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Natural host sooty mangabeys (SM) infected with simian immunodeficiency virus SIVsmm do not develop AIDS despite high
viremia. SM and other natural hosts express very low levels of CCR5 on CD4� T cells, and we recently showed that SIVsmm in-
fection and robust replication occur in vivo in SM genetically lacking CCR5, indicating the use of additional entry pathways.
SIVsmm uses several alternative coreceptors of human origin in vitro, but which molecules of SM origin support entry is un-
known. We cloned a panel of putative coreceptors from SM and tested their ability to mediate infection, in conjunction with
smCD4, by pseudotypes carrying Envs from multiple SIVsmm subtypes. smCXCR6 supported efficient infection by all SIVsmm
isolates with entry levels comparable to those for smCCR5, and smGPR15 enabled entry by all isolates at modest levels. smGPR1
and smAPJ supported low and variable entry, whereas smCCR2b, smCCR3, smCCR4, smCCR8, and smCXCR4 were not used by
most isolates. In contrast, SIVsmm from rare infected SM with profound CD4� T cell loss, previously reported to have expanded
use of human coreceptors, including CXCR4, used smCXCR4, smCXCR6, and smCCR5 efficiently and also exhibited robust en-
try through smCCR3, smCCR8, smGPR1, smGPR15, and smAPJ. Entry was similar with both known alleles of smCD4. These
alternative coreceptors, particularly smCXCR6 and smGPR15, may support virus replication in SM that have restricted CCR5
expression as well as SM genetically lacking CCR5. Defining expression of these molecules on SM CD4� subsets may delineate
distinct natural host target cell populations capable of supporting SIVsmm replication without CD4� T cell loss.

HIV-1 infection of humans and simian immunodeficiency vi-
rus SIVmac infection of non-natural host rhesus macaques

(RM) result in high viral loads, peripheral CD4� T cell loss, and
progression to AIDS. In contrast, SIVsmm infection of natural
host sooty mangabeys (SM) rarely leads to peripheral CD4� T cell
loss or disease despite viral loads comparable to those measured in
non-natural hosts. Identifying the mechanisms responsible for the
different outcomes of infection in natural hosts compared with
non-natural simian or recent human hosts has become a central
focus of efforts to understand AIDS pathogenesis. Although many
models of natural host infection exist, SIVsmm is unique because
cross-species transmission of SIVsmm from SM to humans and
RM gave rise to pathogenic HIV-2 and SIVmac, respectively (2,
28). Similarly, experimental transmission of SIVsmm from in-
fected SM hosts results in AIDS in non-natural host RM (40).
While the factors regulating pathogenic versus nonpathogenic
outcomes of infection are complex and not fully understood (9),
comparison of infected SM with RM recently revealed differential
targeting of CD4� T cell subsets (45). Thus, an understanding of
SIVsmm cellular tropism may identify cells in natural host SM
that maintain viral replication without leading to CD4� T cell
depletion or AIDS.

Classically, SIVsmm was thought to exclusively use the entry
coreceptor CCR5 in vivo. Highly restricted expression of CCR5 on
CD4� T cells is characteristic of SIV natural hosts, including SM,
compared with non-natural host species (46, 47), and may con-
tribute to distinct cellular targeting in vivo (45). However,
SIVsmm use of non-CCR5 entry in vivo was revealed recently by
the identification of common CCR5 deletion alleles among SM

(CCR5�2 and CCR5�24) that abrogate CCR5 cell surface expres-
sion and entry coreceptor function (50). A substantial minority of
captive SM in U.S. primate centers possess homozygous null
(CCR5�/�) genotypes, but the absence of functional CCR5 expres-
sion does not restrict SIVsmm replication in vivo, as CCR5�/�

animals are susceptible to natural as well as experimental infection
and exhibit high viral loads (50). These findings indicate that
SIVsmm infection, replication, and cell targeting occur in vivo
through alternative pathways in addition to CCR5.

A number of 7-transmbrane receptors (7TMRs) of human or-
igin have been shown to function as alternative coreceptors of
HIV and SIV in vitro. SIVsmm can enter target cells through hu-
man CXCR6, GPR1, and GPR15 in addition to CCR5 (11, 44, 50).
Red-capped mangabeys, the majority of which have a CCR5�/�

genotype, are naturally infected with SIVrcm that enters cells
through human CCR2b but not CCR5 (4, 12, 62), and experimen-
tal transmission of SIVrcm to pigtailed macaques resulted in ex-
panded SIVrcm tropism in vitro for human CCR4 (24). Addi-
tional human 7TMR molecules that support entry by subsets of
HIV-1 or SIV include APJ, CCR3, and CCR8 (13, 14, 18, 44, 52,
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54). Although CXCR4 is a common coreceptor in late stages of
HIV-1 infection, SIVsmm, like other SIV strains, does not use
CXCR4 except in rare cases (42).

Notably, the majority of alternative coreceptor studies have
employed 7TMR molecules of human origin and rarely utilized
molecules derived from homologous species, even though
species-specific amino acid differences in 7TMRs may markedly
affect coreceptor function (49). Therefore, in order to define the
sooty mangabey molecules that mediate SIVsmm entry and that
might be involved in CCR5-independent cell targeting and repli-
cation in vivo, we cloned smAPJ, smCCR2b, smCCR3, smCCR4,
smCCR8, smCXCR4, smCXCR6, smGPR1, and smGPR15. Be-
cause SM have two distinct alleles of CD4 that differ in their pu-
tative gp120 binding regions (10, 23), we utilized both smCD4
alleles in conjunction with SM 7TMRs for functional coreceptor
analysis. Finally, we compared coreceptor use by a variety of
SIVsmm isolates. While infected SM do not progress to AIDS,
SIVsmm exists in several viral genetic lineages (2), and SM at the
Yerkes National Primate Research Center (YNPRC) infected with
subtype 5 SIVsmm generally have lower peripheral CD4� T cell
counts than uninfected SM or those infected with subtype 1, 2, or
3 SIVsmm (1). In addition, a small number of infected SM have
developed rapid profound CD4� T cell depletion and were found
to harbor SIVsmm variants with expanded use of human corecep-
tors in fusion assays, including CXCR4 (41, 42), but their use of
SM coreceptors has not been described. Thus, we assessed SM-
derived coreceptor use by a variety of SIVsmm strains in pseu-
dotype infection.

MATERIALS AND METHODS
Cloning of SM receptor molecules. Full-length 7TMRs were cloned from
SM genomic DNA (APJ, CCR3, CCR8, CXCR6, GPR1, and GPR15) or SM
cDNA (CCR2b, CCR4, and CXCR4) from animals housed at the Yerkes
National Primate Research Center (YNPRC). Primers were designed to
anneal outside the 7TMR open reading frame 5= start codons and 3= stop
codons (see Table S1 in the supplemental material) based on sequences
previously used to clone receptors from rhesus macaques (39) or se-
quences matched to human and rhesus macaque mRNA published in
GenBank. Genomic DNA was extracted from unfractionated SM periph-
eral blood mononuclear cells (PBMC). cDNA was obtained from SM
CD4� T cells stimulated for 120 h with concanavalin A and interleukin-2
(IL-2) and subjected to mRNA purification (RNeasy Minikit; Qiagen,
Valencia, CA) and reverse transcription (SuperScript first-strand synthe-
sis system for reverse transcription-PCR [RT-PCR]; Invitrogen, Carlsbad,
CA). The 50-�l PCR mixtures contained 200 ng genomic DNA or 0.1
�l cDNA, 1 unit of high-fidelity Phusion polymerase in HF buffer
(Finnzyme; Thermo Scientific, Waltham, MA), primers (0.5 mM), and
deoxynucleoside triphosphates (dNTPs) (0.2 mM). Thermocycling con-
ditions were as follows: initial denaturation at 98°C for 45 s, followed by 30
cycles of 98°C for 10 s, annealing for 30 s, and 72°C for 1.5 min, and a final
extension at 72°C for 10 min. Annealing temperatures were 53°C
(CCR2b), 60°C (GPR1), 62°C (CCR4 and CXCR4), 64°C (APJ and
CCR3), and 72°C (CCR8, CXCR6, and GPR15). PCR products were col-
umn purified (QIAquick PCR purification; Qiagen). CCR8, CXCR6, and
GPR15 were then cloned into the expression plasmid pcDNA3.1� (Invit-
rogen) using dual restriction digests with HindIII, BamHI, and XhoI (see
Table S1 in the supplemental material). APJ, CCR2b, CCR4, CXCR4, and
GPR1 were TA cloned using a pcDNA3.1 directional TOPO expression kit
(Invitrogen). Clones were screened by restriction analysis and nucleotide
sequencing. Cloning of wild-type smCCR5 from SM genomic DNA has
been previously described (50). SM CD4 alleles (smCD4 2.1 and smCD4
4.3) were PCR amplified from cDNA (CD4-F2, 5=-TGT TTG AGA AGC
AGC GGG C-3=; CD4-R1, 5=-GGG GAG GCT GCA AGT GGG-3=) and

TOPO cloned into pcDNA3.1 (Invitrogen). Individual clones were
screened and verified by sequence analysis. Because our smCXCR4 clone
differed from a previously published smCXCR4 sequence (11) at two
predicted amino acids (residues 32 and 171), the relevant region was PCR
amplified and sequenced from genomic DNAs of 10 additional SM using
primers within the CXCR4 gene (forward, 5=-AGT GAA TGT CCA TTC
CTT TG-3=; reverse, 5=-GAC AAT ACC AGG CAG GAT AA-3=). Nucle-
otide and amino acid alignments were performed using the ClustalW
algorithm in MacVector 12.0 (Cary, NC). 7TMR membrane topology
predictions were made using TMpred (http://www.ch.embnet.org
/software/TMPRED_form.html).

SIVsmm envelope clones and pseudotyped virus. SIVsmm env genes
were cloned from virions isolated from plasma of infected SM by employ-
ing single-genome amplification (SGA) methods previously described
(34, 35). Briefly, viral RNA was purified from plasma using the QIAamp
viral RNA purification kit (Qiagen), and cDNA was prepared using Su-
perscript III (Invitrogen) and the primer SM-ER1 (5=-CTA TCA CTG
TAA TAA ATC CCT TCC AGT CCC-3=). First-round PCR amplification
was performed on endpoint-diluted cDNA using primers H2SM-EF1 (5=-
CCC TTG AAG GMG CMR GAG AGC TCA TTA-3=) and SM-ER1 (5=-
ATA AAA TGA GAC ATG TCT ATT GCC AAT TTG-3=), followed by a
second round of amplification using primers H2SM-EF2 (5=-CAC CTA
AAA ART GYT GCT AYC ATT GCC AG-3=) and SM-ER2 (5=-ATA AAA
TGA GAC ATG TCT ATT GCC AAT TTG-3=). PCR amplicons were
cloned into the pcDNA3.1V5HisTOPO-TA expression vector (Invitro-
gen), and transformed colonies that contained an insert were identified by
PCR screening.

SIVsmm Env-mediated entry was assessed using luciferase-expressing
viral pseudotypes as previously described (50). Pseudotyped virions were
generated in 293T cells by cotransfecting pNL-Luc-E�R� plasmid encod-
ing an NL4-3-based env-deleted luciferase-expressing HIV-1 viral back-
bone (15) along with plasmids carrying SIVsmm env genes. Pseudotypes
lacking Env (pNL-Luc-E�R� cotransfected with empty pcDNA3.1�)
served as a negative control, and virions carrying vesicular stomatitis G
protein (VSV-G) served as a positive control. Cells were transfected over-
night using Fugene (Promega, Madison, WI) and washed the following
day to remove DNA and transfection reagent. Supernatants were collected
at 3 days posttransfection and stored at �80°C in 5% sucrose to enhance
stability. Prior to use in infection assays, pseudotype stocks were treated
with DNase (50 units/ml for 15 min). Pseudotype virion stocks were
quantified by HIV-1 Gag p24 antigen content as measured by enzyme-
linked immunosorbent assay (ELISA) (Perkin-Elmer, Waltham, MA) and
by infectivity based on luciferase output (relative light units [RLU]) mea-
sured in U87 cells stably expressing human CD4 and CCR5 (5).

Virus infection and coreceptor function analyses. Coreceptor func-
tion was evaluated by infection of 293T cells transfected with CD4 and
7TMR molecules of interest as described previously (50). Target cells were
cotransfected with plasmids encoding CD4 and 7TMR plasmids using
Fugene, washed the next day to remove transfection reagent, and replated
at 2 � 104 cells/well in 96-well plates. The next day, cells were infected with
pseudotype virus using equal amounts of each virus based on luciferase
activity (RLU) measured in U87/CD4/CCR5 cells or based on p24 Gag
antigen content. Infections were carried out by spin inoculation (1,200 �
g for 2 h at 25°C). Three days later, cells were lysed (0.5% Triton X-100 in
phosphate-buffered saline [PBS]), and luciferase was quantified by adding
an equal volume of luciferase substrate (luciferase assay system; Promega)
and measuring activity on either an MLX microplate luminometer
(Dynex Technologies, Chantilly, VA) or a Luminoskan Ascent microplate
luminometer (Thermo Scientific). The two luminometers have similar
dynamic ranges, but absolute RLU values are 100-fold higher when read
on the Luminoskan Ascent unit, so values read on the MLX microplate
luminometer were scaled up by a factor of 102 to normalize data between
machines. For infections in which blocking of endogenous human
CXCR4 expressed by 293T cells was necessary, cells were treated for 1 h
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preinfection with 20 �M AMD3100 (Sigma-Aldrich, St. Louis, MO),
which was also maintained over the course of infection.

Nucleotide sequence accession numbers. The sequences of the SM
CCR2b, CCR3, CCR4, CCR8, CXCR4, CXCR6, GPR1, GPR15, and APJ
clones have been submitted to GenBank under the following accession
numbers: CCR2b, JN701018; CCR3, JN701013; CCR4, JN701019; CCR8,
JN701014; CXCR4, JN701020; CXCR6, JN701015; GPR1, JN701016;
GPR15, JN701017; and APJ, JN701012.

RESULTS
Cloning and sequence analysis of sooty mangabey 7-trans-
membrane receptors. We amplified the full open reading frames
of smAPJ, smCCR2b, smCCR3, smCCR4, smCCR8, smCXCR4,
smCXCR6, smGPR1, and smGPR15 using primers upstream and
downstream of the coding regions matching both human and rhe-
sus macaque genomic or mRNA sequences in order to maximize
likely homology to SM sequences (see Table S1 in the supplemen-
tal material). SM genomic DNA was used for cloning of smAPJ,
smCCR3, smCCR8, smCXCR6, smGPR1, and smGPR15, which
lack introns in the open reading frames, and cDNA from SM
CD4� PBMC was used for cloning of smCCR2b, smCCR4, and
smCXCR4, which contain introns within the open reading frames.
Amplified receptors were cloned into expression plasmids for se-
quencing and functional studies.

We aligned the predicted amino acid sequences of these SM
7TMR molecules to sequences of human and rhesus macaque
molecules. SM molecules showed greater than 91% identity to
human sequences and greater than 98% identity to RM sequences
(Table 1). While the domains of these 7TMR molecules that might
interact with Env to facilitate entry have not been mapped, studies
with human CCR5 and CXCR4 show that all extracellular regions
may contribute but that the N-terminal domain (NTD) and ex-
tracellular loop 2 (ECL2) are likely to be most critical for entry
(19). Thus, we aligned the predicted extracellular regions between
human and SM 7TMR molecules (Fig. 1). Some 7TMR molecules
are highly conserved between SM, RM, and humans within extra-
cellular domains, such as CCR4 and GPR1, which differ by only
two extracellular residues between SM and humans, whereas
CXCR6, CCR3, and CCR8 are particularly divergent between the
species in extracellular domains (Table 1 and Fig. 1).

Sequences have not been described previously for smAPJ,
smCCR2b, smCCR3, smCCR4, smGPR1, and smGPR15, but
smCXCR6 and smCXCR4 sequences have been reported (11, 49).
Our clones matched the published smCXCR6 sequence but dif-
fered at two predicted amino acids from the previously published
smCXCR4 sequence (E32 instead of K in the NTD and D171 in-
stead of E in transmembrane domain 4). To confirm that our
smCXCR4 clone was not an artifact of PCR amplification or a
unique sequence limited to one animal, we sequenced CXCR4
genes from 10 additional SM. Genomic sequencing revealed E32/
D171 in all 10 SM, indicating that the allele of smCXCR4 that we
cloned is neither an artifact nor rare among SM in the YNPRC
colony.

Both sooty mangabey alleles of CD4 mediate SIVsmm entry
through smCCR5 but not smCXCR4. Studies of SIV Env entry
have traditionally been performed using human CD4 and core-
ceptors. Sooty mangabeys are known to carry two distinct alleles
of CD4 (smCD4 2.1 and smCD4 4.3) (23), whose putative gp120
interaction domains differ from both huCD4 and from each other
(23, 32). Thus, we determined whether both alleles of smCD4
support SIVsmm entry through smCCR5 and whether they differ
from huCD4 in this respect. The two smCD4 alleles were cloned
from cDNA and found to match the sequences previously re-
ported (23).

We then tested function of the two smCD4 alleles in conjunc-
tion with smCCR5. Virions were generated using an HIV-1 viral
backbone lacking Env and carrying luciferase in place of Nef,
pseudotyped with subtype 1 SIVsmm Envs cloned by single-
genome amplification (SGA) from infected SM with CCR5-wild-
type (CCR5wt/wt) or CCR5-deficient (CCR5�/�) genotypes (FFv
and FNp, respectively) as previously described (50). Target 293T
cells were transfected with huCD4, smCD4 2.1, and smCD4 4.3,
with or without smCCR5, and then infected with pseudotype vi-
rions. Luciferase output was measured as an indication of entry
and infection (Fig. 2). Flow cytometry confirmed that huCD4,
smCD4 2.1, and smCD4 4.3 were expressed at similar levels on the
cell surface (data not shown). Virions lacking Env served as a
negative control, and VSV-G pseudotypes served as a positive
control (Fig. 2 and data not shown).

Both smCD4 2.1 and smCD4 4.3 enabled SIVsmm infection
when transfected along with smCCR5 (Fig. 2). While modest
quantitative differences were seen within individual experiments,
there was no consistent difference in efficiency between smCD4
2.1, smCD4 4.3, and huCD4 over repeated experiments. Target
cells expressing smCCR5 in the absence of CD4 did not permit
SIVsmm entry, confirming that SIVsmm Env-mediated infection
does not occur through smCCR5 independent of CD4. Thus, de-
spite sequence differences, both smCD4 molecules support effi-
cient SIVsmm entry in conjunction with smCCR5.

These results also showed that 293T cells expressing CD4 alone
were unable to support entry by these isolates. Because 293T cells
express endogenous human CXCR4 (16), the lack of entry follow-
ing transfection of huCD4, smCD4 2.1, or smCD4 4.3 alone shows
that human CXCR4 is not a coreceptor for these SIVsmm isolates,
even in conjunction with smCD4. Furthermore, given the breadth
of human alternative coreceptors used by many SIV strains, lack of
entry into CD4-transfected cells establishes 293T as a suitable cell
line for our further coreceptor assays of SIVsmm.

Multiple studies show that most naturally occurring SIV iso-
lates, including SIVsmm, do not use human CXCR4, and one

TABLE 1 Relatedness of sooty mangabey and human 7TMRs

SM 7TMR

% Overall amino acid
identity to 7TMR froma:

No. of residues
differing from
human receptorb:

Human
Rhesus
macaque NTD ECL2

APJ 98.7 99.7 0 1
CCR2b 96.7 99.2 1 2
CCR3 91.3 98.6 6 4
CCR4 98.6 100.0 0 1
CCR8 94.4 99.2 8 1
CXCR4 98.3 99.4 3 2
CXCR6 94.5 98.3 8 2
GPR1 97.7 99.7 1 1
GPR15 97.2 99.4 1 1
a Alignment between predicted amino acid sequences of SM molecules cloned here and
homologous human and rhesus macaque sequences from GenBank.
b Number of predicted amino acids differences between SM and human molecules in
the N-terminal domain (NTD) and extracellular loop 2 (ECL2), two regions most
relevant to coreceptor function based on mapping studies with CCR5 and CXCR4 (19).
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prior study reported that SIVsmm did not enter cells through a
previously described but distinct allele of smCXCR4 (11). There-
fore, we asked whether SIVsmm could utilize the smCXCR4 we
cloned, which we found is common among YNPRC animals, in
conjunction with species-matched CD4 (Fig. 3). Neither the
SIVsmm Envs derived from infected SM with wild-type CCR5 nor
those from CCR5-deficient SM were capable of infecting cells
through smCXCR4, regardless of which smCD4 allele was used.
Efficient entry through smCXCR4 was seen with virions carrying
the HIV-1 89.6 dual-tropic R5X4 Env (data not shown), confirm-

ing smCXCR4 expression and functionality. A similar lack of en-
try through smCXCR4/smCD4 was seen using an extended panel
of additional SIVsmm isolates (discussed further below). These
results confirm that smCXCR4 is not generally used by SIVsmm,
in contrast to the case with HIV-1 infection, where acquisition of
tropism for human CXCR4 is common.

Alternative coreceptors from sooty mangabey support sub-
type 1 SIVsmm infection. Small differences in alternative core-
ceptor sequences between species can markedly alter coreceptor
function (49), suggesting that prior studies using human 7TMR

FIG 1 Human and sooty mangabey putative alternative coreceptors differ in extracellular regions. Seven-transmembrane receptors APJ, CCR2b, CCR3, CCR4,
CCR8, CXCR4, CXCR6, GPR1, and GPR15 were cloned and sequenced from sooty mangabey, and predicted protein sequences were aligned to human
sequences. Alignments between human and sooty mangabey extracellular domains, including the N-terminal domain (NTD) and extracellular loops (ECL), are
shown.
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molecules may not necessarily reflect SIVsmm coreceptor use in
natural host SM infection. Therefore, we determined the capaci-
ties of eight additional 7TMR molecules cloned from SM to me-
diate SIVsmm infection in conjunction with both smCD4 alleles.
These coreceptors were as follows: smCXCR6, smGPR15, and
smGPR1, since we previously showed that SIVsmm frequently
uses human CXCR6, GPR15, and GPR1 (50); smCCR2b and
smCCR4, since the human homologs of these receptors support
entry by SIVrcm derived from natural host red-capped mang-
abeys or following passage into pigtail macaques (4, 12, 24, 62);
and smAPJ, smCCR3, and smCCR8, since the human molecules
are used by limited subsets of HIV or SIV (13, 14, 18, 44, 52, 54).

As shown in Fig. 4, smCXCR6 acted as a robust entry pathway
for SIVsmm in conjunction with either smCD4 4.3 or smCD4 2.1,
yielding infection levels generally comparable to those with
smCCR5. smGPR15 also supported entry, although to a lesser

extent than smCXCR6 or smCCR5. These results are similar to
those seen previously using transfected human CXCR6 and
GPR15 (50). We also observed low levels of infection mediated by
smGPR1 and smAPJ, where luciferase output was above the back-
ground in mock-transfected cells for most Envs but well below
output levels in cells expressing smCCR5, smCXCR6, or
smGPR15. Surprisingly, neither smCCR2b nor smCCR4 sup-
ported infection by SIVsmm Env pseudotypes, even though the
human 7TMR homologs support SIVrcm infection. smCCR3 and
smCCR8 also failed to mediate infection by these SIVsmm iso-
lates. smCD4 2.1 and smCD4 4.3 supported similar levels of infec-
tion (Fig. 4A and B), whereas none of the alternative coreceptors
enabled infection in the absence of CD4 (data not shown). Similar
coreceptor patterns were seen for the Envs from CCR5-deficient
SM and SM with wild-type CCR5, consistent with the notion that

FIG 2 Two alleles of sooty mangabey CD4 support SIVsmm Env-mediated entry via CCR5 in vitro. Target 293T cells were transfected with human CD4 (huCD4)
or each of two sooty mangabey alleles of CD4 (smCD4 2.1 and smCD4 4.3), with or without sooty mangabey CCR5 (smCCR5). Cells were then infected with
luciferase-expressing pseudotype virions carrying Env glycoproteins from two subtype 1 SIVsmm-infected SM, using equal amounts of each virus based on
infectivity in U87/CD4/CCR5 cells (106 RLU of each virus). FFv Envs were derived from an infected animal with a CCR5wt/wt genotype, and FNp Envs were
derived from an infected animal with a CCR5�/� genotype. Virions lacking envelope glycoprotein served as negative controls. Infection was measured by relative
light units (RLU) in cell lysates at 3 days postinfection (n � 3; values are means � standard deviations [SD]).

FIG 3 Sooty mangabey CXCR4 does not support entry by SIVsmm Envs that do not use human CXCR4. Target 293T cells were transfected with sooty mangabey
CXCR4 (smCXCR4) in conjunction with smCD4 2.1 (A) or smCD4 4.3 (B), and then infected with luciferase-expressing SIVsmm Env pseudotype virions as
described in the legend to Fig. 2 (using 5 � 105 RLU of each virus). Infection was measured by relative light units (RLU) in cell lysates at 3 days postinfection
(n � 3; values are means � SD).
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SIVsmm alternative coreceptor use is not a feature exclusive to
virus from CCR5-deficient SM (50).

SIVsmm isolates of different subtypes show similar alterna-
tive coreceptor use in vitro. SIVsmm isolates circulating in U.S.
primate centers cluster in several genetic subtypes. Infected SM
generally do not display CD4� T cell loss, but collectively, animals
at YNPRC infected with subtype 5 SIVsmm have lower peripheral
CD4� T cell counts than SM infected with other subtypes (1).
Therefore, we asked whether coreceptor usage patterns differ
among SIVsmm subtypes and, in particular, whether subtype 5
SIVsmm isolates exhibit a distinct pattern that might lead to ex-
panded tropism and consequent CD4� T cell loss. Pseudotyped
virions were generated with SGA-derived Envs from SM infected
with SIVsmm subtype 5, as well as subtypes 2 and 3, and tested for
infection of 293T cells transfected with SM-derived coreceptors
and smCD4. Since we previously observed no difference in entry
between the two smCD4 alleles, we utilized smCD4 4.3 to test this
extended panel of SIVsmm Envs.

As shown in Fig. 5, SIVsmm subtypes 2, 3, and 5 exhibited
alternative coreceptor use patterns comparable to those previ-
ously observed for subtype 1 SIVsmm (Fig. 4), with robust entry
through smCXCR6 and smCCR5. These Envs displayed modest
use of smGPR15 and levels of entry through smGPR1 and smAPJ

that were variable and generally marginal. Subtype 2, 3, and 5 Envs
did not enter cells expressing smCXCR4 in conjunction with
smCD4. Notably, the subtype 5 SIVsmm did not have expanded
alternative coreceptor use relative to other subtypes of SIVsmm
examined, suggesting that factors other than distinct coreceptor
use patterns underlie the relative CD4� T cell loss associated with
this SIVsmm lineage.

Rare SIVsmm isolates that cause rapid CD4� T cell depletion
in sooty mangabeys exhibit expanded SM coreceptor use. In
contrast to the case for the majority of infected animals, rare
SIVsmm isolates that give rise to profound rapid CD4� T cell
depletion in infected SM hosts have been described (42). Previous
studies employing cell-cell fusion assays and coreceptors of hu-
man origin showed that these SIVsmm isolates have expanded
tropism for several coreceptors, including CXCR4 (41, 42). There-
fore, we determined whether the expanded use of human corecep-
tors previously described also reflects expanded use of SM-derived
7TMR molecules and whether these coreceptors can support in-
fection as well as cell-cell fusion. We tested pseudotyped virions
carrying SGA-derived Envs isolated from three of these very-low-
CD4 SM (FJv, FPy, and FTv) for infection of transfected 293T
target cells, along with Envs from one animal with typical nonpro-
gressive infection (FFv) for comparison (Fig. 6).

FIG 4 Alternative coreceptors of sooty mangabey origin support SIVsmm Env-mediated entry in vitro. 293T cells transfected with smCD4 along with smAPJ,
smCCR2b, smCCR3, smCCR4, smCCR5, smCCR8, smCXCR4, smCXCR6, smGPR1, and smGPR15 were infected with pseudotypes carrying subtype 1 SIVsmm
Envs from SM with CCR5wt/wt (FFv) and CCR5�/� genotypes (5 � 105 RLU of each virus). Infection was assessed in conjunction with smCD4 2.1 (A) and smCD4
4.3 (B) and measured by relative light units in cell lysates at 3 days postinfection (n � 3; values are means � SD).
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Because 293T cells express low levels of endogenous huCXCR4
(16), we first determined if transfection of smCD4 alone enabled
infection. As shown in Fig. 6A, smCD4 alone enabled detectable
levels of entry by pseudotypes carrying Envs from the low-CD4

animals FJv, FPy, and FTv. This pattern differed from that seen
with previously tested SIVsmm isolates (Fig. 3 to 5 and FFv in Fig.
6). Pretreatment with the CXCR4 inhibitor AMD3100 completely
abrogated entry of the SIVsmm isolates from FJv, FPy, and FTv
into cells transfected with smCD4 alone, confirming that infection
is mediated by endogenous human CXCR4 on 293T cells. Addi-
tionally, since AMD3100 completely blocked background entry
by these isolates, 293T cells treated with AMD3100 can be used to
examine other coreceptors.

Transfection of 293T cells with smCD4 and smCXCR4 to-
gether resulted in markedly increased levels of infection compared
to those in cells transfected with smCD4 alone (Fig. 6A). Thus,
SM-derived smCXCR4 supports robust infection by these low-
CD4 SIVsmm isolates. AMD3100 pretreatment blocked the ma-
jority of infection in smCXCR4-transfected cells, suggesting that
AMD3100 has substantial activity against smCXCR4 in addition
to human CXCR4. Alignment of the human and SM CXCR4 se-
quences showed that amino acid residues previously identified as
critical to the interaction between AMD3100 and human CXCR4
(D171, D262, and E288) were conserved between the two species
(see Fig. S1 in the supplemental material) (27, 51). The SIVsmm
isolates from FJv, FPy, and FTv retained the ability to infect cells
via smCCR5. Based on this transfection system, entry by these
isolates through smCXCR4 appeared to be at least as efficient as
entry through smCCR5.

We then tested the extended panel of SM-derived 7TMR mol-
ecules with low-CD4-derived SIVsmm Envs. Target cells were
transfected with 7TMR molecules and smCD4, pretreated with
AMD3100 to block entry through endogenous 293T CXCR4, and
infected with pseudotype viruses. As shown in Fig. 6B, the
SIVsmm isolates from FJv, FPy, and FTv displayed broad and
efficient use of multiple alternative coreceptors. Like those of all
other SIVsmm isolates studied, these Envs used smCXCR6 very
efficiently and smGPR15 slightly less so. In addition, while none of
the typical SIVsmm Envs used smCCR3 or smCCR8 (Fig. 4 and 5
and FFv in Fig. 6B), both of these pathways supported infection by
the SIVsmm isolates from FJv, FPy, and FTv. Finally, while most
SIVsmm Envs used smAPJ and smGPR1 to a very limited extent,
these 7TMRs supported substantially more robust infection by
SIVsmm isolates from these low-CD4 SM. Notably, neither
smCCR2b nor smCCR4 supported infection (Fig. 6B), nor did
entry occur through any coreceptors in the absence of smCD4
(data not shown). Thus, in contrast to typical SIVsmm Envs, the
SIVsmm Envs derived from rare CD4-depleted SM exhibited ex-
panded use of SM alternative coreceptors smCXCR4, smCCR3,
and smCCR8 and efficient entry though smAPJ, smCXCR6,
smGPR1, and smGPR15, while retaining the ability to enter cells
through smCCR5. This finding is consistent with earlier results
using human CXCR4, CCR8, and CXCR6 in fusion assays and
extends the breadth of coreceptor use to include SM-derived APJ,
CCR3, GPR1, and GPR15.

DISCUSSION

Natural SIVsmm infection of SM is typically nonpathogenic despite
robust virus replication. Key findings associated with the benign na-
ture of this infection include the absence of chronic immune activa-
tion and a pattern of infected cells in vivo that shows relative sparing
of CD4� central memory T cells (Tcm) (45, 56). While the relative
sparing of SM CD4� Tcm from infection is associated with low CCR5
expression, previous studies from our group have shown that a sub-

FIG 5 Alternative coreceptor use by an extended panel of SIVsmm isolates of
distinct subtypes. Target 293T cells expressing smCD4 4.3 in conjunction with
SM-derived coreceptors were infected with pseudotype virions (3.5 � 105 RLU of
each virus) carrying Envs from SIVsmm subtype 2 (FWk) (A), subtype 3 (FBn and
FDo) (B), or subtype 5 (FNg and FPm) (C). Infection was measured by relative
light units in cell lysates at 3 days postinfection (n � 3; values are means � SD).
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stantial minority of SIVsmm-infected SM possess CCR5-null geno-
types (50), indicating that alternative entry coreceptors are used in
vivo and will need to be defined in order to understand mechanisms
underlying viral tropism and targeting in vivo. In this study, we
cloned multiple potential alternative coreceptors of SM origin
and found that smCXCR6 was used consistently and very effi-
ciently, with entry levels comparable to those for smCCR5,
while smGPR15 use was also broad although somewhat less
efficient. In contrast, entry through smGPR1 and smAPJ was
variable and typically low level, and smCXCR4, smCCR3, and
smCCR8 were used only by SIVsmm isolates from rare SM with
profound CD4� T cell loss that were previously demonstrated
to have expanded human coreceptor use.

Robust use of the principal SM alternative coreceptors CXCR6
and GPR15, along with CCR5, was a feature of all SIVsmm isolates
studied, including isolates from SM with CCR5 wild-type as well
as CCR5-null genotypes. While CCR5-null SM have high-level
viremia indicative of efficient alternative coreceptor function in
vivo (mean, �104 copies/ml), a modest but significantly higher
level of viremia (�0.5-log-unit difference) was seen in SM with
CCR5 homozygous wild-type genotypes, and intermediate viral
loads were seen in heterozygous animals (50). Those findings sug-
gest that alternative pathways are exclusively responsible for
SIVsmm replication in animals lacking CCR5, while both CCR5
and alternative coreceptors may be used in hosts where both
CCR5 and other pathways are available.

FIG 6 SIVsmm Env from CD4-depleted sooty mangabeys uses sooty mangabey CXCR4 and a broad range of additional coreceptors for entry in vitro. (A) Target
293T cells were transfected with or without smCD4 4.3, smCXCR4, and smCCR5, treated with or without the CXCR4 antagonist AMD3100 (20 �M), and then
infected with pseudotype virions. (B) 293T cells transfected with smCD4 4.3 in conjunction with SM 7TMR molecules (smAPJ, smCCR2b, smCCR3, smCCR4,
smCCR5, smCCR8, smCXCR4, smCXCR6, smGPR1, an smGPR15) were treated with AMD3100 (20 �M) to block endogenous CXCR4 and then infected with
pseudotype virions. Pseudotypes carried SIVsmm Envs from CD4-low sooty mangabeys FJv (red), FPy (blue), and FTv (orange) or from one animal with a typical
course of infection, FFv (black). Inocula were equalized on the basis of p24 Gag antigen content (2 ng p24). Infection was measured by relative light units in cell
lysates at 3 days postinfection (n � 3; values are means � SD).
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The SM model of SIV infection is of keen interest given the
ability of natural hosts to avoid disease despite robust viral repli-
cation. Although multiple mechanisms likely contribute to this
resistance, including distinct immune activation patterns and
CD4-negative T helper cell function (3, 9, 41, 56, 61), entry core-
ceptor use by immunodeficiency viruses defines viral target cell
tropism and can be an important determinant of CD4� T cell loss.
Acquisition of CXCR4 use by HIV-1 parallels rapid CD4� T cell
decline as HIV-1 gains the ability to infect CXCR4-expressing
naïve T cells (6, 7, 31). In SIVmac-infected rhesus macaques, de-
pletion of CD4� Tcm correlates with CD4� T cell loss and disease
progression, suggesting a critical role for Tcm in maintaining T
cell homeostasis (33, 43, 48). Natural hosts of SIV, including SM,
have low CCR5 expression on CD4� T cells relative to that in
non-natural hosts (46, 47, 55, 59, 60). CCR5 is especially restricted
on CD4� Tcm of SM compared with rhesus macaques ex vivo and
following in vitro stimulation (45). Tcm of SM are also relatively
resistant to SIV infection in vitro compared with those of rhesus
macaques, and they harbor lower levels of viral DNA in vivo (45).
Thus, restricted coreceptor expression may protect critical cells
from infection and preserve memory CD4� T cell homeostasis in
natural hosts. However, overall levels of viremia in SM are equiv-
alent to or exceed those in rhesus macaques (56), indicating no
lack of susceptible target cells in SM despite limited CCR5 expres-
sion. Therefore, combined with protection of critical target cells
mediated by restricted CCR5 expression, alternative coreceptors
may define populations of more dispensable target cells capable of
supporting SIV replication in natural hosts without disruption of
T cell homeostasis.

In human and mouse cells, CXCR6 is found on subsets of
CD4� TH1, TH17, and TREG memory/effector cells, as well as
NKT cells, but is generally not coexpressed with naïve or central
memory markers such as CD45RA, CCR7, or L-selectin (25, 30,
37, 53, 58). If patterns are similar in SIV natural hosts, the exclu-
sion of CXCR6 from less differentiated and self-renewing naïve
cells or Tcm cells would be consistent with shifting of viral targets
away from subsets critical for T cell homeostasis into potentially
more expendable cell targets. While GPR15 is expressed in human
blood CD4� T cells and in lymphoid tissues (17, 21, 22, 29, 36), its
distribution on specific subsets has not been defined. CXCR6 and
GPR15 are also both expressed in human intestinal tissue (17, 36),
which is an important site for viral replication. Antibodies to de-
fine surface expression of both SM molecules are not presently
available, but we have found smCXCR6 and smGPR15 RNA tran-
scripts in SM CD4� T cells (data not shown). Thus, it will be
important to define the patterns of expression for these receptors
by SM CD4� cell subsets and their coreceptor function under
physiological expression conditions in primary cells responsible
for replication in vivo.

Coreceptors other than CCR5 and CXCR4 have not generally
been thought to be important in human infection with HIV-1.
However, a recent report described a transmitter/founder virus
from an acutely infected person that was impaired in its ability to
use CCR5 and CXCR4 but entered efficiently through GPR15
(29). Allelic variants of CXCR6 have also been associated with
disease progression in HIV-1-infected subjects (20, 38), although
a direct virological mechanism is unclear since most HIV-1 iso-
lates do not utilize CXCR6 for entry. Thus, it remains to be deter-
mined if alternative coreceptors, including CXCR6 or GPR15,

may also play a role in HIV-1 pathogenesis in rare situations or
more broadly in as-yet-unrecognized ways.

While the majority of infected SM show neither CD4 loss nor
disease, a small number of previously reported animals had exten-
sive CD4� T cell depletion, which was associated with expanded
SIVsmm use of human coreceptors, including huCXCR4,
huCXCR6, and huCCR8 (42). We now confirm expanded tropism
by Envs from these animals for SM-derived coreceptor molecules
and identify smCCR3, smGPR1, smGPR15, and smAPJ utilization
as well. Acquisition of CXCR4-mediated tropism for naïve CD4�

T cells is strongly linked to accelerated CD4� T cell loss in HIV-
infected humans, so it is uncertain whether the additional core-
ceptors used by these CXCR4-tropic SIVsmm Envs contribute
further to disrupted CD4� T cell homeostasis. In contrast, we did
not see distinct alternative coreceptor use or smCXCR4-mediated
entry by isolates derived from SM naturally infected with subtype
5 SIVsmm isolates, which display more moderate levels of CD4� T
cell loss (1). Thus, CD4� T cell loss in subtype 5 SIVsmm-infected
SM is likely due to factors other than expanded tropism by the
virus, at least for the coreceptors tested here.

Multiple complex and nonexclusive mechanisms are likely in-
volved in protecting SM and other natural hosts both from CD4�

T cell loss in most individuals and from disease in the few animals
where CD4� T cell depletion does occur (3, 8, 9, 41, 45, 56, 57, 61),
Thus, both the target cells spared from infection and those sup-
porting replication are critical to understanding the nature of in-
fection and pathogenesis (26). Future studies are needed to define
CXCR6 and GPR15 coreceptor expression patterns on SM CD4�

cell subsets, the relationship between alternative coreceptor and
CCR5 expression, and how alternative coreceptors are regulated.
Finally, comparing coreceptor expression patterns between natu-
ral and non-natural host species may identify more expendable
populations of CD4� cells in the natural host that are capable of
supporting viral replication through use of alternative entry path-
ways without leading to disease progression.
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