PBMC (lane 2), mesenteric lymph node (MLN,
lane 3), lung (lane 4) and intestinal epithelial lymphocytes (IELs, lane 5) were evaluated for expression of CD163A and CD163c-a by RT-PCR. GAPDH is
shown for comparison. These results are representative of reactions (n = 3) performed for at least two animals. (B) Bovine total PBMC, y& TCR* cells, yo
TCR - cells, WC1+ cells, and WC1- cells were evaluated for CD163A, CD163c-a, and GAPDH expression by RT-PCR. Templates were serially diluted by a
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WC1+ or y8 TCR+ cell populations in PBMC, suggesting
that it increases the potential receptor repertoire of
WC1+y8 T cells.

Analysis of CD163 and WC1 SRCR domains

We undertook a phylogenetic analysis of CD163 family
members and their closest molecular relative, WC1, with
the goal of understanding the evolution and function of
WC1 and CD163 family members. We performed multi-
ple alignments of individual SRCR domains in bovine
CD163c-a and bovine CD163A with defined SRCR
domains from bovine WC1 and human CD163A [1]. The
SRCR domains from bovine WC1 and human CD163A
have previously been assigned an alphabet letter designa-
tion "a", "b", "¢", "d", "d" ", "e", "h", "i", "j", or "k" [1]. SRCR
domains in bovine CD163c-a and bovine CD163A that
clustered in the same clades as these previously desig-
nated SRCR domains (Fig. 4A, indicated by asterisks)
were assigned the same designation. SRCR domains that
clustered in separate clades from the clades containing
already designated SRCR domains were assigned the new
alphabet letter designations "m", "n" and "1" (Fig. 4A,4B).
Phylograms obtained using Bayesian analysis (Fig. 4A)
showed that the first SRCR domain of bovine CD163c-a
(BtCD163cSRCR1) and the first SRCR domains of
CD163c-a-like molecules from the duck-billed platypus
(OraCD163_4SRCR1, OraCD163_5SRCRI1 and
OraCD163_7SRCR1) are in the same clade as the first
SRCR domain of primate, rodent and canine CD163c-a
(designated "m"). The clade containing the fifth SRCR
domain (designated "n") in bovine CD163c-a also
includes SRCR domains from CD163c-a-like molecules
from eutherian mammals, the duck-billed platypus and
the chicken (Fig. 4A). The second SRCR domain of
bovine CD163c-a (BtCD163cSRCR1) clusters in the same
clade as other SRCR domains designated "l" from euthe-
rian mammals and the duck-billed platypus (Fig. 4A).
SRCR domains that we have designated as "d" are clus-
tered in sister clades to defined "d" SRCR domains by
Bayesian analysis: however, their designation as domain
"d" is also supported by their position in the protein in
reference to other SRCR domains (Fig.4B). Several SRCR
domains from chicken CD163 molecules clustered apart
from the "d" SRCR domain; although, their identification
as "d" SRCR domains is suggested by their position in the
protein (e.g. GgCD163_1 SRCR4). These SRCR domains
were left undesignated (Fig. 4A,4B). The first six SRCR
domains of human CD163b do not reproducibly cluster
in the same clade as other defined SRCR domains and
were also left undesignated (Fig. 4A,4B). Notably,
CD163b has thus far been found only in primates and
horses. It is also of note that SRCR domain "k", which
appears to be diagnostic of CD163A or CD163b, does not
appear in any of the annotated genes from the duck-billed
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platypus or the chicken, suggesting that CD163A or
CD163b is not encoded in these animals' genomes. Thus,
there appear to be at least 4 types of CD163 family mem-
bers, not all of which appear in every species, and some of
which are duplicated within a species: CD163A, CD163b,
CD163c-a, and WCI.

Most of the CD163 molecules, especially those with a
transmembrane domain, contain the usually membrane
proximal "d' " and "e" SRCR domains (Fig. 4B). These
domains from chicken and duck-billed platypus cluster
together within each species, whereas CD163A "d' " and
"e" SRCR domains from eutherian mammals are found in
separate sub-clades from CD163b, CD163c-a, and WC1
"d' " and "e" SRCR domains from eutherian mammals (Fig.
4A).

Relationship of CD163c-a and WC1

The relationship of CD163c-a to WC1 is particularly
intriguing since WC1 expression is restricted to y8 T cells
and CD163c-a expression is enriched in WC1+y8 T cells
(Fig. 3B). When we performed a multiple SRCR domain
alignment and phylogenetic tree analysis of CD163 pro-
teins across multiple species, we found that the SRCR
domain structure and organization of bovine CD163c-a
(m-1-b-c-n-d-e-d') is most similar to CD163c-a from
other eutherian mammalian species, such as human,
chimpanzee, dog, and mouse and rat. The SRCR domains
"m" and "I" and "n" were unique to CD163c-a molecules
and were not found to occur in bovine or swine WC1, nor
did they occur in the other CD163 family members
CD163A or human CD163b (Fig. 4A,4B). Domains "m",
"l", and "n" clustered in separate clades than the WC1
domain "a", as well as from the first six SRCR domains
from CD163b and SRCR domains "h", "i", "j", and "k" from
CD163A (Fig. 4A,4B).

The chicken and the duck-billed platypus possess more
CD163 genes than primates, dogs or rodents, displaying a
diverse repertoire more similar to that seen with WC1
genes in the artiodactyls. The chicken possesses at least
eighteen CD163 genes while the duck-billed platypus has
at least ten CD163 genes. Seven of the chicken CD163
genes and three of the duck-billed platypus CD163 genes
contained SRCR domains that clustered in the clade con-
taining WC1 SRCR domain "a" (Fig. 4A). This is notable
because domain "a" is the source of most of the diversity
in WC1 family members and is thus thought to be the
most likely SRCR domain to be responsible for WC1 iso-
form-specific function [31]. Chicken CD163_3 and platy-
pus CD163_2 were the closest to bovine WC1 in
extracellular SRCR organization, with SRCR domain
organization of (a-b-c-a-b-c-x-e-d’) and (a-c-d-d),
respectively, compared to the bovine WC1 SRCR domain
organization of (a-b-c-d-e-d-b-c-d-e-d’) (Fig. 4B). Six
chicken CD163 proteins show a hybrid SRCR domain



Herzig et al. BMC Evolutionary Biology 2010, 10:181 Page 11 of 19

http://www.biomedcentral.com/1471-2148/10/181

A
Domain n
Domain ¢
ﬂ Domain d
Domain b
Domain j
[ Domain h
Domain i
Domain a
Domain d’
Domain k
Domain |
Domain m
i Domain e pury
B @)
@ O
® &
© @ @ OO
9@ 0O OO @ ® @ HOOO
® OOOOOO O ©Q O DODOO
@ O be® @© @ @ ® WO | Extracellular
QPA@OOROOO 0O ®OO© © © © @ ®| %"
QOOOOOOOM OO OO® © @ OICIOO)
DODAODDD DO OO @ OO0 @ODDAOD
©@@OEPO®e ©OEO®E ©0O @G ©PEOEE®
Pasma DDDPDP P PDPPDPDPDDDADPD , @ DDD DD DADD
- rrrrrr = =~ - T rFrrrr R = |2 domain
222 L EECQRERRRRERR 8RR 929 FEF
222 0CEB 2 EECBDEEERREEEEREILIIEEE
P3P :ifiiifiiiiiiiiiiriiice
B0 GeCDIGE 11 OraCD163_2
GeCDIG 12 DO OHIHEHD) oracpies_s
@O®O GeCDIGA_13 (OXoHnXd) OraCD163_6
MO~ GeCDIG3 17 @X{cHdXe) OraCD163_7
o' GaCD163 18 OraCD163_8
@b cHdHeXd)Ha) Oracp163.9
@~ Oracp163_10
Figure 4 CD163 family member SRCR domain organization and cytoplasmic tyrosine-based motifs. >(A) CD163 family members from multiple
species were identified by BLAST searches with bovine WC1, CD163A and CD163c-a SRCR and cytoplasmic domains. The evolutionary history of 242
taxa was inferred, using MrBayes3.2 to approximate the posterior probabilities of trees, shown at branch nodes [65]. SRCR domains clustering in a clade
with pre-defined SRCR domains (asterisks) were identified and SRCR domains clustered together, but not in association with known SRCR domains,
were assigned a new letter designation [1]. Rattus norvegicus (Rn) CD163c-q, Pan troglodytes (Pt) CD163c-a, Canis lupus familiaris (CIfy CD163c_1 and
CIfCD163c_2, Gallus gallus (Gg) CD163_1 through GgCD163_18, and Ornithorhynchus anatinus (Ora) CD163_1 through OraCD163_10 are predicted
from genomic sequence; Bos taurus (Bt) WC1, Sus scrofa (Ss) WC1, Homo sapiens (Hs) CD163c-a (partial cDNA, corrected from genomic sequence), Mus
musculus (Mm) SCART1, MMSCART2, HsCD163A and HsCD163b cDNA have been isolated. (B) Summary of CD163 family member SRCR domain orga-
nization and cytoplasmic tyrosine based motifs. SRCR domain assignments were made as shown in Fig. 4A, with confirmation by analysis utilizing the
Neighbor-Joining algorithm with the JTT model (data not shown). CD163 family members with transmembrane domains are shown with the plasma
membrane and location of the transmembrane domains represented by the horizontal line. Tyrosine-based signalling motifs similar to that found in
BtWCT are shown [35]. CD163 family members without transmembrane domains are shown horizontally, with the N-terminus on the left.
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organization that is intermediate between WC1 and
CD163c-a, with the SRCR domain "a" diagnostic of WC1
and SRCR domain "n" diagnostic of CD163c-a. For exam-
ple, chicken CD163_1 and CD163_8 possess a N-terminal
domain "a" characteristic of WC1 but an SRCR domain
cassette (c-n-d-e-d') characteristic of CD163c-a. In con-
trast, CD163 molecules from the duck-billed platypus
contain either the WCI1- diagnostic domain "a", or
CD163c-a-diagnostic domains "m","l", or "n", but not
both.

The consensus group B SRCR domain contains eight
cysteines, with disulfide bonds formed between the first
and fourth, the second and seventh, the third and eighth,
and the fifth and sixth cysteines [42]. Some of the SRCR
domains lack the second and/or the seventh cysteine,
which results in a predicted SRCR domain with only
three disulfide bonds rather than four disulfide bonds.
However, MmSCART2_SRCR3 (missing C2, C4 and C7),
Gg_1SRCR2 (missing C5, C7, and C8), Gg_4SRCR7
(missing C7 and C8), Gg_5SRCR7 (missing C7 and C8),
OraCD163_3SRCR2 (missing Cé6 and C7),
OraCD163_7SRCR4 (missing C1), OraCD163_9SRCR2
(missing C2, C6, and C7), and OraCD163_6SRCR4 (miss-
ing C2, C6, and C7) are missing additional cysteines
resulting in SRCR-like domains with only one to three
potential disulfide bonds. It is not known how these
changes will affect SRCR domain structure and function.

Relationship of cytoplasmic sequences
Several of the WC1-like or CD163-a-like molecules from
chicken or duck-billed platypus do not have transmem-
brane or cytoplasmic domains; although, they are pre-
dicted open reading frames from genomic sequence and
may not be complete. The cytoplasmic domain of chicken
CD163_14, defined as being C-terminal to a transmem-
brane domain, is unusual in that it is not similar in
sequence to other CD163 family members, but instead
contains a SRCR domain (Fig. 4B). The cytoplasmic
domains of bovine or human CD163A or human CD163b
do not have any significant sequence identity with the
cytoplasmic domains of CD163c-a-like or WC1-like mol-
ecules; although bovine and human CD163A have the
tyrosine-based motif YREM in their cytoplasmic domains
(Fig. 4B). We performed multiple amino acid alignment
and phylogenetic tree analysis of the other cytoplasmic
domains of CD163c-a-like and WC1 molecules and
found that the cytoplasmic domains from canine
CIfCD163_1, chicken and platypus CD163 molecules
cluster more closely with the cytoplasmic domains of
bovine and swine WC1, than with the cytoplasmic
domains of canine CIfCD163_2, primate, bovine, and
rodent CD163c-a (Fig. 5A).

Strikingly, all CD163c-a-like molecules from primate,
canine, rodent, bovine, monotreme and bird species
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share a Y-(Q/E)-(D/C/E)-(I/L) motif with WC1, with the
exception of chicken CD163_15, which has a threonine in
place of the isoleucine or leucine (Fig. 5B). Phosphoryla-
tion of the YEEL tyrosine motif in WC1 is required for its
potentiation of T cell activation, suggesting that WC1
and CD163c-a may signal via the same mechanism [35].

Discussion

Many genes that have been predicted to belong to the
CD163 family have been erroneously classified as
CD163A or CD163b homologues in their Entrez Gene
reports. For example, CIfCD163_2, RnCD163c-a and
MmSCART1 are referred to as similar to M160 or
CD163L1, which are alternative names for CD163b,
despite their greater similarity to CD163c-a in their
SRCR identity and organization and in their cytoplasmic
domain sequence. GgCD163_10 is referred to as CD5-
like, despite showing greater sequence similarity to
CD163c-a than CD5. Other genes from the chicken and
platypus that are most similar to CD163c-a and WC1 are
referred to as similar to CD163v2 and CD163v3, which
are names for alternatively spliced isoforms of CD163A.
It has been speculated that the plethora of CD163 mole-
cules in the platypus are CD163A homologues important
for regulating blood serum levels of free hemoglobin,
instead of CD163c-a or WC1 homologues, which are
more likely to be involved in the immune response [43].
In this study, we show that these genes encode CD163c-q,
WC1, or CD163c-a/WCl-like proteins, based on the
sequence of their SRCR and/or cytoplasmic domains.
Genes coding for WCl1-like proteins in non-artiodactyls
have not been previously identified. SRCR domains "e "
and "d' " (Fig. 4A) and cytoplasmic domains (Fig. 5A) that
are common to many CD163 molecules across species
cluster in sub-clades characterized by eutherian mamma-
lian, platypus or chicken origin, suggesting that gene con-
version in multi-gene families over millions of years of
evolution has driven homogeneity [44]. Artiodactyls,
platypus and chicken all display an expansion of WC1/
CD163c-a-like genes (Fig. 6). The platypus and the
chicken do not have a CD163A gene, suggesting that
CD163A has evolved since the divergence of eutherian
mammals from monotremes. In contrast, eutherian
mammals have one CD163A gene and non-artiodactyl
eutherian mammals have a maximum of two CD163c-a
genes. This suggests that expression of multiple WC1/
CD163c-a genes is the ancestral state and that eutherian
mammals other than artiodactyls have lost multiple
WC1/CD163c-a genes, since mammals diverged from
the sauropsid lineage leading to birds and reptiles 315
million years ago [43]. In a similar finding, the platypus,
sheep and cow share an expansion of the cathelicidin
antimicrobial peptide gene family, whereas primates and
rodents have only a single cathelicidin gene [45]. The pri-
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GgCD163_7 RQVQSARALHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_15 RQVQSARARHRDSRRSGEPFSEAVYEETKNSPMREKKMRFLLW
GgCD163_16 ROMQSARALHRDSRRSGEPFSEAVYEEISYSYMREKKMRFSFS
GgCD163_5 ROMQSARARHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_9 ROMQSASARHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_l ROMQSARARHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_3 ROMQSARALHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_10 ROMQSARARHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_2 ROMQSARARHRDSRRSGEPFSEAVYEEIEYSPMREKKMRFSFS
GgCD163_8 QVQSAKAQRRDSRRNEESFPEVVYEEIRCSYAWEKQTMFVHS
PtCD163c EVSPGEAIYDVIGEMPLAGLYEEITEAEAVLQDEEDGSV
HsCD163c EVSPGEAIYDVIGEMPLAGLYEEIMEAEAVLQDEEDGSV
GgCD163_4 QRARAQQORGSYNSFNEAVYEEIDYKLMKEQQGMSGLS

Figure 5 WC1 and CD163ca tyrosine-based motifs in the cytoplasmic domain. (A)Cytoplasmic domains were determined by ascertaining the
transmembrane domain, using the DAS transmembrane server [70]. Proteins are labelled as described in Fig. 4, with the addition of bovine WC1 cy-
toplasmic domains [31]. The evolutionary history of 34 taxa was inferred using Bayesian analysis in MrBayes3.2 [65]. Markov chain Monte Carlo analysis
was performed for 830,000 cycles, using 2 runs of 4 chains each, a temperature setting of 0.2, and an amino acid mixed model to approximate the
posterior probabilities of trees, shown at branch nodes. The average standard deviation of split frequencies was 0.01, which was diagnostic of conver-
gence at < 0.05. (B)Multiple alignment of the amino acids surrounding the tyrosine motif phosphorylated in WC1 (bold) with similar amino acid se-

quences from CD163 family members [35].
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Figure 6 CD163 family members in multiple species. Numbers of group B SRCR CD163 family members in a representative of the sauropsid lin-
eage, a prototherian mammal, and eutherian mammals are shown. The number of group A SRCR domain molecules in the echinoderm Strongylocen-
trotus purpuratus are shown [71]. Echinoderms diverged from chordates 595 million years ago; other divergence times are described on the Tree of
Life web project http://tolweb.org[72].

mate or rodent cathelicidin must function equivalently to
the plethora of cathelicidins in the platypus or ruminants;
analogously, the one or two CD163c-a molecules in non-
artiodactyl eutherian mammals may fulfil a function like
that of WC1, in regulating the yd T cell response.
Chickens, cattle and sheep are known to have a high
percentage of y§ T cells in their peripheral blood. They
are referred to as "y T cell high" species. In contrast,
mice and humans have lower numbers of y& T cells in
their peripheral blood and are referred to as "y§ T cell
low" species [46]. It is not known whether the duck-billed
platypus is a y§ T cell high or y8 T cell low species, but it
does possess Y8 T cells [47]. We show that the chicken
and platypus have multiple CD163c-a/WCl1-like genes, a
circumstance that is similar to the multiple WC1 genes in

the genomes of the artiodactyls. We hypothesize that a
diverse array of CD163c-a/WC1 SRCR transmembrane
receptors conveys a selective advantage to the immune
response to pathogens by y& T cells and that WC1 and
CD163c-a genes have been conserved because they play
an important role in the response to pathogens.
Phosphorylation of the second tyrosine in the WC1
cytoplasmic domain is required for WCIl-mediated
potentiation of T cell activation though the TCR, thus,
the conservation of this motif in WC1-like and CD163c-
a-like genes over millions of years of evolution supports
our hypothesis that CD163c-a plays a role similar to
WC1 as a co-receptor to an activating receptor [35]. In
contrast, it is unknown if the tyrosine-based motif YREM
in CD163A of human or cattle is a phosphorylation target
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or whether it participates in membrane proximal signal-
ing by CD163A after ligation of this receptor. Phosphory-
lation of CD163A by the serine/threonine kinases casein
kinase II and protein kinase C-a (PKC-a) is tied to
cytokine production induced by CD163A cross-linking
[19]. Detection of transcripts for bovine CD163A in
sorted WC1 +and y6+ T cells, as well as in tissues contain-
ing monocytes and macrophages, suggests that bovine
CD163A may play a role in the regulation of the y8+ T cell
immune response, either through activation of trans-
membrane CD163A or proteolytic cleavage and release of
soluble CD163A.

The characterization of the extracellular SRCR struc-
ture of WC1 and CD163 family members may help to iso-
late their ligands, which in turn would help us to better
understand their role in the y& T cell response. The role
of WC1 and the proposed role for CD163c-a are consis-
tent with other group B SRCR family transmembrane
receptors expressed on T cells, such as CD5 and CDé6.
CD6 binds to the protein ALCAM/CD166 [48]. CD5 has
been shown to bind to various proteins, including CD72,
a 40-80 kDa glycoprotein expressed on murine B spleno-
cytes and activated T cells, a human 150 kDa glycopro-
tein expressed on peripheral blood monocytes, certain
IgVy framework sequences and a bovine 200 kDa protein
expressed on activated B cells [49-54]. Ligation of CD5 or
CD6 affects responses through the T cell receptor and B
cell signaling and lymphocyte activation [55,56]. It is
known that SRCR molecules also bind to molecules other
than proteins; for example, the group B SRCR molecules
Spa, CD6, DMBT1 and CD163A bind to bacteria and Spa
and CD6 specifically bind to the bacterial products
lipoteichoic acid (LTA) and lipopolysaccharide (LPS)
[1,13,14,39,57]. The SRCR domains in WC1 or bovine
CD163c-a do not have the bacteria-binding motif found
in multiple SRCR domains of DMBT1 [58]. However, the
requirement for expression of specific WCI receptors for
the y0 T cell response to the bacteria Leptospira (Wang F,
Herzig CTA, Hsu H, Chen C, Baldwin CL, Telfer JC:
Scavenger receptor WCI1 contributes to the y0 T cell
responses to Leptospira, submitted) suggests that WC1/
CD163c-a could recognize pathogen-associated mole-
cules or a protein whose expression is induced by expo-
sure to Leptospira. Although the ligands for WC1 and
CD163c-a are unknown, domains 9 (d) and 11 (d) of
bovine WC1 interact with an unknown molecule on the
surface of macrophages or dendritic cells [59]. In con-
trast, another CD163 family member, CD163A, is known
to bind haptoglobin-hemoglobin complexes and TWEAK
through its third SRCR domain ('j") and to bacteria or a
molecule on erythroblasts via its second SRCR domain
("i") [10-13]. Neither of these domains occurs in either
WC1 or CD163c-a, suggesting that CD163c-a ligation

n_n

could be mediated by its unique domains "m", "l", or "n",

Page 15 of 19

and that it does not bind to haptoglobin-hemoglobin
complexes. Since most of the diversity of bovine WCl is
found in domain "a", it is a reasonable candidate for the
ligand-binding domain of the WC1 multi-gene family,
which confers diversity on the y§ T cell response to
pathogens.

Conclusions

We have annotated the genes encoding CD163c-a and
CD163A in cattle and shown that bovine CD163A is
expressed in tissues containing monocytes and mac-
rophages, as well as in sorted yd T cells. The expression of
bovine CD163c-a is enriched in WC1*yd T cells and it
shares the conserved tyrosine motif necessary for WCl1
signalling in T cells, implying that it functions similarly to
WC1 in acting as a co-receptor for the y§ TCR. We have
characterized CD163c-a and WC1/CD163c-a gene prod-
ucts in multiple species, correcting the incorrect assign-
ment of many of them as CD163A gene products. The
expansion of WC1, CD163c-a and WC1/CD163c-a genes
is correlated with a high level of y8 T cells in the periph-
eral blood of species separated by approximately 300 mil-
lion years of evolution, suggesting that a diverse array of
these molecules conveys a selective advantage to the y6 T
cell response. Future studies will address the significant
questions of both the signalling potential of CD163c-«
and CD163A in y8 T cells and the identification of
ligands for CD163c-a/WC1 molecules.

Methods

Genome annotation

In conjunction with the Bovine Genome Sequencing
Consortium http://genomes.arc.georgetown.edu/drupal/
bovine/, manual annotation of the CD163 genes was per-
formed using the Apollo Genome Annotation and Cura-
tion Tool, version 1.6.5 and the bovine genome assembly
Btau_3.1 [60]. Putative CD163 genes were identified by
performing a BLAST search with orthologous mouse and
human genes against the Bovine Official Gene Set (called
GLEAN). The predicted gene models identified from the
search included GLEAN_00453 for CD163A and
GLEAN_14183 for CD163c-a. These were analyzed using
the Apollo software and annotated based on available
EST evidence and BLAST search results.

Sequence analyses
Nucleotide sequences were aligned and consensus
sequences were created using BioEdit version 7.0.5.3 [61].
Exon/intron structure schematics were based on align-
ments of cDNA and genomic DNA sequence using SIM4
and visualization with LalnView http://pbil.univ-lyon1.fr/
software/lalnview.html[62].

Amino acid sequences used for comparison in phyloge-
netic analyses and their accession numbers are described
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in Additional file 1, Table S1. SRCR domains were identi-
fied according to the group B SRCR consensus and com-
pared to HsCD163A, HsCD163c-a, BtWC1, HsDBMT]1,
HsCD5, and HsCD6 [42]. Molecules containing group B
SRCR domains clustering with CD163 family members
were defined as CD163 family members; molecules con-
taining group A SRCR domains or SRCR group B
domains clustering with HsDBMT1, HsCD5 and HsCD6
were excluded from analysis. Genomic WC1 cytoplasmic
domain sequences used for comparison here have been
previously described [31]. Multiple sequence alignments
were performed using Clustal X 2.0.8 [63]. Pairwise and
multiple alignment penalties for gaps were 10.0, 0.10 for
gap extension and Gonnet 250 for protein weight matrix.
Alignments were refined in MacClade 4.08. Phylogenetic
trees were created using the Neighbor-Joining algorithm
in MEGA4 and Bayesian analysis in MrBayes3.2 [64,65].
For Bayesian analysis, 2 runs with 3 cold chains and 1
heated chain each were done. An amino acid mixed
model was used to approximate the posterior probabili-
ties of trees. The 242-taxa SRCR domain alignment was
run independently three times, with temperature settings
of 0.15, 0.2, and 0.25, for 2.6, 2.0, and 2.5 million genera-
tions respectively. Trees were sampled every 100 genera-
tions and the burnin fraction was 0.5. The convergence
diagnostic used was the average standard deviation of
split frequencies, which were < 0.05 (0.0427, 0.031, and
0.030) for the three runs. The consensus trees from the
three runs had the same overall topology. The consensus
tree from the run set to temperature 0.25 and 2.5 million
generations (average standard deviation of split frequen-
cies 0.030, average potential scale reduction factor 1.016)
is shown in this paper. The 34-taxa cytoplasmic domain
alignment was run once with a temperature setting of 0.2
for 830,000 generations. Trees were sampled every 100
generations and the burnin fraction was 0.25. The aver-
age standard deviation of split frequencies was 0.01 and
the average potential scale reduction factor was 1.003.
Phylograms were visualized using TreeView X 0.5.0 [66].

Animals, cells and tissues

Belted Galloway cattle of between 1 and 2 years of age
were housed at the University of Massachusetts Amherst
according to institutional and USDA guidelines. Animal
protocols were approved by the University of Massachu-
setts Ambherst institutional animal care and use commit-
tee. Blood was obtained via jugular venipuncture and
collected into a solution of heparin. Peripheral blood
mononuclear cells (PBMC) were isolated from blood via
density gradient centrifugation over Ficoll-Paque™ PLUS
(GE Healthcare Bio-Sciences, Piscataway, NJ) by standard
techniques. Culture medium consisted of RPMI 1640
(Invitrogen, Carlsbad, CA), 10% heat-inactivated FBS, 2
mM L-glutamine, 50 pg/ml gentamicin, and 50 uM 2-ME.
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PBMC were cultured at 2.5 x 10 © cells/ml with Conca-
navalin (ConA 1.0 ug/ml; Sigma-Aldrich, St. Louis, MO)
at 37°C with 5% CO, in air for 3 days where indicated. For
evaluation of CD163 expression in intestine, intraepithe-
lial lymphocytes (IELs) were isolated from the ileum of
two-month old cattle using nonenzymatic methods [67].
IELs were stained for cell surface differentiation mole-
cules, fixed in 1% paraformaldehyde, and analyzed via
flow cytometry (LSR II, BD Biosciences, San Jose, CA)
using the following primary monoclonal antibodies
(mAbs): CC15 (pan-WCl1; Serotec, Raleigh, NC), GB21A
(6 TCR; VMRD, Pullman, WA), and IL-A12 (CD4;) [68].
Secondary antibodies used were isotype-specific poly-
clonal goat anti-mouse Ig conjugated with fluorescein
isothiocyanate (FITC) (Southern Biotechnology, Bir-
mingham, AL). Flow cytometric data was analyzed using
Flow]Jo version 7.2.2 (Tree Star, Ashland, OR).

Purified y8 T cells and WC1 +y8 T cells were obtained
from ex vivo PBMC by magnetic bead sorting (MACS;
Miltenyi Biotec, Auburn, CA). Cells were suspended in
PBS containing 6% heat-inactivated horse serum and
incubated with monoclonal antibodies (mAbs) GB21A or
CC15 for 20 min on ice, washed twice with PBS contain-
ing 0.5% bovine serum albumin and 2 mM EDTA and
resuspended in the same along with goat anti-mouse IgG
microbeads (Miltenyi Biotec) following the manufac-
turer's instructions. Cells were purified over pre-cooled
MS-separation columns (Miltenyi Biotec); the positive
and negative fractions were collected and each was
passed over an additional separation column in order to
optimize purity. Purity was assessed by flow cytometry
and was found to be 99.6% for y& T cells, 98.1% for y& T
cell-depleted cells, 95.5% for WC1+y8 T cells and 92.7%
for WC1+y6 T cell-depleted cells.

RNA isolation and RT-PCR

Pelleted ex vivo or ConA-activated PBMC, sorted cells,
and IELs were resuspended in TRIzol (Invitrogen). MLN
and lung tissue samples frozen in TRIzol were thawed
and homogenized. RNA was isolated according to the
manufacturer's protocol. For RNA isolation from sorted
cells, glycogen (Invitrogen) was added to the aqueous
phase prior to RNA precipitation. Reverse transcription
(RT) was performed using 1 ug of total RNA, oligo dT
primers and AMYV reverse transcriptase (AMV RT Kkit;
Promega, Madison, WI). Prior to RT reactions, RNA
derived from MLN and lung was treated using RQl1
RNase-Free DNase (Promega) according to the manufac-
turer's protocol. 2 pl of cDNA was used as template in
subsequent PCR reactions.

Primer pair sequences used to obtain CD163A and
CD163c-a cDNA sequences are as follows: (1)
CD163Autr-for 5-GAG TGG ACA AAC TCA GAA
TGG TG and CD163A-rev2 5-GAG GAA TTA TAT
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AGG TCC AGA TCA TGC; (2) CD163A2952-for 5'-CAT
ATG GCT CAA TGA AGT GAA GTG and CD163Autr-
rev 5-GTG CAT CAC AGG CTT CTT ATT ATG; (3)
CD163c2312-for 5-GTG TGG AGC TCT GGC ACG
CTG and CD163c-rev2 5-CAA TGT CCT CAT AAA
CAC CTT CTG; (4) CD163c1938-for 5'-CCT CTG CTC
AGA GTC AGT G and CD163c2312-rev 5'-CAG CGT
GCC AGA GCT CCA CAC using PCR Master Mix (Pro-
mega). Cycling parameters were 30 s at 94°C, 30 s at 50°C
and approximately 1 min/kb at 68°C for 35 cycles. PCR
products were ligated in the pCR2.1 vector (Invitrogen)
and sequenced (GeneWiz, South Plainfield, NJ) using the
T7 forward and M13 reverse primers, as well as the fol-
lowing sequence specific primers, where applicable:
CD163Aseq2-for 5-CCA ATC TGG TTT GAT GAT
CTG GTA; CD163Aseq3-for 5-TCT GAC TTC TCT
CTG GAA TCG; CD163Aseq4-for 5-CAG AAC TGC
AGG CAT AAG GAG; CD163Aseql-rev 5-GCT GCC
CCA AGC TCCGTT G; CD163Aseq2-rev 5' - CAT TCG
TGA TGT CTG CAC TG; CD163A1824-rev 5'-CAT
GTC CCA GTG AGA GTT GCA GAG.

For expression analysis PCR Master Mix (Promega) was
used. Primer sequences were as follows: GAPDH-for 5'-
GTCATCATCTCTGCACCTTCT; GAPDH-rev 5-
ACCACCTTCTTGATCTCATCAT; For CDI163A and
CD163c-a primer pairs (2) and (3) described above were
used, respectively. Cycling parameters were 30 s at 94°C,
30 s at 55°C and 1 min at 68°C for 30 cycles (GAPDH) or
35 cycles (CD163A and CD163c). CD163A and CD163c-
a PCR products were directly sequenced (GeneWiz,
South Plainfield, NJ) in order to verify primer specificity.

Additional material

Additional file 1 Table S1. Accession numbers for amino acid sequences
used for phylogenetic analysis.
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