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Two CD209 family genes identified in humans, CD209 (DC-SIGN) and CD209L (DC-SIGNR/L-SIGN), encode
C-type lectins that serve as adhesion receptors for ICAM-2 and ICAM-3 and participate in the transmission
of human and simian immunodeficiency viruses (HIV and SIV, respectively) to target cells in vitro. Here we
characterize the CD209 gene family in nonhuman primates and show that recent evolutionary alterations have
occurred in this family across primate species. All of the primate species tested, specifically, Old World
monkeys (OWM) and apes, have orthologues of human CD209. In contrast, CD209L is missing in OWM but
present in apes. A third family member, that we have named CD209L2, was cloned from rhesus monkey cDNA
and subsequently identified in OWM and apes but not in humans. Rhesus CD209L2 mRNA was prominently
expressed in the liver and axillary lymph nodes, although preliminary data suggest that levels of expression
may vary among individuals. Despite a high level of sequence similarity to both human and rhesus CD209,
rhesus CD209L2 was substantially less effective at binding ICAM-3 and poorly transmitted HIV type 1 and SIV
to target cells relative to CD209. Our data suggest that the CD209 gene family has undergone recent evolu-
tionary processes involving duplications and deletions, the latter of which may be tolerated because of

potentially redundant functional activities of the molecules encoded by these genes.

CD209 (DC-SIGN) and CD209L (DC-SIGNR/L-SIGN) are
homologous type II membrane-associated C-type lectins (2, 9,
12, 20). CD209 was first discovered as a human placental pro-
tein capable of binding human immunodeficiency virus type 1
(HIV-1) gp120 (9) and was later identified on the surface of
human dendritic cells (DCs) derived from monocytes that had
been treated with granulocyte-macrophage colony-stimulating
factor and interleukin-4 in vitro (monocyte-derived DCs
[MDDCs]) (12). CD209 binds ICAM-2 and ICAM-3 and me-
diates HIV-1 capture and transmission by MDDC:s to target T
cells in vitro (11, 12). In vivo, CD209 has been detected on the
surface of cells with DC morphology in lymphoid tissues and
the lamina propria of mucosal tissues (12, 14) and on placental
macrophages (24), locations where it may participate in HIV
transmission. Although CD209L is 85% identical to CD209
and has functional activity very similar to that of CD209, their
expression patterns are quite distinct in that CD209L is ex-
pressed mainly on endothelial cells of the lymph nodes (LN),
liver, and placenta (2, 20).

The in vitro functional characterization of CD209 has led to
speculation regarding a potential role for the molecule in
HIV-1 capture and transmission by DCs at mucosal sites and in
vertical transmission of the virus through the placenta (11, 24).
Alternatively, Langerhans cells, which are potentially critical
for virus transport from the mucosal epithelium to LN (5), are
CD209 negative (12, 23), supporting the possibility that other
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receptors are involved in this process independently of CD209
(25).

The genes encoding CD209 and CD209L are located on
human chromosome 19p13.2-3, within a 30-kb segment, and
have similar exon-intron structures, suggesting that they were
derived from the duplication of an ancestral precursor gene (2,
22). Recently, five mouse homologues of human CD209 that
have 65 to 70% sequence similarity to human CD209 in the
carbohydrate recognition domain (CRD) and have diverged
from one another substantially on the basis of sequence simi-
larity were described (17). Only one of these genes appears to
be expressed in DCs (17). Rhesus monkey (Macaca mulatta),
pigtailed macaque (Macaca nemestrina), and chimpanzee (Pan
troglodytes) CD209 orthologues have also been characterized
(1, 10, 27), all of which show a high level of sequence similarity
to human CD209 and ligand specificity overlapping that of
human CD209. Rhesus monkey CD209 and pigtailed macaque
CD209 were shown to transmit HIV-1, HIV-2, and SIV to T
cells in vitro (1, 27). Curiously, no detectable level of CD209 in
rhesus MDDCs was observed even though these cells perform
efficiently in HIV transmission assays (27), again implicating
novel molecules in HIV transmission. Immunohistochemical
staining with antibodies against CD209 do, however, indicate
its expression in rhesus monkey lymphoid and mucosal tissues
(10, 14), similar to expression patterns observed in human
tissues. On the other hand, attempts to clone rhesus CD209L
were unsuccessful, as was detection of a CD209L homologue in
rhesus tissues by using human CD209L-specific antibodies
(14). Immunohistochemical staining with antibody AZN-D3,
which recognizes both CD209 and CD209L (2), indicated the
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expression of one or both of these molecules in chimpanzee
LN (10).

The multigenic nature of the CD209 family in humans and
mice raises the possibility that other novel homologues exist in
primates. In an attempt to map the recent evolutionary history
of the CD209 gene family, distinct members of this family in
various primate species were identified in the present study.
OWM and apes have retained orthologues of the CD209 gene,
perhaps because of some particularly useful function conferred
by its protein product. On the other hand, genetic mechanisms
such as duplication, deletion, and mutation have led to the
differentiation of other CD209 homologues among primate
species to some extent. A novel member of the family, named
CD209L2, was identified in rhesus monkeys and subsequently
in other OWM and nonhuman apes. Although the rhesus
CD209L2 gene sequence is very similar to that of CD209 (at
least as similar as CD209L), their sequence divergence has
resulted in differential functional behavior.

MATERIALS AND METHODS

Primate DNA sources. Nonhuman primate DNAs from a collection of samples
described previously (3, 4) were used to test for the presence of CD209 homo-
logues: galago (Galago crassicaudatus), squirrel monkey (Saimiri sciureus), three
baboon species (Papio cynocephalus, Papio anubis, and Papio papio), patas
(Erythrocebus patas), grivet (Cercopithecus sabaeus), sooty mangabey (Cercocebus
atys), gelada (Theropithecus gelada), colobus (Colobus guereza), two species of
langur (Presbytis obscurus and Presbytis senex), two species of gibbon (Hylobates
lar and Hylobates concolor), and gorilla (Gorilla gorilla).

Some of the DNA samples were extracted from cultured cells with the QIA-
GEN Genomic-tip kit. An owl monkey (Aotus trivirgatus) fibroblast cell line and
Epstein-Barr virus-transformed stump-tailed macaque (Macaca arctoides), gib-
bon (Hylobates lar), orangutan (Pongo pygmaeus), and chimpanzee (Pan troglo-
dytes) lymphoblastoid cell lines were provided by Roscoe Stanyon. Human DNA
was isolated from freshly isolated peripheral blood mononuclear cells and the
THP-1 cell line. Rhesus monkey (Macaca mulatta) DNA was isolated from the
B-cell line rh-B116 (J. D. Lifson laboratory).

The QIAamp DNA Blood Mini kit was used for isolation of DNA from rhesus
monkey and chimpanzee whole blood or peripheral blood mononuclear cells
(provided by Genoveffa Franchini and Barbara Rehermann, respectively). DNA
samples from several orangutans were provided by Stephen O’Brien.

Animal care was provided in accordance with the procedures outlined in
reference 16a.

Isolation of Mm-CD209L2 ¢DNA. A rhesus monkey CD209L2 (Mm-CD209L2)
c¢DNA fragment was amplified from total rhesus monkey MDDC RNA. Culture
conditions for MDDCs, RNA extraction, and reverse transcriptase PCR (RT-
PCR) conditions were similar to those described for mac-DC-SIGN (Mm-
CD209) (27). The primers used for amplification were s15 (ATGAGTGACTC
CAAGGAACCAAG) and s18 (GGCTTAAAAGTGGCGAAGTGCCA). The
primer sequences were complementary to genomic regions that were conserved
in four rhesus monkeys. The amplified cDNA fragment was cloned into the
expression vector pcDNA3.1/V5-His/TOPO (Invitrogen). Five clones were se-
quenced to eliminate the possibility that a PCR error had occurred.

Southern blot analysis. Genomic DNA (2 to 5 pg) was digested overnight with
50 U of EcoRI, HindIIl, BamHI, or Xbal (New England Biolabs) under the
conditions specified by the manufacturer. Digested DNA was loaded onto a 0.8%
agarose gel and run overnight at low voltage. After electrophoresis, DNA was
visualized by ethidium bromide staining and transferred to Hybond-XL (Amer-
sham Pharmacia Biotech) as previously described (7). The Southern blots were
hybridized with the PCR product (i) exon 5 probe (nucleotides [nt] 2321 to 2463;
GenBank accession no. AF209479); (ii) exon 6 probe (nt 3185 to 3337; GenBank
accession no. AF209479); or (iii) exon 7 probe, which was an equimolar combi-
nation of three DNA fragments corresponding to the human genes CD209 (nt
4177 to 4377, GenBank accession no. AF209479) and CD209L1 (nt 1044 to 1217,
GenBank accession no. AF290887) and the Mm-CD209L2 gene (nt 580 to 794;
GenBank accession no. AY074781). The probes were radioactively labeled with
Megaprime labeling systems (Amersham Pharmacia Biotech). Hybridization was
performed in the ExpressHyb Solution (Clontech Laboratories, Inc.) under con-
ditions described by the manufacturer.
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Phylogenetic analysis. Phylogenetic trees were constructed by the neighbor-
joining method (21). The phylogeny of primate genes was based on the number
of nucleotide substitutions per site in exon 7 fragments (~250 bp; see the
following section), as this was the only region of the CD209 gene family that was
available for a large number of species. Additional phylogenetic trees were based
on the proportion of amino acid differences in the complete coding sequences
and in the CRDs of primate and rodent CD209 family members.

Sequencing of primate CD209 genes. Partial sequences of primate CD209 and
CD209L1 were obtained by sequencing PCR products generated with primers
specific for the corresponding human sequences. Primate genomic fragments of
4.5 to 6.5 kb were amplified by using Platinum 7ag High Fidelity DNA polymer-
ase (Invitrogen) at a 60°C annealing temperature with primers Sut5 (CATCCC
ACTGCTCAGCCATC) and 3dc2 (ACATAGCAGCTACACATGGC) for
CD209 and primers siml (CTGGGGACAGCGGGAAA) and sim4 (GCAGTT
ACAACATTTACCACTTTATTATAAAGGC) for CD209L1. The single excep-
tion was the use of primer s40 (GTCCCTAGGAGCCCTGAACAT), instead of
sim1, for gibbon CD209L1. The fragments were purified from agarose gels after
electrophoresis, diluted 50 times, and reamplified with intronic primers (supple-
mental Tables 1 and 2 at URL address http:/home.ncifcrf.gov/cer/lgd/cd209/
sup_data.htm) at a 55°C annealing temperature in order to obtain sequences for
each exon. (Note that for species other than rhesus monkeys and chimpanzees,
putative exons are provided as they were not confirmed by cDNA sequencing.)
The chimpanzee cDNA fragments for CD209 and CD209L1 containing putative
full coding sequences (on the basis of similarity to the human genes) were cloned
from total RNA extracted from a liver biopsy (provided by Barbara Rehermann).

Exon 7 fragments of CD209L2 used in phylogenetic analysis were amplified
with primers 17P (TATTGGAACAGAGGAGAGCC) and s36/37 (ACCAGGG
GANCTTGGAGGCAT [N = C/A]) at a 55°C annealing temperature. The
primers may anneal to all three genes, but because of the insertion of an Alu
repeat that is located downstream from the sequence used for the phylogenetic
analysis, the CD209L2 fragment is ~300 bp larger than the corresponding frag-
ments in the other genes. The CD209L2 fragments (~650 bp) were separated on
an agarose gel, extracted, and sequenced.

Repeat region polymorphism was typed by PCR at a 55°C annealing temper-
ature with the following pairs of primers: (i) s5 (GCTCCATAAGTCAGGAAC
AATCCA) and i4r (CCCCGTGTTCTCATTTCACAG) for CD209 and (ii)
sim18 (GCTCCCTAAGTCAGGAACAATCCGA) and sim19 (AAATCGGTC
AGTTCTTGATAGATTTG) for CD209LI1. To evaluate the size of CD209L2
exon 4 in rhesus monkeys and chimpanzees, large genomic fragments (~5 to 7
kb) were amplified by using Platinum Tag High Fidelity DNA polymerase at a
60°C annealing temperature with primers s16 (AAGAGGAAGAGCTGATAA
CTAGCA) and s37 (ACCAGGGGACCTTGGAGGCAT), diluted 50-fold, and
reamplified with primers sim27 (TGTCCAAGGTCCCCAGCTCC) and i4r at a
55°C annealing temperature.

Northern blot and RT-PCR analyses. Total RNAs from the liver of rhesus
monkey rh-A01-42 (provided by Andrew Lackner), a number of tissues from
rhesus monkey rh-94C009, an axillary LN (Ax-LN) from rhesus monkey rh-
96D551, and the B-cell line rh-B116 were isolated by using Trizol (Invitrogen).
RNA (3 pg) was electrophoresed on a 1% agarose gel, transferred to Hy-
bond-XL (Amersham Pharmacia Biotech) as previously described (7), and hy-
bridized to a CD209L2 probe (nt 1 to 794; GenBank accession no. AY074781) in
ExpressHyb Solution (Clontech Laboratories, Inc.). An actin control probe
(Clontech Laboratories, Inc.) was used to evaluate the quantity of RNA loaded
in each lane.

Total RNA (1 wg) was used as the template for reverse transcription with the
SuperScript First Strand Synthesis System (Invitrogen). First-strand cDNA was
amplified at a 60°C annealing temperature for 35 cycles with primers 15p (AA
CTTCCTACAGCTGCAGTC) and s-9m (27) for Mm-CD209 and primers 15p
and s18 for Mm-CD209L2. The human G3PDH amplimer set (Clontech Labo-
ratories, Inc.) was used as a positive control (60°C annealing temperature, 25
cycles).

Antibodies. Monoclonal antibodies (MAbs) against CD209/DC-SIGN were
obtained from R&D Systems (Minneapolis, Minn.) and have been previously
described (27). CD209 MAD 120526 is abbreviated as MAD 526 in the remainder
of the text. All other antibodies were purchased from B-D/PharMingen unless
otherwise stated.

Cell culture. The THP-1, THP-1/Hs-CD209 (human DC-SIGN), THP-1/Hs-
CD209L1 (human L-SIGN), and THP-1/Mm-CD209 (mac-DC-SIGN) cell lines
have been previously described (2, 15, 27). THP-1/Mm-CD209L2 cells were
generated by electroporation of THP-1 cells with the pcDNA3.1-Mm-CD209L2
expression construct. Cells showing resistance to G418 (Invitrogen) were posi-
tively sorted for Mm-CD209L2 cell surface expression.

Hut/CC chemokine receptor CCRS5 (Hut/CCRS5) cells are the transformed
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human T-cell line Hut78 stably transduced with CCRS (27). HEK 293T cells are
human embryonic kidney cells containing a single temperature-sensitive allele of
the simian virus 40 large-T antigen. GHOST/X4/R5 cells are HIV indicator cells
derived from human osteosarcoma cells (6).

THP-1, THP-1/Hs-CD209, THP-1/Hs-CD209L1, THP-1/Mm-CD209, THP-1/
Mm-CD209L2, and Hut/CCRS5 cells were maintained in RPMI 1640 medium
(Invitrogen) supplemented with 10% fetal bovine serum (FBS; HyClone Labo-
ratories). HEK 293T and GHOST/X4/RS5 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen) supplemented with 10% FBS.

Flow cytometry. To assess expression of different CD209 family molecules,
THP-1, THP-1/Hs-CD209, THP-1/Hs-CD209L1, THP-1/Mm-CD209, and THP-
1/Mm-CD209L2 cells were treated with MAb 526 and assayed by fluorescence-
activated cell sorter (FACS) as previously described (27). Briefly, 2 X 10° cells
were incubated in ice-cold phosphate-buffered saline (PBS) containing 2% FBS,
0.02% sodium azide (FACS buffer), and 1 ug of MAb per ml in a total volume
of 100 pl. After 30 min at 4°C, the cells were washed with the FACS buffer and
resuspended in 100 wl of FACS buffer containing 1 ug of phycoerythrin-conju-
gated goat anti-mouse immunoglobulin G (IgG) antibody (Caltag) per ml. Cells
were incubated for 30 min at 4°C, washed with PBS containing 2% FBS, and
analyzed with a FACScalibur apparatus (Becton Dickinson).

ICAM-3 adhesion assay. Carboxylate-modified TransFluorSpheres (1.0 pm;
488-nm excitation wavelength and 645-nm emission wavelength; Molecular
Probes) were coated with soluble, recombinant ICAM-3 (R&D Systems) as
described previously (13). The fluorescent bead adhesion assay was performed as
described previously (27). Briefly, THP-1, THP-1/Hs-CD209, THP-1/Hs-
CD209L1, THP-1/Mm-CD209, and THP-1/Mm-CD209L2 cells (1.5 X 10°) were
resuspended in 20 mM Tris-HCI (pH 7.4)-150 mM NaCl-1 mM CaCl,-2 mM
MgCl,-0.5% BSA-20 nM sodium azide (adhesion buffer) and preincubated with
MAD 526 or a mouse IgG isotype control (10 pg/ml) for 10 min at room
temperature. Adhesion of ICAM-3 to the CD209 proteins was determined by
measuring the detectable percentage of cells that bound fluorescent beads by
using flow cytometry on a FACScalibur (Becton Dickinson).

Virus stocks. Single-round infectious, pseudotyped HIV-1 stocks were gener-
ated by calcium phosphate cotransfections of HEK 293T cells with proviral
vector plasmid NL-Luc-E™R™ (HIV-Luc) containing a firefly luciferase reporter
gene (8) and an expression plasmid for either the R5-tropic HIV-1,, (HIV-
Luc/ADA) or the SIV-1yyacl1A11l (HIV-Luc/SIVy4c1A11) envelope glycopro-
tein. Viral stocks were evaluated by limiting dilution on GHOST/X4/RS5 cells.

HIV-1 infection assays. HIV-1 capture and transmission assays were per-
formed as described previously (27). In brief, THP-1, THP-1/Hs-CD209, THP-
1/Mm-CD209, and THP-1/Mm-CD209L2 cells (2.5 X 10°) were preincubated
with cross-reactive MAb 526 or the mouse IgG isotype control (10 pg/ml) for 30
min at 37°C and then the cells were incubated with pseudotyped HIV-1 (multi-
plicity of infection, ~0.1) in a total volume of 400 pl for 3 h to allow cellular
adsorption of the virus. After 3 h, cells were washed with 1 ml of PBS and
cocultured with Hut/CCRS target cells (10°) in the presence of 10 pg of Poly-
brene in 1 ml of cell culture medium. Cell lysates were obtained 2 days after
infection and analyzed for luciferase activity with a commercially available kit
(Promega).

Nucleotide sequence accession numbers. The accession number for Mm-
CD209L2 cDNA in GenBank is AY074781. The GenBank accession numbers of
the primate genomic sequences used for phylogenetic analyses are AF480022 to
AF480057. Exon sequences for baboons, gibbons, orangutans, gorillas, and chim-
panzees, as well as two cDNA sequences for chimpanzees, CD209 and CD209L1,
have been submitted to the GenBank database and assigned accession no.
AY078807 to AY078920.

RESULTS

CD209L2. The identification of CD209 in rhesus monkeys
(M. mulatta) and chimpanzees (P. troglodytes) (1, 10, 27) indi-
cated that an orthologue of human CD209L might also be
present in other primate species. Although CD209L sequences
were readily detected by PCR with human-specific primers to
amplify chimpanzee, gorilla, gibbon, and orangutan DNAs, we
failed to amplify CD209L in rhesus monkey and other OWM
DNAs (data not shown). Rather, a novel member of the
CD209 family was discovered, which we have named CD209L.2.
As a result of this finding, we suggest that CD209L be renamed
CD209L1, and this terminology is employed throughout the
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remainder of this report. On the basis of comparisons with
other members of the gene family, the cDNA fragment cloned
from a rhesus monkey is likely to be the full coding sequence
for CD209L2. PCR analysis and partial sequencing of genomic
DNA indicated that the exon-intron structure of the rhesus
CD209L2 (Mm-CD209L2) gene is similar to that of human
CD209 and CD209L1, consisting of seven exons. The putative
Mm-CD209L2 amino acid sequence has 81% similarity to Mm-
CD209 (Fig. 1), the primary difference being the length of the
membrane-proximal neck domain, which is shorter in Mm-
CD209L2 than in human and rhesus CD209, as well as in
human CD209L1. The neck domain of CD209 and CD209L1
contains tandem repeats of 23 amino acids, whereas the Mm-
CD209L2 neck region contains only a fraction of a single
repeat element.

With primers specific for Mm-CD209L2, at least one
CD209L2 genomic fragment was successfully amplified in var-
ious OWM and nonhuman apes (exon 7 fragment; see below).
However, PCR amplification of human genomic DNA did not
reveal any sequences for this gene, corresponding to the lack of
evidence of CD209 family members apart from CD209 and
CD209L1 in the human genome databases.

Southern analysis of DNAs from various primates with
CD209 family-specific probes. PCR amplification with a num-
ber of gene-specific primer pairs suggested that CD209L1 is
absent in OWM, whereas CD209L.2 is absent in humans. How-
ever, the success of PCR amplification depends on sequence
conservation at primer sites and these genes could have been
missed inadvertently because of variation among genes at these
sites. Since hybridization with a fairly long probe (i.e., >100
bp) is less sensitive to nucleotide variations than is oligonucle-
otide annealing and extension during PCR, Southern blot hy-
bridization was used to confirm the presence or absence of
CD209 gene family members. Blots of genomic DNAs from 17
primate genera, including a prosimian, New World monkeys
(NWM), OWM, and apes, were prepared, and probes designed
to recognize all three genes (CD209, CD209L1, and CD209L2)
were used to determine the number of homologous restriction
fragments in each species (Fig. 2).

Hybridization of primate DNA using a probe corresponding
to human CD209 exon 5, a sequence that encodes part of the
highly conserved CRD, revealed two or three fragments in
DNA samples digested with EcoRI or HindIII (Fig. 2A). The
indistinct bands observed in lanes containing patas and colobus
DNAs (EcoRI digest), as well as baboon, grivet, and gelada
DNAs (HindIII digest), are each likely to represent two re-
striction fragments that are close in size. In each of these cases,
two distinct bands were obtained with the second restriction
enzyme. The doublet observed in the human EcoRI digest
(upper band of about 3.8 kb) represents two allelic variants
corresponding to polymorphism in the CD209L1 neck region,
as genotyping of this sample revealed two alleles at the
CD209L1 locus distinguished by seven and five full repeats in
the neck region.

Although the exon 5 probe and an exon 4 probe (data not
shown for exon 4) hybridized to two restriction bands in gorilla
DNA, an exon 6 probe and an exon 7 probe revealed three
distinct fragments (Fig. 2B). These data suggest that the gene
corresponding to this inconsistent banding pattern is either
truncated or highly divergent in the region upstream of exon 6.
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YXXL

FIG. 1. Amino acid alignment of putative Mm-CD209, Mm-CD209L2, human CD209 (Hs-CD209), and Hs-CD209L1. The potential inter-
nalization motifs, LL and YXXL, are annotated in the cytoplasmic domain, and the transmembrane domain (TM) is underlined. The starts of the
repeats in the neck region (*) and the beginning of the CRD are indicated below the sequences.

Additional PCR and sequencing analysis revealed that this
gene is CD209L2.

The assumption that the number of restriction fragments is
equal to the number of homologous genes could be inaccurate
under some circumstances. Fewer fragments than expected on
the basis of the gene copy number could be observed if (i)
hybridizing fragments very close in size are not resolved (as
discussed above), (ii) two or more genes map to one restriction
fragment, or (iii) hybridization is inhibited because of major
diversity in the sequence corresponding to the probe being used.
Alternatively, restriction fragment length polymorphism could
lead to the appearance of more bands than expected on the
basis of the gene copy number (Fig. 2A, upper EcoRI doublet
band in human DNA, and supplemental Fig. 1 at URL address
http:/home.nciferf.gov/ccr/lgd/cd209/sup_data.htm). Therefore, a
thorough analysis with four restriction enzymes (EcoRI, Hind
11, BamH]I, and Xbal), four different probes (corresponding to
exons 4, 5, 6, and 7), and DNA samples obtained from several
animals for each species (when possible) was performed. Con-
sistent patterns derived from the Southern analyses indicated
the presence of two CD209 family genes in prosimians, NWM,
OWM, and humans and three genes in nonhuman apes. On the
basis of these results and the PCR assay and sequence data
described in the previous and following sections, we conclude
that nonhuman apes have retained CD209, CD209L1, and
CD209L2; humans have retained CD209 and CD209L1; and
OWM have retained CD209 and CD209L2 (Table 1). Unfor-
tunately, because of sequence divergence, we were not able to
amplify CD209 family genes in prosimians and NWM. Thus,
the two CD209 family genes present in these primate groups
according to the Southern analysis remain unknown.

Sequence and phylogenetic analyses of CD209 genes in pri-
mates. Having established the existence of a third member of
the CD209 gene family that appears to be present in nonhu-
man primates, sequence comparisons of the genes in various
species was performed in order to determine the level of di-
vergence among orthologous and paralogous genes. Fragments
homologous to a 249-bp fragment of human CD209 exon 7 (nt
1060 to 1308; GenBank accession no. AF290886) were ampli-
fied and sequenced in four ape genera for CD209, CD209L1,
and CD209L2; three OWM genera for CD209 and CD209L.2;
and humans for CD209 and CD209LI1. Five mouse homo-
logues that were reported previously (17) were also included in
the analysis. The 249-bp fragment consists of the 3’ coding
terminus of human CD209 (nt 1 to 165) and part of the 3’
untranslated region (nt 166 to 249). A neighbor-joining tree
was constructed (Fig. 3A) in which three separate clades sup-
ported by bootstrap values of 81, 100, and 100% were formed
for CD209, CD209L1, and CD209L2, respectively. The mouse
homologues have very long branch lengths, suggesting a fair
degree of gene divergence within this species, and there is no
detectable orthologous relationship between any of the three
primate CD209 family genes and mouse family members.

Phylogenetic analysis of complete amino acid sequences rep-
resenting the CD209 family in rhesus monkeys and humans, as
well as the mouse homologues, indicated that CD209 and
CD209L2 are more closely related to one another than they
are to CD209L1 (Fig. 3B). In order to optimize sequence
alignments with Mm-CD209L2 in this analysis, repeat se-
quences in the neck regions of CD209 and CD209L1 were
deleted, leaving only the partial repeat that is present in
CD209L2.
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FIG. 2. Southern blot analysis of primate genomic DNA. Hybrid-
ization patterns suggest the presence of two or three CD209 family
genes in various primate species. The number of animals of each genus
tested is indicated in parentheses. Individuals from the same genus
either showed the same banding pattern (most cases) or revealed
restriction fragment length polymorphisms (see supplemental Fig. 1 at
URL address http:/home.ncifcrf.gov/ccr/lgd/cd209/sup_data.htm). (A)
Hybridization with the human CD209 exon 5 probe. (B) Hybridization
with the exon 6 and exon 7 probes showing three bands in the gorilla
sample.

The CRD is the most conserved region in the CD209 family.
Phylogenetic analysis of the CRD (Fig. 3C) suggested relation-
ships among the molecules that are quite similar to those
observed in Fig. 3A and B, where CD209 is more closely
related to CD209L2 than either is to CD209L1. Also common
to the previous analyses, rhesus monkey and human CD209
proteins form a clade separate from all of the mouse homo-
logues with strong bootstrap support.

We have generated amino acid sequences of putative gib-
bon, orangutan, and gorilla CD209 and CD209L1 proteins by
assembling potential exon sequences that were obtained by
sequencing genomic DNA (supplemental Fig. 2 at URL address
http:/home.ncifcrf.gov/cer/lgd/cd209/sup_data.htm), whereas
the chimpanzee protein sequences are based on cloned cDNA
fragments. Apart from repeat length, minor sequence varia-
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TABLE 1. The CD209 gene family in primates”

Species CD209 CD209L1 CD209L2
OWM + — +
Nonhuman apes + + +
Humans + + -

“ 4, present; —, not present.

tions among the compiled protein sequences were observed,
the most interesting of which was a stop codon (TAG) in exon
5 of the orangutan orthologue of human CD209L1. All 14 of
the orangutans tested were homozygous for the stop codon.
Termination of transcription in exon 5 would result in disrup-
tion of the CRD, suggesting the absence of a functional
CD209L1 protein in this species. We also observed an inser-
tion mutation that would lead to a frameshift in one of six
alleles of orangutan CD209L1 exon 4 (GenBank accession no.
AY078831).

The repeat region of CD209L1 is polymorphic in humans,
ranging from three to nine repeats, whereas this region is
conserved with seven repeats in human CD209 (2). Analysis of
CD209 and CD209L1 exon 4, which encodes the neck repeats,
in various nonhuman primates indicated that both genes are
polymorphic in this region (Table 2). However, only the single
CD209L2 partial repeat was observed in all of the rhesus mon-
keys and chimpanzees tested (n = 10 for each species), sug-
gesting that this region of the gene is conserved within and
across species.

Analysis of Mm-CD209L2 expression. Differential expres-
sion patterns of CD209 family members have been observed
within species (e.g., human CD209 and CD209L1 are ex-
pressed on different cell types) (2, 20) and across species (hu-
man MDDCs express CD209, whereas rhesus monkey MDDCs
do not) (27). Thus, we examined the expression pattern of
Mm-CD209L2 in a number of rhesus monkey tissues by North-
ern blot hybridization with a 794-bp probe containing the pu-
tative full-length coding sequence of Mm-CD209L2. Because
of the sequence similarity between Mm-CD209L2 and Mm-
CD209, the probe was expected to detect both genes. Tissues
and cells from four unrelated animals were used as sources of
mRNA: multiple tissues from monkey rh-94C009, liver tissue
from monkey rh-AO1-42, Ax-LN from monkey rh-96D551,
and a B-cell line generated from monkey rh-B116 (Fig. 4A).
mRNA extracted from tissue samples was partially degraded,
which was evident in banding patterns from rRNA (data not
shown) and an actin control (Fig. 4A, compare actin signals in
tissues with that in the B-cell line). Degradation was inevitable,
as the tissues were collected about an hour postmortem. Nev-
ertheless, a doublet at ~4.5 kb and a single band at ~2.5 kb
were observed in the liver and Ax-LN of monkey rh-94C009,
indicating substantial expression of the CD209 homologues in
these tissues. Expression levels in Ax-LN tissue of monkey
rh-96D551 was substantially lower than that observed in
Ax-LN of monkey rh-94C009, suggesting that these genes are
expressed in an inducible manner or are constitutively ex-
pressed but at different levels in different individuals. The
intensity of the 2.5- and 4.5-kb bands observed in liver tissue
from monkey rh-94C009 were fairly evenly distributed,
whereas the rh-AO1-42 liver RNA revealed an intense 2.5-kb
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band and a nearly undetectable 4.5-kb band. Additional bands
masked by degraded material may also be present in Ax-LN
samples of monkeys rh-94C009 and rh-96D551, as well as in
the rh-AO1-42 liver samples.

RT-PCR of the RNA panel was performed by using gene-
specific primers in order to examine the expression patterns of
the two CD209 family genes independently (Fig. 4B). The
highest level of expression of both genes in monkey rh-94C009
was observed in the liver and Ax-LN, supporting data obtained
by Northern analysis (Fig. 4A). Coexpression of the genes was
also observed in several other tissues but was not detected in
pancreas, lung, or brain tissue or in the B-cell line. However,
absence of expression in pancreas and lung tissues may be due
to greater RNA degradation, as the G3PDH control band is
relatively faint in these tissues.

Transcription of the Mm-CD209 and Mm-CD209L2 genes in
monkey rh-94C009 may be regulated by the same mechanism,
as similar patterns of expression of these genes in tissue were
observed by RT-PCR analysis. On the other hand, expression
of CD209 in the liver was low in rhesus monkey rh-AO1-42
relative to that in rh-94C009, whereas comparable expression
of CD209L2 in the liver was observed in these animals on the
basis of RT-PCR. These observations, along with banding pat-
terns obtained by Northern analysis, led to the conclusion that
the lower 2.5-kb hybridizing band in Fig. 4A represents Mm-
CD209L2 and the upper 4.5-kb bands represent alternative
transcripts of Mm-CD209. Furthermore, the 2.5-kb fragment
was more resistant to stringent washing conditions than were
the upper bands, presumably because of more precise comple-
mentarity with the Mm-CD209L2 probe.

Functional characterization of Mm-CD209L2. Human
CD209 and CD209L1 and rhesus CD209 are all capable of
binding HIV gp120 and enhancing HIV-1 infection of T-cell
targets in vitro, although the efficiency with which they do so
varies to some extent (1, 2, 11, 20, 27). To characterize the
putative protein encoded by the novel rhesus monkey gene
Mm-CD209L2, we generated a stable THP-1 cell line express-
ing the gene (THP-1/Mm-CD209L2) and tested whether
MADs generated against human CD209 and CD209L1 recog-
nize Mm-CD209L2. MAD 526 was strongly cross-reactive with
Mm-CD209L2 (Fig. 5A). With a fluorescent bead adhesion
assay (13), THP-1/Mm-CD209L2 cells were shown to bind
human ICAM-3 (Fig. 5B), although 2.5 times less efficiently
than THP1/Mm-CD209 cells. Binding was inhibited by the
addition of cross-reactive MADb 526. Thus, while rhesus
CD209L2 binds human ICAM-3 poorly relative to both human
CD209 and rhesus CD209, specific, low-level binding was
clearly observed. Rhesus ICAM-3, which has not been cloned
to date, would be a more appropriate ligand for this analysis,
and the weaker binding of human ICAM-3 to rhesus CD209L2
may be due to ICAM-3 orthologue differences. However, it is
very likely that the significant structural differences between
CD209 and CD209L2 account for most or all of the observed
effect (Fig. 5B).

Mm-CD209L2 was then tested for the ability to capture
HIV-1 or SIV and transmit it to target T cells in a virus
capture-transmission assay (2, 11, 27). Stable THP-1 cells ex-
pressing Mm-CD209, human CD209, and Mm-CD209L2 were
pulsed with an HIV-Luc vector pseudotyped with either HIV-1
envelope HIV-1,,, (Fig. 6A) or SIV envelope SIVy54c1A1l
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(Fig. 6B), unbound virus was removed, and the cells were
incubated with human T cells (Hut/CCRS) for 2 days. As
expected, human and rhesus monkey CD209-transfected
THP-1 cells efficiently transmitted the virus to the target T cells
and cross-reactive MAb 526 significantly inhibited transmis-
sion. Mm-CD209L2 transfectants, on the other hand, were 90
to 95% less effective at viral transmission than were cells trans-
fected with either rhesus monkey or human CD209. Neverthe-
less, Mm-CD209L did transmit the virus at a low level on the
basis of complete inhibition of this activity in the presence of
MAD 526. Thus, sequence divergence observed between rhesus
CD209L2 and CD209 may have resulted in discrimination of
their physiological activities, particularly with regard to HIV-
SIV interactions.

DISCUSSION

At least three CD209 family members have appeared during
primate evolution, including the novel CD209L2 gene identi-
fied in OWM and nonhuman apes. Tandem arrangement of
CD209 family members has been observed consistently across
species, as human CD209 and CD209L1 and the five mouse
CD209 homologues are located adjacent to one another on
human chromosome 19 and mouse chromosome 8, respec-
tively (2, 17, 22). Further, we have established that rhesus
monkey CD209 and CD209L2 map to a single BAC clone,
indicating their close physical proximity (data not shown).
Given the relative positions of CD209 and CD209L1 in hu-
mans, as well as CD209 and CD209L2 in rhesus monkeys, it is
likely that all three genes present in nonhuman apes are also
adjacent to one another.

The combination of CD209 and CD209L2 in OWM and apes
except for humans suggests that these two genes were present
in a common primate ancestor at least 20 million years ago and
that through some genetic mechanism, such as unequal cross-
ing over, CD209L2 was lost in the human lineage. CD209L1,
which is missing in OWM, may have arisen by gene duplication
in a common ancestor of the apes approximately 20 million
years ago, but if so, comparisons of the gene sequences do not
conclusively indicate whether CD209L1 was most likely de-
rived by duplication of CD209 or CD209L2. On the other
hand, CD209L I may be more ancient than CD209 or CD209L2
if mutation rates are assumed to be constant for all three
genes, since phylogenetic analysis suggests that CD209L1 is
more distantly related to CD209 and CD209L2 than CD209
and CD209L2 are to each other. In this case, an ancestor of
OWM would have to have lost the CD209L1 gene. Sequence
data from the CD209 gene family members in prosimians and
NWM, which appear to be somewhat divergent on the basis of
our inability to amplify these genes with the primers described

FIG. 3. Phylogenetic analysis of the CD209 gene family. (A) Neigh-
bor-joining tree of nucleotide sequences homologous to a 249-bp frag-
ment of human CD209 exon 7. Two to four individuals from each
genus were sequenced. (B) Neighbor-joining tree of putative full-
length amino acid sequences of the CD209 family proteins. (C) Neigh-
bor-joining tree of amino acid sequences of the CRDs in the CD209
family proteins.
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TABLE 2. Polymorphism of the repeat region in
nonhuman primates

N No. of CD209  No. of CD209L1
Species o. of alleles (repeat  alleles (repeat
P chromosomes P P
range) range)
Baboon 8 2(4-5)
Patas 2 1(6)
Grivet 2 1(6)
Mangabey 4 1(6)
Gelada 4 1(4)
Rhesus 72 1(6)
Stump-tailed macaque 2 1(6)
Colobus 4 1(6)
Gibbon 8 4 (6-10) 2(7-8)
Orangutan 76 4 (5-8) 1(3)
Gorilla 16 2(8-9) 2(6-7)
Chimpanzee 42 2 (8-9) 5(5-12)

herein, may provide further insight into the evolutionary his-
tory of this gene family in primates.

The 69-bp repeats encoding the neck region of the CD209
family molecules have also been subject to genetic mechanisms
resulting in insertions or deletions. The wide range of repeats
observed for CD209L1 in both humans and chimpanzees im-
plies that if its gene product is essential, then the physiologic
function of CD209L1 is not very sensitive to the length of its
neck region. The absence of CD209L1 in OWM, as well as its
possible pseudogene status in orangutans, questions the neces-
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sity of this gene in the ape species that actually express the
gene. If, indeed, this molecule is highly beneficial in species
that express it, then such functions may have developed in
recent evolutionary history. Alternatively, CD209L1 and
CD209L2 may share functional characteristics and the absence
of one may be compensated for by the presence of the other.
The conserved nature of the region encoding the CD209L2
neck is most reasonably explained by the occurrence of a se-
vere deletion that became fixed. Because of its nonrepetitive
nature (it contains only a fraction of the 69-bp repeat), it may
subsequently have become resistant to processes resulting in
insertions or deletions. Like CD209L1, the functional necessity
of CD209L2 is uncertain given its absence in humans and the
possibility that it is a pseudogene in gorillas. Finally, the con-
served nature of the human CD209 repeat region is curious in
light of its somewhat polymorphic nature in other ape species.
If, indeed, this region of the CD209 gene family is prone to
expansion and contraction in general, then the specific neck
length of human CD209 must confer a particularly favorable
function, or unique structural characteristics of the DNA in the
region of the human CD209 gene have evolved that inadver-
tently inhibit repeat insertions or deletions. The presence of
this gene in OWM and apes, as well as the ability of its protein
product to bind ICAM-3 at relatively high levels, may suggest
that it has maintained a function in cell-cell interaction over
millions of years.

Several studies suggest the importance of neck region length
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FIG. 4. Expression of the Mm-CD209L2 gene in rhesus monkey tissues. (A) Northern analysis of the Mm-CD209L2 gene. Total RNAs isolated
from various tissues and a B-cell line were hybridized with a 794-bp Mm-CD209L2 cDNA probe. The 2.5-kb band is presumably Mm-CD209L2
mRNA, and the 4.5-kb doublet most likely corresponds to Mm-CD209. A human B-actin probe was used as a control for RNA loading.
(B) RT-PCR analysis of Mm-CD209 and Mm-CD209L2 expression. Gene-specific primers were used to analyze expression of the two genes. In
addition to the RNA samples represented in panel A, skin and thymic region RNAs were also included. Human G3PDH primers were used as a
positive control. Four individual rhesus monkeys (rh-94C009, rh-A01-42, rh-95D551, and rh-B116) are represented.



VoL. 77, 2003

THP-1

T ™
=) =)

THP-1/Mm-CD209

103
"
103

3
£3

A ke ) iy
o] e
© )
s c::H: 3 e
a O O S T T R
< FLIH FLIH
E THP-1/Hs-CD209 THP-1/Mm-CD209L.2

FL2
1(]%‘I

10!

TR e W 100 10
FLIH LiH
B 80 7 W migG
& 70 - [J]anti-CD209
©® 60 -
z
R} 50 1
8 40
g
£ 30
£
o 20 A
10
0 o o 9
N N © %
v v ()
N ,00 .00 0‘19
& 9
NN
& & N
L\ &Qg

FIG. 5. Cell lines expressing CD209 family molecules bind
ICAM-3. (A) THP-1 monocytes stably transduced with human and
macaque CD209 family molecules were assessed for protein expression
with cross-reactive MAb 526. Positive expression is indicated on the
FL-2 axis. Isotypic antibody control stainings of the different cell lines
were uniformly negative. (B) Adhesion of ICAM-3 to THP-1/Hs-
CD209, THP-1/Hs-CD209L, THP-1/Mm-CD209, and THP-1/Mm-
CD209L2 cells was measured by FACS analysis with a fluorescent bead
adhesion assay as previously described (27). Control mouse IgG or
CD209 MADb 526 (10 pg/ml) was preincubated with cells. Adhesion of
ICAM-3 to THP-1 parental cells was less than 5%. The results of one
experiment representative of two are shown.

for efficient virus transmission to target T cells. The mouse
CD209 molecule, referred to as DC-SIGN (1) or SIGNR1
(17), which contains a short neck region of roughly 2.5 repeat
lengths, has been shown to bind HIV-1, but it is inefficient in
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virus transmission to T cells (1). Transfection studies with a
human CD209 construct that lacks the entire coding sequence
for the neck region indicated that this segment is essential for
both binding of HIV-1 and efficient virus transmission by
CD209 (18). Thus, the inefficient virus transmission observed
when cells expressing Mm-CD209L2 were used could be ex-
plained in part by its truncated neck domain, although other
parts, such as the cytoplasmic tail, may also influence the pro-
cess. Whether the poor virus transmission is caused by a weak
interaction between the viral envelope and CD209L2 remains
to be determined. However, virus binding and transmission by
CD2009 are dissociable functions (19), and it is possible that the
structural differences between CD209 and CD209L2 specifi-
cally affect the process of virus transmission by CD209L2 while
maintaining strong binding of the virus. Further investigation
of the mechanistic basis of the poor transmission of HIV-1 or
SIV by CD209L2 should involve detailed analysis of both virus
binding and transmission by using various chimeric and mutant
constructs. Given that CD209 and CD209L1 can form tetram-
ers via their neck domains (16) and Mm-CD209 and Mm-
CD209L2 may be coexpressed, it will also be interesting to
examine whether CD209L2 expression has dominant negative
or regulatory effects on CD209-mediated virus transmission.

Patterns of Mm-CD209 and Mm-CD209L2 expression are
similar to those of human CD209L1 in that it is expressed most
notably in the liver and LN (Fig. 4A), the only tissues contain-
ing mRNA for CD209 homologues detectable by Northern
analysis. The more sensitive RT-PCR method indicated that a
number of additional tissues also express the molecule but
evidently at lower levels. Insufficient amounts of mRNA from
skin prohibited its use in Northern analysis, but strong signals
representing CD209 and CD209L2 were observed by RT-PCR
in spite of nearly undetectable levels of the G3PDH control
(Fig. 4B). Thus, skin may also express significant amounts of
the CD209 homologues. Previous studies have indicated the
expression of Mm-CD209 by DCs and macrophages in lym-
phoid and mucosal tissues, as well as by sinusoidal endothelial
cells in the liver (10, 14); however, given the possibility that
antibodies raised against Mm-CD209 cross-react with
CD209L2, it is necessary to determine which molecule(s) is
responsible for the observed staining patterns.

Expression of the rhesus genes in inguinal LN was detect-
able by RT-PCR but not by Northern analysis, whereas their
expression in Ax-LN was relatively pronounced and readily
detectable by Northern analysis. This observation may reflect
unique properties specific to secondary lymphoid tissues dif-
ferentially located in the body. For example, during an early
response to SIV infection, rhesus LN in the upper body, such
as Ax-LN, are activated relative to those located in the lower
body, such as inguinal LN (26).

The level of Mm-CD209 and Mm-CD209L2 expression may
vary among individuals (Fig. 4A), although a more thorough
analysis involving larger sample sizes is required in order to
define the factors that may influence this heterogeneity (e.g.,
age, disease status, polymorphisms, etc.). Rhesus MDDCs
have been shown to lack expression of CD209 (27), and we
now infer that these cells also failed to express CD209L2 since
the probes and MADbs used in the previous analyses recognize
both family members. Given the possibility of heterogeneity in
CD209 family gene expression among different individuals or
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FIG. 6. Impaired virus transmission by Mm-CD209L2. Relative vi-
rus capture and transmission by CD209 family molecules was assayed
with HIV-Luc pseudotyped with HIV-1 ADA Env (A) or
SIVyaclAll Env (B). THP-1, THP-1/Hs-CD209, THP-1/Mm-CD209,
and THP-1/Mm-CD209L2 donor cells were preincubated with the
MADbs (10 pg/ml) for 30 min at 37°C, after which HIV-Luc
pseudotypes were added and the mixture was incubated for an addi-
tional 3 h at 37°C. The cells were then washed and cocultured with
Hut/CCRS target cells in the presence of Polybrene. HIV-1 infection
was determined after 2 days by measuring the luciferase activity. Treat-
ment with MADb 526 was used to evaluate the necessity of CD209
molecules for transmission, and mouse IgG (mIgG) was used as a
nonspecific antibody control. Each set of data represents the mean of
three separate wells of infected cells. The results of one experiment
representative of three are shown. cps, counts per second.
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under different conditions within a single individual, reassess-
ment of MDDCs may be warranted.

Insight regarding the differential biological functions of the
CD209 family of molecules may explain the fluctuation in the
number and type of CD209 family genes observed across pri-
mate species. If CD209 is truly important in enhancing HIV
pathogenesis by facilitating infection of T cells in vivo, selec-
tion for deleterious mutations in CD209 may occur (particu-
larly in regions of the world where HIV infection is highly
endemic), potentially leading to the demise of what is currently
the most stable CD209 gene family member.
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