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Simian Immunodeficiency Virus SIVagm Efficiently Utilizes Non-
CCR5 Entry Pathways in African Green Monkey Lymphocytes:
Potential Role for GPR15 and CXCR6 as Viral Coreceptors
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ABSTRACT

African green monkeys (AGM) are natural hosts of simian immunodeficiency virus (SIV), and infection in these animals is gen-
erally nonpathogenic, whereas infection of nonnatural hosts, such as rhesus macaques (RM), is commonly pathogenic. CCR5 has
been described as the primary entry coreceptor for SIV in vivo, while human-derived CXCR6 and GPR15 also appear to be used
in vitro. However, sooty mangabeys that are genetically deficient in CCR5 due to an out-of-frame deletion are infectible with
SIVsmm, indicating that SIVsmm can use alternative coreceptors in vivo. In this study, we examined the CCR5 dependence of
SIV strains derived from vervet AGM (SIVagmVer) and the ability of AGM-derived GPR15 and CXCR6 to serve as potential en-
try coreceptors. We found that SIVagmVer replicated efficiently in AGM and RM peripheral blood mononuclear cells (PBMC) in
the presence of the CCR5 antagonist maraviroc, despite the fact that maraviroc was capable of blocking the CCR5-tropic strains
SIVmac239, SIVsmE543-3, and simian-human immunodeficiency virus SHIV-AD8 in RM PBMC. We also found that AGM
CXCR6 and AGM GPR15, to a lesser extent, supported entry of pseudotype viruses bearing SIVagm envelopes, including SIVagm
transmitted/founder envelopes. Lastly, we found that CCR5, GPR15, and CXCR6 mRNAs were detected in AGM and RM mem-
ory CD4* T cells. These results suggest that GPR15 and CXCR6 are expressed on AGM CD4" T cells and are potential alternative
coreceptors for SIVagm use in vivo. These data suggest that the use of non-CCR5 entry pathways may be a common feature of
SIV replication in natural host species, with the potential to contribute to nonpathogenicity in these animals.

IMPORTANCE

African green monkeys (AGM) are natural hosts of SIV, and infection in these animals generally does not cause AIDS, whereas
SIV-infected rhesus macaques (RM) typically develop AIDS. Although it has been reported that SIV generally uses CD4 and
CCR5 to enter target cells in vivo, other molecules, such as GPR15 and CXCR6, also function as SIV coreceptors in vitro. In this
study, we investigated whether SIV from vervet AGM can use non-CCR5 entry pathways, as has been observed in sooty mang-
abeys. We found that SIVagmVer efficiently replicated in AGM and RM peripheral blood mononuclear cells in the presence of
the CCR5 antagonist maraviroc, suggesting that non-CCR5 entry pathways can support SIVagm entry. We found that AGM-
derived GPR15 and CXCR6 support SIVagmVer entry in vitro and may serve as entry coreceptors for SIVagm in vivo, since their
mRNAs were detected in AGM memory CD4" T cells, the preferred target cells of SIV.

trointestinal tract (20-22), translocation of microbial products
from the intestinal lumen (23), and chronic generalized im-
mune activation (24-28).

Serological evidence of simian immunodeficiency virus (SIV)
infection has been reported for approximately 40 different
species of nonhuman primates (NHP). African NHP, such as Af-

rican green monkeys (AGM) and sooty mangabeys (SM), are nat-
ural hosts of SIV, and infection in these animals is generally non-
pathogenic despite high viral loads. Cross-species transmission of
these viruses into nonnatural hosts, such as humans and rhesus
macaques (RM), gives rise to pathogenic infections that generally
result in peripheral CD4™ T cell loss and progression to AIDS (1,
2). Numerous studies have analyzed similarities and differences
between SIV-infected natural and nonnatural hosts in an attempt
to delineate the mechanisms underlying differences in pathoge-
nicity. Similarities that have been identified include high plasma
viral loads (3-6), a short in vivo life span of productively infected
cells (7, 8), acute immune activation (9-12), and depletion of
mucosal CD4™ T cells during acute infection (13, 14). Factors in
nonnatural hosts that differ from natural host species and thus
may contribute to disease progression include a loss of periph-
eral CD4™" T cells (15, 16), preferential depletion of Th17 cells
(17-19), mucosal damage to the epithelial barrier of the gas-
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Another factor that may differentiate between SIV-infected
natural and nonnatural hosts is target cell tropism, which is de-
pendent on coreceptor use and coreceptor expression profiles.
Various studies indicate that many natural host species have de-
veloped mechanisms to modulate SIV receptor (CD4) and/or co-
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receptor (i.e., CCR5) expression levels on CD4™ T cells. For ex-
ample, AGM downregulate the CD4 molecule on their CD4* T
cells as these cells enter the memory pool, thus creating a subset of
CD4-negative cells that are resistant to SIV infection but are able
to carry out CD4 " T cell helper-like functions (29-31). Addition-
ally, Pandrea et al. revealed that natural host species have substan-
tially lower levels of CCR5 on CD4™ T cells from blood, lymph
nodes, and mucosal tissues than those in nonnatural hosts,
whereas CCR5 expression levels on CD8™ T cells are comparable
between natural and nonnatural hosts (32). Lastly, a recent study
reported that SIVsmm preferentially infects SM effector memory
T cells compared to central memory T cells. Preferential targeting
of effector memory T cells is likely a result of high levels of CCR5
expression on SM effector memory T cells relative to CCR5 ex-
pression levels on SM central memory T cells (33). Thus, it ap-
pears that natural hosts may have evolved multiple mechanisms to
avoid disease progression, such as shifting the target cell tropism
to more dispensable cell subsets while sparing critical cell subsets,
such as central memory T cells, that play an important role in
maintaining immune cell homeostasis (33, 34). However, the un-
derlying mechanisms for how natural hosts exhibit high viral
loads in the context of low CCR5 expression on CD4™ T cells
remain unclear.

Cellular targeting by human immunodeficiency virus (HIV) or
SIV replication is primarily dependent on receptor/coreceptor ex-
pression levels. HIV-1 gains entry into cells by binding to CD4 and
a coreceptor, typically CCR5 or CXCR4. Unlike HIV-1, many SIV
strains use CCR5 as a major entry coreceptor and rarely utilize
CXCR4 for entry but are capable in vitro of utilizing a number of
human alternative coreceptors, including GPR1, GPR15 (BOB),
and CXCR6 (Bonzo/STRL33/CD186) (35-38). Although various
strains of SIV are thought to use CCR5 as the major entry core-
ceptor in vivo, several exceptions have been reported. The first
reported example is SIVrcm, isolated from red-capped mang-
abeys, which have a high allelic frequency (86.6%) of a CCR5-
inactivating deletion (RCM-CCR5A24). SIVrcm utilizes CCR2b
rather than CCRS5 for entry (39). In addition, SIVsmm can utilize
non-CCR5 entry pathways in sooty mangabeys in vivo. Thus, ge-
netically CCR5-deficient SM carrying mutant SM CCR5 alleles
(SM-CCR5A2 and SM-CCR5A24) that abrogate CCR5 surface
expression are infectible with SIVsmm (39-41). Surprisingly, half
of the animals carrying homozygous CCR5 mutant alleles were
SIVsmm infected and exhibited robust viral replication (40) that
was only slightly lower than viral loads from animals with wild-
type CCR5 alleles. This finding revealed that SIVsmm can utilize
non-CCRS5 entry pathways in vivo and that these CCR5-indepen-
dent pathways can sustain robust virus replication.

In the current study, we sought to determine if the use of non-
CCRS5 entry pathways can be observed in other natural host spe-
cies, such as AGM. Studies indicate that there are four subspecies
of AGM that harbor their own species-specific strains of SIVagm:
SIVagmVer in vervet AGM (Chlorocebus pygerythrus), SIVagmGri
in grivet AGM (Chlorocebus aethiops), SIVagmTan in tantalus
monkeys (Chlorocebus tantalus), and SIVagmSab in sabaeus mon-
keys (Chlorocebus sabaeus) (42—46). Historically, SIVagm has
been described as a CCR5-dependent virus in vivo, although in
vitro studies reveal that some subspecies-specific strains of
SIVagm can utilize non-CCR5 entry pathways, such as CXCR4,
CXCR6 (Bonzo/STRL33/CD186), and GPR15 (BOB), when the
human homologues are overexpressed in human cell lines (36, 37,
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47). However, since these human coreceptors differ genetically
from the AGM homologues, it has been difficult to determine the
significance of these findings for ex vivo or in vivo SIVagm infec-
tion.

In the current study, we sought to determine if SIVagmVer is
exclusively CCR5 dependent or is capable of using non-CCR5
entry pathways in AGM peripheral blood mononuclear cells
(PBMC) in the presence of the CCR5 antagonist maraviroc. Ad-
ditionally, we sought to determine if the AGM homologues of
GPR15 and CXCR6 could support STVagmVer entry in vitro, and
if so, whether these alternative coreceptors were expressed on
CD4™ T cells, thus potentially serving as entry coreceptors. To
address this, we examined mRNA expression levels of CCRS5,
GPRI15, and CXCR6 in CD4™ T cell subsets from uninfected and
SIV-infected AGM and RM by using a quantitative reverse trans-
criptase PCR (qQRT-PCR) assay.

MATERIALS AND METHODS

Ethics. This study was carried out in strict accordance with the recom-
mendations described in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health, the Office of Animal Welfare,
and the U.S. Department of Agriculture (48). All animals were housed and
cared for in accordance with the American Association for Accreditation
of Laboratory Animal Care standards in American Association for Ac-
creditation of Laboratory Animal Care-accredited facilities. All animal
procedures were performed according to protocols approved by the In-
stitutional Animal Care and Use Committees of the National Institute of
Allergy and Infectious Diseases, under protocol LMMS6. All procedures
were carried out under ketamine anesthesia by trained personnel under
the supervision of veterinary staff, and all efforts were made to ameliorate
animal welfare and to minimize animal suffering in accordance with rec-
ommendations in the Weatherall report on the use of nonhuman pri-
mates (49). Animals were housed in adjoining individual primate cages
allowing social interactions under controlled conditions of humidity,
temperature, and light (12-h light—12-h dark cycles). Food and water were
available ad libitum. Animals were monitored daily and fed commercial
monkey chow, treats, and fruit twice daily by trained personnel.

Animals. This study involved two SIV-naive vervet African green
monkeys (AG5387 and AG5431), which were housed at the NIH Animal
Center (Dickerson, MD). AG5387 and AG5431 were inoculated intrarec-
tally with STVagmVer90 weekly at escalating infectious doses until they
became infected. SIVagm transmitted/founder (T/F) envelopes were gen-
erated from plasma collected at 1 week postinfection as described below.
Blood and plasma were collected periodically, and plasma viral RNA levels
were determined by qRT-PCR. This study involved 15 additional vervet
AGM (5 uninfected animals and 10 SIVagmVer-infected animals) and 14
RM (5 uninfected animals and 9 SIVsmE660-infected animals). Descrip-
tions of these animals along with their viral strains and viral loads (RNA
copies per milliliter) are listed in Tables 1 and 2.

Primary cells and cell lines. (i) Primary cells. Peripheral blood mono-
nuclear cells (PBMC) were isolated from EDTA-treated whole blood from
vervet AGM, RM, and human samples by density centrifugation using
lymphocyte separation medium (MP Biomedicals, LLC). PBMC suspen-
sions were maintained in RPMI 1640 containing 10% fetal bovine serum
(FBS) supplemented with 1% penicillin-streptomycin (Invitrogen) and
1% L-glutamine (Invitrogen) and activated with 5 pg/ml phytohemagglu-
tinin (PHA; Roche) for 3 days at 37°C. The medium was supplemented
with 10% interleukin-2 (IL-2; Advanced Biotechnologies) at 1 day post-
stimulation in preparation for SIV/HIV/simian-human immunodefi-
ciency virus (SHIV) infections. Frozen PBMC samples from vervet AGM
(n = 33) were used for genomic DNA isolation for the CCR5 sequencing
analysis described below.

(ii) Cell lines. TZM-bl indicator cells were obtained from the NIH
AIDS reagent program and grown in Dulbecco’s modified Eagle medium
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TABLE 1 Plasma viral loads for vervet African green monkeys used in
sorting experiments for CCR5, GPR15, and CXCR6 relative mRNA
analysis”

Infectious dose Plasma viral load

Monkey Virus strain (TCIDs,) (RNA copies/ml)
AG2 SIVagmVerl 50 8.8 X 10*
AGS8 SIVagmVerl 50 1.4 X 10°
AG14 SIVagmVerl 50 1.4 X 10°
AG18 SIVagmVerl 50 8.1 X 10*
AG22 SIVagmVer90 1,000 1.7 X 10°
AG28 SIVagmVer9063 1,000 6.0 X 10*
AG37 SIVagmVer90 1,000 1.3 X 10°
AG38 SIVagmVer90 1,000 1.2 X 10°
AG5387 SIVagmVer90 100 6.34 X 10*
AG5431 SIVagmVer90 50,000 4.4 X 10°
AG33 Uninfected NA NA

AG36 Uninfected NA NA

AG39 Uninfected NA NA

AG40 Uninfected NA NA
AG5339 Uninfected NA NA

“NA, not applicable.

(DMEM) containing 10% FBS and supplemented with 0.5 mg/ml Gene-
ticin sulfate (Corning) and 0.25 M HEPES (Life Technologies). 293T cells
were obtained from the American Type Culture Collection (ATCC; Ma-
nassas, VA) and grown in DMEM containing 10% FBS and supplemented
with 1% penicillin-streptomycin (Invitrogen) and 1% L-glutamine (Invit-
rogen). Cells were incubated at 37°C in the presence of 5% CO,.

Viruses. (i) Replication-competent viruses. SIVagmVer90 is an un-
cloned virus isolated from the mesenteric lymph node of a naturally in-
fected vervet AGM, AGM90, through the coculturing of infected mono-
nuclear cells with pigtail macaque (PTM) PBMC. Virus titers were
determined by limiting dilution infection of CEMss cells. SIVagmVer9063
is an infectious molecular clone derived from the STVagmVer90 primary
isolate following passage in vivo through a PTM. In vivo experimental
infections conducted by our lab indicated that STVagmVer90 and SIVag-
mVer9063 result in nonpathogenic infections in AGM natural hosts and
pathogenic infections in PTM (50). Additional strains used as controls in
this study were infectious molecular clones STVmac239 and SIVsmE543-3
and SHIV-ADS, an SIV/HIV chimeric virus primarily composed of the
SIVmac239 genome containing the HIV-1 AD8 (R5 tropic) envelope gene
(51), as well as the replication-competent HIV-1 strains BaL (R5 tropic)
and NL4-3 (X4 tropic).

(ii) SIVagm envelope clones and generation/standardization of
pseudotype viruses. The SIVagmVer9063 rev and env genes were cloned
from a plasmid containing the full-length viral genome by using the fol-
lowing primers: SIVagm90 RevEnv for (5'-CAC CAT GCC CCT AGG
ACC AGA A-3) and SIVagm90 Env rev (5'-CTA ATT AAG GAT TTC
CTC AAG CCC-3’). SIVagm T/F envelopes were isolated from plasmas
collected at 1 week postinfection from two AGM, AG5387 and AG5431,
that had been inoculated intrarectally with uncloned SIVagmVer90.
Briefly, viral RNA was extracted from plasma by use of a QlAamp viral
RNA purification kit (Qiagen), and cDNA was synthesized from viral
RNA by using the SuperScript I1I first-strand synthesis system (Life Tech-
nologies) and the primer SIVagm90 Env rev (5'-CTA ATT AAG GAT
TTC CTC AAG CCC-3") according to the manufacturer’s instructions.
PCR amplification was performed using 2 pl cDNA as a template and the
SIVagm90 Env primer pair listed above under the following cycling con-
ditions: 98°C for 30 s followed by 35 cycles of 98°C for 10 s, 60°C for 30 s,
and 72°C for 90 s, with a final extension of 72°C for 10 min. PCR products
were cloned into the pcDNA3.1 Directional TOPO expression vector (In-
vitrogen). Transformed colonies containing correct inserts were identi-
fied by sequence analysis. Expression plasmids containing the SIVagm rev
and env genes were used to generate pseudotype viruses.

2318 jviasm.org

Journal of Virology

TABLE 2 Plasma viral loads for rhesus macaques used in sorting
experiments for CCR5, GPR15, and CXCR6 relative mRNA analysis”

Infectious dose Plasma viral load

Monkey Virus strain (TCIDs,) (RNA copies/ml)
H846 SIVsmE660 1,000 9.8 X 10°
H851 SIVsmE660 1,000 7.8 X 10°
H852 SIVsmE660 1,000 8.6 X 10?
H853 SIVsmE660 1,000 2.6 X 10°
H862 SIVsmE660 500 2.9 X 10°
H864 SIVsmE660 500 1.1 X 10*
H870 SIVsmE660 500 3.9 X 10*
H875 SIVsmE660 500 1.3 X 10°
H876 SIVsmE660 500 2.8 X 10°
H705 Uninfected NA NA
H734 Uninfected NA NA
H788 Uninfected NA NA
DCRG Uninfected NA NA
DCCW Uninfected NA NA

“NA, not applicable.

Pseudotype viruses were generated by cotransfecting 293T cells with a
plasmid encoding the NL4-3-based env-deleted luciferase-expressing vi-
rus backbone (pNL4-3-luc-E"R™) (52) along with expression plasmids
encoding the envelopes of SIVagmVer9063, SIVagm5387 T/F,
SIVagmb5431 T/F, and vesicular stomatitis virus glycoprotein (VSV-g),
which served as a positive control. Cells were transfected using Fugene6
(Promega), and supernatants were collected at 2 days posttransfection,
clarified by filtration, and stored at —80°C until use. Infectivity of pseu-
dotype virions was determined using TZM-bl cells that stably express
human CD4 and human CCRS5. Briefly, TZM-bl cells seeded in a 96-well
plate were infected with serially diluted pseudotype virus in the presence
of 12.5 pg/ml DEAE-dextran (Sigma). Cells were lysed at 2 days postin-
fection with 1X cell culture lysis buffer (Promega). Cell lysate and lucif-
erase substrate (Promega) were mixed, and luciferase activity was mea-
sured using a Mithras LB 940 luminometer (Berthold Technologies).
Virus inocula were standardized on the basis of infectivity for subsequent
use in SIVagm envelope-mediated entry assays.

SGA of SIVagm envelope genes. Viral RNAs were extracted from the
SIVagmVer90 stock inoculum and from plasmas collected at 1 week
postinfection from AG5387 and AG5431 by using a QIAamp viral RNA
minikit (Qiagen). cDNAs were synthesized using the SuperScript III first-
strand synthesis system (Life Technologies) and the primer SIVagm Env
rev2 (5'-AAG AGA CTG AGT TAC AAG CCA GCG-3'). Single-genome
amplification (SGA) was performed as previously described (53). Briefly,
c¢DNA was endpoint diluted in a 96-well plate such that approximately 30
PCR cycles yielded an amplification product. At these dilutions, most
wells contained amplicons from a single cDNA molecule. PCR mixtures
were composed of 1X Platinum Taq High Fidelity PCR buffer, 2 mM
MgSO,, a 0.2 mM concentration of each deoxynucleoside triphosphate,
0.2 wM (each) primers, and 0.025 U/pl of Platinum Taq High Fidelity
DNA polymerase in a 20-pl reaction volume for the first- and second-
round reactions. First-round PCR mixtures contained 1 .l diluted cDNA
(1:700 dilution for the STVagmVer90 stock, 1:30 dilution for AG5387
plasma, and 1:60 dilution for AG5431 plasma) and the following primers:
SIVagm Env for2 (5'-CAA CAG CAG ATG GAA TGA TAC ACC-3') and
SIVagm Env rev2 (5'-AAG AGA CTG AGT TAC AAG CCA GCG-3').
Second-round PCR mixtures contained 1 pl of first-round product and
the following primers: SIVagm Env forl (5'-CAT TTC CGT TGT GGT
TGT CGT AG-3') and SIVagm Env revl (5'-CCA TTC ATC CCA TTC
GTC TCC-3"). The PCR conditions for the first-round reaction were as
follows: 94°C for 2 min and then 35 cycles of 94°C for 15 s, 60°C for 30 s,
and 68°C for 4 min, followed by a final extension of 68°C for 15 min. The
PCR conditions for the second-round reaction followed the conditions
above, with the exception that 45 cycles were performed. Amplicons were
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gel purified and sequenced by members of the Laboratory of Molecular
Microbiology (LMM) Core, NIAID, NIH.

Cloning of vervet AGM and RM entry receptor/coreceptors. Full-
length receptors were cloned from AGM and RM genomic DNAs (CCRS,
GPR15, and CXCR6) or AGM cDNAs (CD4 and CXCR4) extracted from
AGM and RM PBMC. Genomic DNAs were extracted from PBMC by use
of a QIAamp DNA Blood minikit (Qiagen) following the manufacturer’s
instructions. For cDNA synthesis, mRNAs were extracted from AGM
PBMC by use of an AllPrep DNA/RNA minikit (Qiagen) and then reverse
transcribed using a SuperScript I11 first-strand synthesis kit (Life Technol-
ogies) and an oligo(dT) primer. For CCR5 amplification, the following
nested PCR was performed. First-round PCR was performed using 100 ng
genomic DNA and primers RM-CCR5 forl (5'-ATT CCC CCA ACA
GAG CCA AG-3') and RM-CCR5 revl (5'-TTC TCC CCA CAG CAA
GAC AAA G-3") under the following cycling conditions: 98°C for 30 s and
then 10 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 60 s, followed by
72°C for 10 min. Second-round PCR was performed using 5 pl of first-
round PCR product with primers AGM-CCR5-D for (5'-CAC CAT GGA
TTA TCA AGT GTC AAG TC-3') and AGM-CCRS5 rev (5'-TCA CAA
GCC CAC AGA TGT TTC CTG-3") under the cycling conditions de-
scribed above, with the following modifications: 20 cycles and a 62°C
annealing temperature were used. PCR products were gel extracted using
a QIAquick gel extraction kit (Qiagen) and TA cloned using a pcDNA3.1
Directional TOPO expression kit (Invitrogen). Clones were confirmed
through nucleotide sequence analysis (Eurofins).

For cloning of AGM and RM GPR15 and CXCRS6, the following prim-
ers were used: AGM GPR15 for (5'-CAC CAT GGA CCC AGA AGA AAC
TTC-3"), AGM GPR15rev (5'-TTA GAG TGA CACAGA CCT CTT CCT
CC-3"), AGM CXCR6 for (5'-CAC CAT GGCAGA GTATGA TCA CTA-
3’), and AGM CXCRG6 rev (5'-CTA TAA CTG GAA CAT GCT GGT
G-3"). Cycling conditions were similar to those described above, with the
following annealing temperatures: 64°C for GPR15 and 60°C for CXCRé6.
PCR products were gel purified and cloned by use of a pcDNA3.1 Direc-
tional TOPO expression kit (Invitrogen) as described above.

For AGM CD4, cDNA was synthesized using the SuperScript III first-
strand synthesis system (Life Technologies) and the primer AGM CD4 rev
(5'-TGC CTC AAATGG GGC TAC-3") and then amplified using a nested
PCR. First-round PCR was performed using 1 pl cDNA and primers
AGM CD4 forl (5'-CAG CAA GGC CACAAT GAA C-3") and AGM CD4
rev (5'-TGC CTC AAA TGG GGC TAC-3') under the first-round cycle
conditions described above, with an annealing temperature of 58°C. Sec-
ond-round PCR was performed using 5 pl of first-round PCR product
with primers AGM CD4 for2 (5'-CAC CCA GCA AGG CCA CAA TGA
AC-3") and AGM CD4 rev (5'-TGC CTC AAA TGG GGC TAC-3") under
the cycling conditions described above, for 35 cycles. PCR products were
gel purified and cloned by use of a pcDNA3.1 Directional TOPO expres-
sion kit (Invitrogen) as described above.

Analysis of coreceptor use by SIVagm Env-pseudotyped reporter
virus. AGM- and RM-specific coreceptor functions were evaluated by
infection of 293T target cells transiently expressing AGM CD4 and spe-
cies-specific CCR5, GPR15, or CXCR6. Target cells were cotransfected
with plasmids encoding AGM CD4 and a coreceptor of choice by using
the Fugene6 (Promega) transfection reagent. At 1 day posttransfection,
cells were washed and seeded into a 96-well plate (2 X 10* cells/well). The
following day, target cells were infected with 100 50% tissue culture infec-
tive doses (TCIDs,) of SIVagm Env-pseudotyped reporter virus in the
presence of DEAE-dextran (Sigma) and spin inoculated at 2,000 rpm for
20 min. At 2 days postinfection, cells were lysed using 1X cell culture lysis
buffer, and luciferase was quantified using a Mithras LB 940 luminometer
(Berthold Technologies) as described above.

Ex vivo SIV infections of AGM and RM PBMC. PBMC were isolated
from whole blood by density centrifugation as described above. PBMC
were stimulated with 5 pwg/ml PHA and incubated at 37°C for 3 days. IL-2
(final concentration, 10%) was added at 1 day post-PHA stimulation.
PHA-stimulated cells were seeded in a 96-well plate at 1.5 X 10° cells/well.
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Maraviroc-treated cells were preincubated with the inhibitor 1 h prior to
infection (final concentration, 15 wM); untreated cells were incubated at
37°C for 1 h prior to infection. Cells were then infected with 500 50%
infective doses (IDs,) of SIVagmVer90, spin inoculated at 2,000 rpm for
30 min, and incubated overnight at 37°C. The following day, cells were
washed 3 times with complete medium to remove excess virus. After the
final wash, cells were resuspended in medium containing 10% IL-2 and
incubated at 37°C. Culture supernatant samples were collected every 3
days for up to 3 weeks and stored at —20°C. At the time of culture super-
natant collection, fresh medium (with or without maraviroc) was added
to cells. An RT assay was performed to measure viral activity levels in
culture supernatants.

Cell sorting using a FACSAria flow cytometer. PBMC were isolated
from EDTA-treated AGM and RM whole-blood samples as described
above. Cells were washed twice with phosphate-buffered saline (PBS) and
incubated with LIVE/DEAD fixable aqua dead cell stain (Invitrogen) for
10 min at room temperature. Cells were then stained with the following
fluorescently conjugated monoclonal antibodies: anti-CD3 (clone SP34-2
conjugated to Alexa 700; BD Biosciences), anti-CD4 (clone L200 conju-
gated to allophycocyanin [APC]; BD Bioscience), anti-CD8a (clone
RPA-T8 conjugated to Pacific Blue; BD Biosciences), anti-CD8f3 (clone
2ST8.5H7 conjugated to phycoerythrin [PE]; BD Biosciences), anti-CD28
(clone 28.2 conjugated to ECD; Beckman Coulter), and anti-CD95 (clone
DX2 conjugated to PE-Cy5; BD Bioscience). Cells were incubated at 4°C
for 30 min, washed with PBS, and resuspended in medium containing
10% FBS. Cells were sorted using a FACSAria II flow cytometer (BD
Biosciences) into the following subsets: CD4 naive (live, singlet, CD3™
CD4" CD28" CD95™~), CD4 memory (live, singlet, CD3" CD4* CD28™
CD95"), CD8aa (live, singlet, CD3* CD4~ CD8a*™), and CD8af (live,
singlet, CD3" CD4~ CD8«a™ CD8B ™).

mRNA extraction and cDNA synthesis. Sorted cells were washed
twice in PBS, and RNAs and genomic DNAs were extracted using an
AllPrep DNA/RNA minikit (Qiagen) according to the manufacturer’s in-
structions. RNAs were treated with recombinant DNase I (Roche) at 37°C
for 20 min. The DNase I enzyme was inactivated by the addition of 8 mM
EDTA and incubated at 75°C for 10 min. RNA cleanup was performed
using an RNeasy minikit (Qiagen). RNAs were stored at —80°C until use.
cDNAs were synthesized using the SuperScript IIT first-strand synthesis
system (Life Technologies) with an oligo(dT) primer as described above.

qRT-PCR. The following primer pairs were used to detect coreceptor
and actin mRNA levels in sorted cell subsets: AGM CCR5 qPCR forl
(5'-GGT TTT GTG GGC AAC ATA CTG GTC-3') and AGM CCR5
qPCRrevl (5-CGA TTG TCA GGA GGA TGA TGA AG-3'), which yield
a244-bp product; AGM GPR15 qPCR forl (5'-CTG CCT CTGACT TCA
TTT TCC TTG-3') and AGM GPR15 gPCR revl (5'-AGT GGA GTT
GCC TTT TTC TCT GC-3'), which yield a 346-bp product; AGM X6
qPCR for2 (5'-GTT CTT GCC ACC CAG ATG ACA C-3") and AGM X6
qPCRrev2 (5'-TGA CAA ACG CAT AGA GCA CAG G-3'), whichyielda
304-bp product; and QuantumRNA B-actin internal standards (Life
Technologies). PCR products from AGM PBMC were cloned and se-
quenced for validation prior to mRNA detection in sorted cell subsets.
The PCR mixture contained forward and reverse primers (0.2 uM [each])
specific for CCR5, GPR15, CXCR®, or actin and iTaq Sybr green master
mix (Bio-Rad). Coreceptor-specific master mix was added to a 96-well
PCR plate along with 2 pl cDNA template. The following thermocycling
conditions were used: 95°C for 30 s followed by 45 cycles of 95°C for 10 s
and 60°C for 30 s (sample reads were taken at this step), followed by a melt
cycle (65°C to 95°C, increasing by 0.5°C increments). QRT-PCR was per-
formed using a CFX96 Touch real-time PCR detection system (Bio-Rad).
qRT-PCR results were analyzed using CFX Manager software (Bio-
Rad). Relative coreceptor mRNA levels were calculated using the AC;-
method, using a reference gene and the following equation: ratio (ref-
erence/target) = 2C7 (reference) = CT (target) The actin gene was used as a
reference gene in QRT-PCRs. In rare instances where sample duplicates
yielded incongruent results, samples were excluded from analysis.
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FIG 1 SIVagmVer90 uses non-CCR5 entry pathways in AGM PBMC. (A) Viral replication kinetics of HIV-1-infected human PBMC in the absence (black) or
presence (red) of maraviroc (15 uM). (Top) R5-tropic HIV-1 BalL infection; (bottom) X4-tropic HIV-1 NL4-3 infection. (B) Viral replication kinetics of
SIVagmVer90-infected AGM PBMC (1 = 6) in the absence (black) or presence (red) of maraviroc. Data are mean RT activities = standard errors of the means
(SEM). (C) 293T target cells expressing constant levels of AGM CD4 and variable levels of AGM CCR5 were infected with an HIV (pNL4-3) reporter virus
pseudotyped with the STVagm9063 envelope in the absence (black) or presence (red) of maraviroc. Infection was measured by the number of relative light units
(RLU) in cell lysates at 3 days postinfection. Data depict means and standard deviations (SD) for a representative experiment (n = 3).

Statistical analyses. All statistical analyses and graphic analyses were
performed using GraphPad Prism6 (GraphPad Prism Software, La Jolla,
CA). Coreceptor mRNA levels in T cell subsets were compared using the
Wilcoxon test. Coreceptor mRNA levels in AGM and RM and in unin-
fected and SIV-infected animals were compared using the Mann-Whitney
test.

Nucleotide sequence accession numbers. All nucleotide sequences
determined in this study were deposited in GenBank under the following
accession numbers: KU382464 to KU382472.

RESULTS

Examination of CCR5 alleles in a vervet AGM colony. Based
upon the previous finding that SIVsmm can use CCR5-indepen-
dent pathways in sooty mangabeys, we hypothesized that the use
of non-CCR5 entry coreceptors might be a feature of SIV infection
in natural host species. Therefore, we sought to examine if inacti-
vating mutations in CCR5 may exist in another natural host spe-
cies, the vervet AGM. We amplified and sequenced CCR5 genes
from 33 vervet AGM originating from Kenya (via Germany) and
Tanzania. We identified several synonymous point mutations as
well as three nonsynonymous mutations, which resulted in an
asparagine-to-aspartic-acid substitution at position 13 and two
glutamine-to-lysine substitutions, at positions 93 and 188, consis-
tent with the previously described vervet AGM CCRS5 alleles (54).
In our analysis, we did not identify any significant mutations or
deletions that may have led to a dysfunctional protein. Our con-
sensus vervet AGM CCR5 sequence differed from a published
grivet AGM CCRS5 sequence by three amino acids (98.2% homol-
ogous), and it shared 97.2% homology with human CCR5 and
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98.9% homology with RM CCR5. Although it appeared that all the
vervet AGM in our colony possessed wild-type CCR5 genes, CCR5
is known to be expressed at very low levels on CD4* T cells of
AGM. Therefore, we continued to evaluate the coreceptor usage of
SIVagmVer in AGM PBMC.

SIVagmVer90 can utilize CCR5-independent pathways to
enter AGM PBMC. In this study, we sought to determine if
SIVagm is capable of utilizing non-CCRS5 entry pathways in AGM
PBMC. We therefore evaluated whether PHA-stimulated AGM
PBMC were infectible with uncloned SIVagmVer90 in the absence
or presence of the CCR5 antagonist maraviroc. RT activity was
measured in culture supernatants that were collected periodically
for 3 weeks postinfection. For control purposes, we evaluated the
inhibitory effect of maraviroc treatment of HIV-infected human
PBMC by using the CCR5-tropic HIV-1 clone BaL. Untreated
human PBMC infected with HIV-1 BaL exhibited a standard viral
replication curve, whereas treatment of human PBMC with mara-
viroc completely inhibited HIV-1 Bal entry, consistent with a
major role of CCRS5 in entry of this virus (Fig. 1A, top panel).
Conversely, the presence of maraviroc did not inhibit HIV-1
NL4-3 (X4-tropic) infection of human PBMC, since this virus
uses the CXCR4 coreceptor, not CCR5, for entry (Fig. 1A, bottom
panel).

Next, we infected PBMC from six juvenile vervet AGM
(AG26, AG28, AG32, AG33, AG36, and AG39) with uncloned
SIVagmVer90 in the absence or presence of maraviroc. One set
of cells were pretreated with maraviroc prior to infection, and
the remaining cells were left untreated. Cells were then infected
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(n=23).

with 500 TCIDs, of SIVagmVer90, and culture supernatants were
periodically collected and tested for RT activity as described
above. As shown in Fig. 1B, the mean viral replication curves for
both untreated and maraviroc-treated AGM PBMC from six animals
were similar. Thus, maraviroc treatment did not significantly block
entry or replication of SIVagm infection in AGM PBMC, indicating
that this virus appears to enter AGM PBMC in a CCR5-independent
manner. In addition to SIVagmVer90, we also tested the CCR5 de-
pendence of an infectious molecular clone, STVagmVer9063, derived
from an SIVagmVer90-infected PTM at the terminal stages of AIDS
(50). However, we found that SIVagmVer9063, like the parental
SIVagmVer90 strain, was also capable of entering and efficiently rep-
licating in AGM PBMC in the presence of maraviroc (data not
shown). Thus, CCR5 independence was not apparently affected
by macaque passage and adaptation.

Since maraviroc was developed specifically to block human
CCR5 (55, 56), the lack of effect in AGM PBMC could be due to
inefficient activity against the AGM homologue. Therefore, we
cloned CD4 and CCRS5 from a vervet AGM and used these AGM-
derived receptors to evaluate the effect of maraviroc in a transient
expression system in 293T cells. Target cells were cotransfected
with AGM CD4 and various amounts of a plasmid encoding AGM
CCRS5, ranging from 50 ng to 1 pg, and infected with pseudotype
viruses carrying the SIVagmVer9063 envelope in the absence or
presence of maraviroc. In target cells expressing low levels of AGM
CCRS5 (transfected with 50 ng plasmid), comparable to the phys-
iological expression levels of CCR5 on primary AGM CD4" T
cells, 94% of virus entry was blocked in the presence of maraviroc
compared to the level in infected untreated target cells (Fig. 1C).
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Taken together, these results suggest that maraviroc effectively
blocks AGM CCRS5 and that uncloned SIVagmVer90 and the in-
fectious molecular clone STVagmVer9063 can use non-CCRS5 en-
try pathways to enter AGM target cells ex vivo.

Examining the CCR5 dependence of various SIVs in RM
PBMC. We next asked if non-CCR5 entry pathways could support
SIV entry in PBMC from rhesus macaques, a nonnatural host of SIV,
or whether non-CCR5 entry was specific to AGM coreceptors. We
therefore evaluated whether PHA-stimulated RM PBMC were infect-
ible with replication-competent SIVagmVer90 in the absence or pres-
ence of maraviroc, using SIVmac239, SIVsmE543-3, and SHIV-
ADB8 as controls. Similar to the results with AGM PBMC, we found
that SIVagmVer90 effectively entered and replicated in RM PBMC
in the presence of maraviroc. However, the viral replication curve
generated for maraviroc-treated cells was slightly lower than the
viral replication curve observed for untreated RM PBMC (Fig.
2A). Similar results were observed with SIVagmVer9063 and RM
PBMC (data not shown). Notably, the entry and replication of
SIVagmVer90 and SIVagmVer9063 in maraviroc-treated RM
PBMC suggest that functional non-CCR5 entry pathways are
present in RM PBMC. Conversely, infection of RM PBMC with
SIVmac239 and SIVsmE543-3 resulted in substantial virus inhibi-
tion in the presence of maraviroc, although some breakthrough
replication was observed in these cells at 15 days postinfection
(Fig. 2B and C). This finding suggests that SIVmac239 and
SIVsmE543-3 primarily depend on CCR5 for entry into RM
PBMC. Lastly, SHIV-ADS8 entry and replication were com-
pletely blocked in the presence of maraviroc, suggesting that
this virus is strictly CCR5 dependent in RM PBMC, which is
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consistent with its HIV-1 R5-tropic envelope (Fig. 2D). Addi-
tionally, the complete inhibition of SHIV-ADS in the presence
of maraviroc indicates that maraviroc effectively blocks RM-
derived CCRS5. Collectively, these findings suggest that SIVagm
can use CCR5-independent pathways to enter RM PBMC.

AGM- and RM-derived alternative coreceptors, CXCR6 and
GPR15, can support SIVagm entry in vitro. Our PBMC infection
experiments revealed that SIVagmVer90 was capable of using
CCR5-independent pathways to enter AGM and RM PBMC. We
next sought to determine which non-CCR5 coreceptors could
mediate entry of SIVagm in these cells. Several published studies
revealed that in addition to using CCR5, SIVagm envelopes are
capable of entering cells expressing human alternative corecep-
tors, such as the chemokine receptor CXCR6 and the orphan re-
ceptor GPR15, in vitro (36, 37). In order to determine if CXCR6
and GPRI15 can support STVagm entry, we cloned these receptors
from a vervet AGM and an RM. Sequence analysis revealed that
AGM and RM coreceptors are highly homologous, with four
amino acid differences between AGM CCR5 and RM CCRS5, at
positions 13, 163, 198, and 348 (98.9% homologous); two amino
acid differences between AGM GPR15 and RM GPRI15, at posi-
tions 178 and 279 (99.4% homologous); and seven amino acid
differences between AGM CXCR6 and RM CXCR6, at positions
10, 13, 31, 109, 123, 258, and 263 (97.9% homologous).

Additionally, we asked if the CCR5 independence exhibited by
SIVagmVer90 was an inherent feature of the virus or an evolved
feature, as seen by some HIV-1 strains that develop the use of the
entry coreceptor CXCR4 (57, 58). Using SGA, we generated
SIVagm T/F envelopes from plasmas collected at 1 week postin-
fection from two vervet AGM, AG5387 and AG5341, infected with
SIVagmVer90 (via the intrarectal route). We isolated and se-
quenced approximately 20 rev/env amplicons from the virus stock
and from the plasma of each animal. HIV Highlighter plots re-
vealed that envelopes isolated from the uncloned SIVagmVer90
inoculum exhibited high sequence diversity. In contrast, SIVagm
T/F envelopes from AG5387 and AG5431 had extremely low se-
quence diversity, which is consistent with an infection established
by a single transmitted/founder variant (data not shown). Due to
sequence diversity in the SIVagm T/F envelopes from each animal,
we cloned the consensus envelopes from AG5387 and AG5431
into expression plasmids, denoted SIVagm5387 T/F and
SIVagm5431 T/F. Next, we made pseudotype viruses carrying
these envelopes and examined their coreceptor tropism in vitro.
Briefly, HIV-1 (pNL4-3) reporter pseudotype viruses were gener-
ated in 293T cells containing one of the following envelope genes:
that for SIVagmVer9063, STVagm5387 T/F, SIVagm5431 T/F, or
vesicular stomatitis virus glycoprotein (VSV-g). Pseudotype vi-
ruses were then used to infect 293T target cells expressing AGM-
derived CD4 and the AGM- or RM-derived coreceptor CCR5,
GPR15, or CXCRe.

As expected, control pseudotype viruses carrying VSV-g enve-
lopes equally entered the various target cells examined. Our neg-
ative control consisted of 293T cells transfected with AGM CD4
alone, which did not mediate entry of viruses pseudotyped with
SIVagm envelopes. AGM CCR5 efficiently mediated entry of vi-
ruses pseudotyped with the SIVagmVer9063 and SIVagm5387
T/F envelopes, whereas virus pseudotyped with the SIVagm5431
T/F envelope showed moderate use of this coreceptor. All STVagm
envelopes tested efficiently utilized AGM CXCR6 for entry into
target cells; moreover, these SIVagm envelopes utilized AGM
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FIG 3 AGM and RM alternative coreceptors, GPR15 and CXCR6, can support
entry by pseudotype viruses bearing SIVagm envelopes. Pseudotype reporter
viruses bearing various SIVagm envelopes, including transmitted/founder
(T/F) envelopes, were used to infect 293T target cells expressing AGM-derived
(A) and RM-derived (B) coreceptors, i.e., CCR5, GPR15, and CXCR6. Pseu-
dotype reporter viruses bearing vesicular stomatitis virus glycoprotein
(VSV-g) served as a positive control. Infection was measured by the number of
relative light units in cell lysates at 3 days postinfection. Graphs depict means
and SD for representative experiments (n = 3).

CXCR6 more efficiently than AGM CCRS5 in this overexpression
system. Additionally, all SIVagm envelopes examined modestly
utilized AGM GPRI5 for entry into target cells (Fig. 3A). Con-
versely, the SIVagmVer9063 and SIVagm5387 T/F envelopes used
RM CCR5 more efficiently than RM CXCR6, while the
SIVagm5431 T/F envelope utilized these coreceptors at relatively
similar levels. Entry through RM GPR15 was considerably lower
than entry through RM CCR5 and RM CXCR6 (Fig. 3B). Overall,
these results indicate that various SIVagm envelopes can utilize
the AGM- and RM-derived alternative coreceptors CXCR6 and
GPR15 to various degrees, in addition to CCRS5, in vitro.
Examination of relative mRNA levels for CCR5, GPR15, and
CXCR6 in AGM CD4" and CD8* lymphocyte subsets. CD4™ T
cells are the primary target cells of HIV/SIV. In order to determine
if GPR15 and/or CXCR6 could serve as a potential entry corecep-
tor for SIVagm in AGM PBMC, we next sought to determine
whether these potential alternative coreceptors are expressed on
AGM CD4" T cells. Unfortunately, cross-reactive antibodies
against AGM GPR15 and AGM CXCR6 are not commercially
available, which prevents the examination of their protein expres-
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sion levels on CD4™ T cells. Due to reagent limitations, we sought
to characterize GPR15, CXCR6, and CCR5 mRNA profiles in
AGM lymphocyte subsets by using qRT-PCR.

Coreceptor mRNA levels were examined in CD4 " and CD8* T
cell subsets from the 15 vervet AGM (5 uninfected animals and 10
SIVagm-infected animals) listed in Table 1. Notably, vervet AGM
downregulate the CD4 molecule upon activation and thus exhibit
a unique population of CD8aa cells, which appear to serve as
helper T cells (29). Therefore, our analysis of AGM lymphocyte
subsets included CD4 (naive and central memory), CD8aa, and
CD8afy T cells. Upon staining and examining sorted AGM
PBMC, we found that the majority of AGM memory CD4™" T cells
(CD95™) were comprised of central memory T cells (CD28™
CD95™). Although RM PBMC contained both CD4" central
memory (CD28" CD95 ") and effector memory (CD28~ CD95™")
T cell subsets, for the purpose of comparison, we analyzed only the
CD4" central memory T cells so the coreceptor mRNA levels
could be compared directly. Throughout this study, central mem-
ory CD4™ T cells are referred to as memory CD4™ T cells. Among
the AGM lymphocyte subsets examined, CCR5 mRNA levels were
lowest in the naive CD4" T cell subset and highest in the CD8cx
and CD8«ap T cell subsets. In SIV-infected AGM, CCR5 mRNA
levels were significantly higher in memory CD4" T cells than in
naive CD4™ T cells (P = 0.0078) (Fig. 4B, middle panel). A similar
trend was also seen for uninfected AGM, although this difference
did not reach statistical significance (Fig. 4B, left panel).

In order to verify that AGM CCR5 mRNA levels are a surrogate
for AGM CCR5 protein expression, we utilized a commercially
available human anti-CCRS5 antibody that cross-reacts with AGM
CCRS5. Using flow cytometry, we analyzed AGM CCRS5 expression
levels on AGM CD4" and CD8" T cell subsets. Representative
fluorescence-activated cell sorting (FACS) plots for two unin-
fected AGM revealed that CCR5 expression was extremely low on
AGM CD4" T cells (~0.12% of naive CD4" T cells expressed
CCR5, and ~3% of memory CD4™" T cells expressed CCR5) rel-
ative to CCR5 expression on AGM CD8" T cell subsets (approx-
imately 50% of CD8aa and CD8af3 cells expressed CCR5) (Fig.
4A). Importantly, our CCR5 protein expression results were con-
sistent with the expression patterns of CCR5 mRNA data for
CD4" and CD8™ T cell subsets, suggesting that coreceptor mRNA
levels detected using qRT-PCR likely reflect protein expression
levels.

Next, we examined the GPR15 and CXCR6 mRNA levels in
AGM CD4" and CD8™ T cell subsets. GPR15 mRNA levels were
extremely low in AGM naive CD4" T cells, with undetectable
levels in more than 50% of the AGM examined. GPR15 mRNA
detection was significantly higher in memory CD4™ T cells than in
naive CD4™ T cells (P = 0.031 for SIV-infected AGM) (Fig. 4C,
middle panel); this trend was also seen in uninfected AGM, al-
though it did not reach statistical significance (Fig. 4C, left panel).
In contrast to the low CCR5 and GPR15 mRNA levels detected in
AGM naive CD4™ T cells, CXCR6 mRNA was detected at rela-
tively high levels in AGM naive CD4 ™ T cells, which were compa-
rable to CXCR6 mRNA levels in AGM memory CD4™ T cells (Fig.
4D, left and middle panels). Interestingly, we found that CCRS5,
GPR15, and CXCR6 mRNA levels were substantially lower in
memory CD4 " T cells from SIV-infected AGM than in those from
uninfected animals (P = 0.008 for CCR5 [Fig. 4B, right panel];
P = 0.001 for GPR15 [Fig. 4C, right panel]; and P = 0.0753 for
CXCRG6 [Fig. 4D, right panel]). Taken together, these data indicate
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that in addition to CCR5 mRNA, GPR15 and CXCR6 mRNAs
were also detected at relatively high levels in the memory CD4" T
cell subsets, suggesting that these receptors may be expressed in
AGM CD4" T cells and could potentially serve as entry corecep-
tors for SIVagm in vivo.

Examination of CCR5, GPR15, and CXCR6 mRNA levels in
RM CD4" and CD8* lymphocyte subsets. CCR5, GPR15, and
CXCR6 mRNA levels were determined for RM CD4 ™ and CD8* T
cell subsets from 14 RM (5 uninfected animals and 9 SIVsmE660-
infected animals) (Table 2). CCR5 mRNA levels were significantly
higher in memory CD4 " T cells than in naive CD4 " T cells from
uninfected RM (P = 0.0625) (Fig. 5B, left panel) and SIV-infected
RM (P = 0.0039) (Fig. 5B, middle panel). Notably, our RM CCR5
mRNA data are consistent with the CCR5 expression data for RM
CD4" and CD8" T cell subsets generated by flow cytometry. As
shown in Fig. 5A, CCR5 expression was extremely low on naive
CD4™ T cells (~0.1% CCR5 ™ cells), moderate on memory CD4 ™"
T cells (~13% CCR5™ cells), and relatively high on CD8" T cells
(~25% CCR5 ™" cells).

Next, we examined GPR15 and CXCR6 mRNA levels in RM
lymphocyte subsets. We found that GPR15 mRNA levels were
substantially higher in memory CD4 " T cells than in naive CD4 ™"
T cells for both uninfected and SIV-infected animals (P = 0.0625)
(Fig. 5C, left and middle panels). On examining CXCR6 mRNA
levels, we found that the CXCR6 mRNA level in RM naive CD4 ™"
T cells was substantially higher than the CCR5 and GPR15 mRNA
levels in this subset. However, CXCR6 mRNA levels in memory
CD4™" T cells were considerably higher than those in naive CD4 ™"
T cells for both uninfected and SIV-infected animals (P = 0.0625
and P = 0.020, respectively) (Fig. 5D).

Similar to our results for AGM, we found that CCR5, GPRI15,
and CXCR6 mRNA levels in memory CD4" T cells from SIV-
infected RM were significantly lower than the coreceptor mRNA
levels in uninfected animals (P = 0.029 for CCR5 [Fig. 5B, right
panel]; P = 0.004 for GPR15 [Fig. 5C, right panel]; and P = 0.019
for CXCR6 [Fig. 5D, right panel]). In summary, these data indi-
cate that GPR15 and CXCR6 mRNAs, in addition to CCR5
mRNA, were detected at relatively high levels in the memory
CD4" T cell subset, suggesting that these receptors may be ex-
pressed in RM CD4™" T cells and could potentially serve as entry
coreceptors.

CCR5, GPR15, and CXCR6 mRNA levels differ between
AGM and RM memory CD4™ T cell subsets. Next, we compared
CCRS5, GPR15, and CXCR6 mRNA levels between AGM and RM
lymphocyte cell subsets. CCR5 mRNA levels were comparable in
AGM and RM naive CD4" T cells for both uninfected and SIV-
infected animals (Fig. 6A). As expected, CCR5 mRNA levels were
significantly higher in RM than in AGM memory CD4 ™ T cells for
both uninfected and SIV-infected animals (P = 0.0079 and P =
0.0004, respectively). Conversely, CCR5 mRNA levels were signif-
icantly higher in AGM CD8™ T cells than in RM CD8™ T cells for
SIV-infected animals (P = 0.0101) (Fig. 6A, right panel). Our
CCR5 mRNA data generated by qRT-PCR are consistent with our
CCRS5 expression data generated by flow cytometry, which re-
vealed that RM exhibit a higher percentage of CCR5-expressing
memory CD4" T cells than AGM do, whereas CCR5 expression
on CD8™ T cells is relatively higher in AGM than in RM CD8" T
cells (Fig. 4A and 5A).

Similar to our CCR5 mRNA findings, GPR15 mRNA levels
were significantly higher in RM than in AGM memory CD4" T
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FIG 6 Examination of relative coreceptor mRNA levels between AGM and RM T cell subsets from uninfected and SIV-infected animals. Quantitative RT-PCR
was used to determine relative CCR5 (A), GPR15 (B), and CXCR6 (C) mRNA levels in AGM and RM CD4 " and CD8™" T cell subsets from uninfected (left panels;
open symbols) and SIV-infected (right panels; filled symbols) animals. The median coreceptor mRNA level is shown for each subset examined. P values were
calculated using the Mann-Whitney test to determine the level of significance of differences in coreceptor mRNA levels between AGM and RM. P values that

reached statistical significance (P = 0.05) are displayed on graphs.

cells for both uninfected and SIV-infected populations (P =
0.0317 and P < 0.0001, respectively). We also found a significantly
higher level of GPR15 mRNA in RM naive CD4" T cells than in
AGM naive CD4™" T cells from SIV-infected animals (P = 0.0016),
and a similar trend was seen for uninfected animals. Interestingly,
we found comparable levels of AGM and RM CXCR6 mRNAs in
each of the lymphocyte subsets examined, with the exception of
memory CD4" T cells. Significantly higher levels of CXCR6

mRNA were observed in SIV-infected RM memory CD4™" T cells
than in AGM memory CD4* T cells (P = 0.0101) (Fig. 6C, right
panel). Overall, we found that CCR5, GPR15, and CXCR6 mRNA
levels were substantially higher in RM memory CD4 ™" T cells than
in AGM memory CD4 " T cells.

CCR5, GPR15, and CXCR6 mRNA levels correlate in RM
memory CD4™" T cells but not in AGM memory CD4* T cells.
Lastly, we examined if there were any associations between CCR5,

FIG5 Relative CCR5, GPR15, and CXCR6 mRNA levels in sorted RM CD4 " and CD8™ T cell subsets from uninfected and SIV-infected RM. (A) Representative
FACS plots for two uninfected RM, showing CCR5 protein expression levels on CD4™" (naive and memory) and CD8" T cell subsets. SSC, side scatter.
Quantitative RT-PCR was used to determine relative CCR5 (B), GPR15 (C), and CXCR6 (D) mRNA levels in sorted RM CD4™ and CD8™" T cell subsets from
uninfected (left panels; open symbols) and SIV-infected (middle panels; filled symbols) animals. The median coreceptor mRNA level is shown for each subset
examined. For panels B to D, left and middle panels, P values were calculated using the Wilcoxon test to determine the level of significance of differences in
coreceptor mRNA levels between various cell subsets. For panels B to D, right panels, P values were calculated using the Mann-Whitney test to determine the level
of significance of differences in coreceptor mRNA levels between uninfected and SIV-infected RM. P values that reached statistical significance (P = 0.05) are
displayed on graphs.

2326 jvi.asm.org Journal of Virology March 2016 Volume 90 Number 5


http://jvi.asm.org

% 1039 p=0.2182
H 1r=04303
. ]
P4
['4 L] [
£ L]
©0
[ ]
x .
X
3 o
Q
=2 ° °
s
g 104 T .... ™
105 104 1073
Relative CCR5 mRNA levels
3 1039 p = 0.1409
3 r=0.5356
<
P4
[\'4 ]
E L]
w0
S T
X
3) ° o
(4
= °
S
8
& 10-4-
107 10 108 10 102

Relative GPR15 mRNA levels

p=0.6024
r=0.2008 .

Relative GPR15 mRNA levels

104 10

Relative CCR5 mRNA levels

Non-CCR5 Entry of SIVagm in AGM

|;U
<

102 p = 0.0004
r=0.9500

Relative CXCR6 mRNA levels 0

102

10
Relative CCR5 mRNA levels

2 1025 p=0.0369

2 r=0.7167

<

Z

£ ° .

£ 10° . ®

§<) ° LN ]

3}

g °

2

s .

Q 104t — T ™

& g0 104 10

Relative GPR15 mRNA levels

2 1035 p=0.0760

S r=0.6333 .

K] °

B « °

(4 [ °

£

© 104 °

[ 4 °

&

o o

2

S

=

2 105 ™rTTT T

m L] T 1
104 10 102

Relative CCR5 mRNA levels
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GPR15, and CXCR6 mRNA levels detected in AGM and RM lym-
phocyte subsets. Interestingly, for SIV-infected RM memory
CD4™" T cells, we found significant positive correlations in mRNA
levels between CXCR6 and CCR5 (P = 0.004; r = 0.9500) and
between CXCR6 and GPR15 (P = 0.0369; r = 0.7167) (Fig. 7B).
We also found a positive trend between GPR15 and CCR5 mRNA
levels (P = 0.0760; r = 0.6333) in this subset (Fig. 7B, bottom
panel). These findings suggest that RM with low levels of CXCR6
mRNA in their memory CD4" T cells also exhibit low levels of
CCR5 and GPR15 mRNAs. Conversely, animals with high levels of
CXCR6 mRNA in their memory CD4™ T cells also exhibit high
levels of CCR5 and GPR15 mRNAs. Associations between core-
ceptor mRNA levels were not identified in RM naive CD4™" T cells
or CD8"' T cells from SIV-infected animals (data not shown).
Interestingly, we did not find any significant associations between
CCR5, GPR15, and CXCR6 mRNA levels in AGM naive and
memory CD4" T cells (Fig. 7A) or CD8™ cell subsets (data not
shown) from infected animals. Additionally, correlations were not
observed between coreceptor mRNA levels in uninfected AGM
and RM. Taken together, these findings suggest that CCRS5,
GPR15, and CXCR6 expression may be coordinately regulated in
RM memory CD4™ T cells but notin AGM memory CD4™ T cells.
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DISCUSSION

African NHP are natural hosts of STV, and despite high viral loads,
infection in these animals is generally nonpathogenic. Investiga-
tion of the numerous ways in which natural hosts remain asymp-
tomatic in the face of SIV infection may shed light on novel ap-
proaches to treating HIV-infected humans. Previous studies
suggested that a variety of factors may contribute to the nonpatho-
genicity seen in SIV-infected natural hosts, including (i) attenua-
tion of chronic immune activation (9, 12, 59), (ii) maintenance of
the mucosal gut epithelial barrier (14, 60), (iii) a lack of microbial
translocation (23), (iv) downregulation of the CD4 receptor on
potential target cells, thus creating a subset of cells that are SIV
resistant (29-31), and (v) low CCR5 expression on CD4™ T cells
from natural hosts compared to CCR5 expression on CD4 T cells
from nonnatural hosts (32). In this study, we propose that in
addition to the aforementioned factors, SIV isolated from natural
host species may be able to utilize CCR5-independent entry path-
ways. Expanded coreceptor utilization would likely affect target
cell tropism and potentially affect infection outcomes. We hy-
pothesize that broad coreceptor usage by SIV may contribute to
reduced pathogenicity if potential alternative coreceptors are
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highly expressed on expendable cell subsets (i.e., effector
and/or effector memory T cells) and are expressed at low levels
on critical cell subsets, such as central memory T cells. Since
our results suggest that CCR5 is not coordinately regulated
with GPR15 or CXCR6 levels in AGM CD4™ T cells, the use of
alternative coreceptors could potentially spare critical CCR5-
expressing subsets in this species. This differs from the coordi-
nate regulation of these coreceptors in rhesus macaque CD4* T
cells, and this difference between species could play a role in
pathogenicity.

It has largely been accepted that CCR5 is the primary entry
coreceptor used by SIV in vivo, although several exceptions have
been reported (39-41, 61). Interestingly, a number of studies re-
vealed that various strains of SIV were able to infect and replicate
in CCR5-null human PBMC as well as in CEMx174 cells, which
lack CCRS5 expression (62—64). These findings indicate that core-
ceptors other than CCRS5 can support SIV entry and replication ex
vivo. Additionally, the notion that CCR5-independent pathways
can support and sustain SIV infection in vivo was demonstrated in
a study where genetically CCR5-deficient SM were identified that
were SIVsmm positive and exhibited robust plasma viral loads
(40). This finding raised many questions regarding SIVsmm co-
receptor usage and target cell tropism in SM natural hosts and
prompted us to investigate whether the use of CCR5-independent
pathways is unique to SM or is a common feature attributed to
other natural host species.

In the current study, we examined the CCR5 dependence and
alternative coreceptor use of SIV isolated from vervet AGM. In-
terestingly, we found that STVagmVer90 was able to efficiently
replicate in AGM PBMC in a CCR5-independent manner, which
is consistent with a study reporting that SIVsmm primary isolates
from SM natural hosts were able to enter and replicate in maravi-
roc-treated SM PBMC (40, 65). Our finding supports the notion
that SIVagmVer, like SIVsmm, may utilize non-CCR5 entry core-
ceptors in vivo, and it supports our hypothesis that the use of
CCR5-independent pathways may be a common feature attrib-
uted to SIV strains in natural host species. Conversely, we found
that entry and replication of SIVmac239, SIVsmE543-3, and
SHIV-ADS were significantly inhibited in maraviroc-treated RM
PBMC. This finding suggests that either (i) the latter viruses are
primarily CCR5 dependent in RM PBMC or (ii) non-CCRS5 entry
coreceptors are not expressed or functional for use by SIV in RM
PBMC. To address the latter point, we investigated whether
SIVagm could utilize CCR5-independent entry pathways in RM
PBMC, and we found that SIVagmVer90 replicated efficiently in
maraviroc-treated RM PBMC, confirming that non-CCR5 entry
pathways are available and functional for SIV use in these cells.
Therefore, the inability of SIVmac239, SIVsmE543-3, and SHIV-
ADS to efficiently enter and replicate in maraviroc-treated RM
PBMC may be due to virus-dependent factors that prevent the use
of RM-specific non-CCRS5 coreceptors. Based on these findings,
we speculate that SIV coreceptor use, which likely affects target
cell tropism, may differ between SIV-infected natural (AGM) and
nonnatural (RM) hosts.

Next, we investigated which alternative coreceptors could sup-
port SIV entry in AGM PBMC. It has been reported for many years
that SIV envelope proteins isolated from various strains of SIV
(i.e., SIVsmm and SIVmac) have promiscuous coreceptor tropism
in vitro and are capable of utilizing various chemokine and orphan
receptors for entry, such as APJ, GPR1, GPR15 (BOB), and
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CXCR6 (Bonzo/STRL33/CD186) (35-38, 66). However, the in
vivo significance of alternative coreceptor use remains unclear.
Although in vitro alternative coreceptor use has been studied ex-
tensively, a caveat to many of these studies was the use of human-
derived alternative coreceptors, thus making it unclear if species-
matched alternative coreceptors could also support SIV entry.
Recently, a number of studies began to address this issue and have
shown, particularly in the case of SM, that SM-derived GPR15 and
CXCR6 mediate entry of pseudotype viruses bearing SIVsmm en-
velopes (65, 67). Likewise, we found that AGM-derived GPR15
and CXCR6 supported entry of SIVagm-pseudotyped viruses to
various degrees. Interestingly, SIVagmVer transmitted/founder
envelopes were able to utilize AGM GPR15 and AGM CXCRé6 for
entry into target cells, suggesting that these alternative coreceptors
not only support replication of SIVagm but may mediate trans-
mission of the virus in vervet AGM. The use of AGM-derived
GPR15 and CXCR6 combined with the relatively high levels of
GPR15 and CXCR6 mRNAs in memory CD4™ T cells strongly
suggests that these alternative coreceptors may serve as potential
alternative coreceptors for SIVagm entry in vivo.

In contrast to our finding that SIVagm could utilize CCR5-inde-
pendent pathways in AGM PBMC, we found that SIVmac239,
SIVsmE543-3, and SHIV-ADS8 were primarily CCR5 dependent in
RM PBMC. Interestingly, SIVmac239 has been shown to efficiently
utilize human-derived alternative coreceptors, such as GPRI,
GPR15, and CXCR6, for entry in vitro (37). However, a recent
study examined the role of GPR15 use by SIVmac239 in CCR5-
null human PBMC and found that a large percentage of
SIVmac239-infected cells did not express GPR15. Based on this
finding, it was concluded that GPR15 does not play a significant
role as an entry coreceptor for SIVmac239 (64). Additionally,
studies have reported that RM CXCR6 does not mediate efficient
entry of multiple SIVmac derivatives, while human CXCR6 and SM
CXCR6 mediate efficient entry of these viruses (65, 68, 69). The in-
ability of RM CXCR6 to mediate efficient entry of SIVmac239 was
mapped to a single amino acid substitution, S30R. Pohlmann et al.
found that a serine at position 30 is critical for CXCR6 coreceptor
function (68). Interestingly, human CXCR6, SM CXCR6, and
AGM CXCR6 (vervet, grivet, and sabaeus subspecies) contain a
serine at position 30, whereas RM and PTM CXCR6 sequences
have an arginine at this position. We observed that RM CXCR6
supported entry of pseudotype viruses bearing SIVagm envelopes,
albeit less efficiently than entry though RM CCR5 and AGM
CXCR6. Our findings suggest that although GPR15 and CXCR6
mRNAs were detected in RM CD4™" T cell subsets, a combination
of virus-dependent factors and host factors may prevent these
alternative coreceptors from supporting SIVmac infection in vivo.
Opverall, these findings highlight the importance of studying spe-
cies-matched alternative coreceptors and their corresponding vi-
ruses.

Lastly, we also characterized the mRNA expression profiles of
CCR5, GPR15, and CXCR6 in AGM and RM CD4" and CD8* T
cell subsets. To our knowledge, this study describes for the first
time the CCR5, GPR15, and CXCR6 mRNA levels in primary
vervet AGM CD4" and CD8" T cell subsets. Previous reports
indicate that CCR5 expression levels are substantially lower on
CD4™ T cells from natural hosts than on those from nonnatural
hosts (32). Our CCR5 mRNA data corroborate these studies, as
CCR5 mRNA levels were significantly lower in AGM memory
CD4" T cells than in RM memory CD4" T cells. GPR15 and
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CXCRG6 expression levels have been defined for primary human
cells and, to a lesser extent, for primary cells from nonhuman
primates. Farzan et al. detected GPR15 mRNA in RM PBMC, and
a number of studies have reported that GPR15 mRNA and/or
protein was detected in human colon and lymphoid tissues, par-
ticularly in human CD4* and CD8™ T cell subsets, with naive T
cells being largely GPR15 negative (35, 64, 70). Our analysis of
GPR15 mRNA in primary AGM and RM T cell subsets is consis-
tent with published reports. Among human cells, CXCR6 expres-
sion has been detected in human PBMC, T cells, and NK cells, and
atlow levels in monocytes (36, 71). However, there are conflicting
reports regarding CXCR6 expression on naive and memory T cell
subsets. Littman et al. detected CXCR6 expression exclusively on
human memory (CD45RO™) T cells, while Lee et al. found
CXCR6 expression exclusively on human naive CD4™ T cells
(CD45RA™ CD62L™) (69, 71). Interestingly, in AGM and RM
primary cells, we detected relatively high levels of CXCR6 mRNA
in both naive and memory CD4™ T cell subsets as well as in AGM
and RM CD8™ T cell subsets. Lastly, previous studies have re-
ported that CCR5 and CXCR6 are coordinately regulated on the
memory subset of human T cells, where most CCR5™ cells also
express CXCR6 (71). Similarly, we found strong positive correla-
tions between CCR5, CXCR6, and GPR15 mRNA levels in RM
memory CD4™" T cells, particularly between CCR5 and CXCR6,
suggesting that these coreceptors may be coexpressed on RM
CD4™ T cells. Interestingly, we did not observe any correlations
between CCR5, GPR15, and CXCR6 mRNA levels in any of the
AGM CD4" and CD8™ T cell subsets examined, suggesting that
these coreceptors are not coordinately regulated in AGM CD4" T
cells.

This observation suggests that CCR5, GPR15, and CXCR6 may
have differential expression patterns on AGM and RM CD4* T
cells. We propose that AGM natural hosts may benefit from the
uncoordinated expression of CCR5, GPR15, and CXCR6 on
CD4™ T cells, combined with the ability of SIV to use non-CCR5
entry pathways. As previously mentioned, natural hosts have a
small proportion of CD4* CCR5™ T cells. The notion that non-
CCR5-expressing CD4™" T cells can support SIV replication could
contribute to high viral loads in the context of low CCR5 expres-
sionon CD4™" T cells in natural hosts. Paiardini et al. reported that
SM central memory CD4" T cells are relatively spared from
SIVsmm infection due to restricted CCRS5 expression, which likely
contributes to the preservation of immune cell homeostasis in
these animals (33). It is plausible that AGM developed similar
mechanisms to restrict CCR5 expression on critical cell subsets
required for maintaining CD4" T cell homeostasis. This theory is
consistent with a model that uncouples high viral load produc-
tion, which perhaps occurs in dispensable cell subsets that express
CCRS5, GPR15, CXCR6, or an unidentified alternative coreceptor,
and the preservation of CD4™ T cell homeostasis in AGM natural
hosts. However, we speculate that viral replication and CD4" T
cell homeostasis may be coupled in SIV-infected nonnatural hosts
(i.e., RM), which may contribute to pathogenicity in these ani-
mals. Taken together, our findings suggest that the use of non-
CCRS5 entry coreceptors, such as GPR15 and CXCR6, may be a
common feature attributed to SIV strains in natural host species,
which may affect target cell tropism and contribute to nonpatho-
genicity in these animals.
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