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Human immunodeficiency virus type 1 (HIV-1) enters target cells by sequential binding to CD4 and specific
seven-transmembrane-segment (7TMS) coreceptors. Viruses use the chemokine receptor CCRS as a coreceptor
in the early, asymptomatic stages of HIV-1 infection but can adapt to the use of other receptors such as CXCR4
and CCR3 as the infection proceeds. Here we identify one such coreceptor, Apj, which supported the efficient
entry of several primary T-cell-line tropic (T-tropic) and dualtropic HIV-1 isolates and the simian immuno-
deficiency virus SIVmac316. Another 7TMS protein, CCR9, supported the less efficient entry of one primary
T-tropic isolate. mRNAs for both receptors were present in phytohemagglutinin- and interleukin-2-activated
peripheral blood mononuclear cells. Apj and CCRY share with other coreceptors for HIV-1 and SIV an
N-terminal region rich in aromatic and acidic residues. These results highlight properties common to 7TMS
proteins that can function as HIV-1 coreceptors, and they may contribute to an understanding of viral

evolution in infected individuals.

The human immunodeficiency viruses type 1 and type 2
(HIV-1 and HIV-2) are the etiologic agents of AIDS, which
results from the depletion of CD4-positive T lymphocytes (3,
15, 17). HIV-1 infects T lymphocytes, monocytes/macrophages,
dendritic cells, and microglial cells in the central nervous sys-
tem. Efficient entry of HIV-1 into these cells is dependent on
the binding of the viral envelope protein gp120 to the cellular
receptor CD4 and subsequently to one of several seven-trans-
membrane-segment (7TMS) receptors (1, 5, 7, 8, 10, 11, 16,
22). Most of the known 7TMS receptors that serve as HIV-1
coreceptors have as their natural ligands members of the che-
mokine family. In addition, several orphan receptors, some of
which are only distantly related to chemokine receptors, sup-
port the entry of various simian immunodeficiency viruses
(SIV) and less efficient entry of some HIV-1 isolates (2, 9, 12,
21).

HIV-1 isolates are usually described in terms of their cellular
tropism and passage history (5). Macrophage-tropic (M-tropic)
viruses infect macrophages and primary T cells but not most
immortalized T-cell lines. Dualtropic viruses can infect mac-
rophages, primary T cells, and T-cell lines. T-cell line-tropic
(T-tropic) viruses can infect primary T cells and T-cell lines but
not primary macrophages. T-tropic viruses can be usefully di-
vided into those that have been extensively passaged in labo-
ratory cell lines (laboratory-adapted T-tropic viruses) and
those that have been molecularly cloned after only limited in
vitro passage (primary T-tropic viruses). HIV tropism is
strongly correlated with coreceptor use. M-tropic viruses
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mainly use CCRS5 as a coreceptor, although some M-tropic
viruses can also use CCR3. The laboratory-adapted T-tropic
viruses mainly use CXCR4 as a coreceptor. Most dualtropic
and primary T-tropic viruses use CCRS5, CXCR4, CCR3, and
other receptors with different levels of efficiency (5, 10, 21).

Alanine-scanning mutagenesis of the exterior domains of
CCRS had shown that a small region in the N terminus of
CCRS, rich in tyrosines and acidic residues, plays an important
role in infection by HIV-1 and SIV isolates using this corecep-
tor (14). The presence of a similar array of residues in the N
termini of two orphan 7TMS receptors helped to identify these
receptors as efficient coreceptors for SIV (12). Here we show
that a previously cloned 7TMS receptor, Apj (27), is expressed
in the brain and in phytohemagglutinin (PHA)- and interleu-
kin-2 (IL-2)-activated peripheral blood mononuclear cells
(PBMC) and supports the efficient entry of recombinant
HIV-1 pseudotyped with the envelope glycoproteins of several
primary HIV-1 isolates. Apj also contains an array of aromatic
and acidic residues in its N terminus that are similar to those
of CXCR4, CCR3, and CCRS, although it has much higher
overall sequence similarity to the angiotensin receptors I and II
than to any known chemokine receptor (27). CCR9 (26), a
newly identified 7TMS receptor with a similar array of ty-
rosines, less efficiently supported the entry of only 1 recombi-
nant primary T-tropic virus of 10 isolates tested. These results
underscore the importance of residues in the N terminus of
coreceptor molecules for primary T-tropic as well as M-tropic
viruses, and they may contribute to an understanding of HIV-1
evolution in the host.

MATERIALS AND METHODS

Plasmids. Plasmids pHXBH10AenvCAT and pSVIllenv, used to produce
recombinant HIV-1 virions containing the envelope glycoproteins from the
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HIV-1 isolates ADA, YU2, JR-FL, 89.6, ELI, UG21, MN, and HXB2 or the
envelope glycoproteins from SIV isolates SIVmac239 and SIVmac316, have been
described previously (5, 18, 20, 23, 25, 30). Plasmid pCD4, used to express
full-length CD4 in Cf2Th cells, has been described elsewhere (4). CCRS, CCR3,
CCR2b, CXCR4, and gprl5 in the expression vector pcDNA3 (Invitrogen) have
been described previously (5, 12). CCR8 and HA-tagged CCR8 in the pcDNA3
plasmid were provided by Monica Napolitano. US28 was expressed in a pCEP4
vector (Invitrogen). Strl33 was isolated from a T-cell cDNA library described
previously (12) and cloned into the pcDNA3 vector. An additional plasmid
encoding Strl33 in a pCEP4 vector was provided by Joshua Farber (21). Apj and
CCRY were cloned from human brain QUICK-Clone ¢cDNA (Clonetech) and
QUICK-Clone MOLT-4 ¢cDNA (Clontech), respectively, and subcloned into
pcDNA3.

Cell lines. Cf2Th canine thymocytes (ATCC CCRL 1430) were obtained from
the American Type Culture Collection. Cells were maintained as described
previously (5). Cf2Th-CD4 cells were generated by transfection with the expres-
sor plasmid pcDNA3.1 (Invitrogen) encoding CD4, selection with 0.1 mg/ml
hygromycin, and cloning by limiting dilution.

env complementation assay. A single round of HIV-1 infection was assayed in
a previously described env complementation assay (5). Briefly, recombinant
HIV-1 with the nef gene replaced by a gene encoding chloramphenicol acetyl-
transferase (CAT) was pseudotyped with various HIV-1 and SIV envelope gly-
coproteins and used to infect Cf2Th or Cf2Th-CD4 cells. The target cells had
been transfected, 48 h before infection, by the calcium phosphate method with
either 10 pg of plasmid encoding CD4 and 20 ug of plasmid encoding a 7TMS
receptor (Cf2Th), or 25 pg of plasmid encoding a 7TMS receptor (Cf2Th-CD4).
For these assays, 25,000 cpm of reverse transcriptase activity of the recombinant
viruses containing the envelope glycoproteins of YU2, ADA, JR-FL, 89.6, ELI,
UG21, MN, HXB2, SIVmac239, or SIVmac316 was incubated at 37°C with
Cf2Th target cells expressing various 7TMS molecules. Cells were lysed 72 h
after infection, and CAT activity was measured, indicating the efficiency of
infection.

Detection of mRNA encoding Apj and CCR9. The mRNA from PBMC acti-
vated with 5 pg of PHA per ml, with or without 20 U of IL-2 per ml added 48 h
later, was isolated and reverse transcribed as previously described (12). The
c¢DNAs for Apj and CCR9 were detected by PCR. QUICK-clone brain, thymus,
and spleen cDNAs (Clonetech) were also used to identify the presence of Apj
and CCRO.

Quantitation of viral replication. Replication-competent 89.6 or ELI virus was
made by transfecting HeLa cells or 293T cells, respectively, by the calcium
phosphate method with plasmids containing the proviral genome. Replication-
competent virus was harvested 72 h after transfection and incubated with CF2Th
cells 48 h after transfection of these cells with a plasmid expresing CD4 and
either pcDNA3 or plasmids encoding Apj and CXCR4, in the presence or
absence of 50 wM azidothymidine. Four days after infection, the p245“ protein
was detected with an HIV-1 p24 enzyme-linked immunosorbent assay kit (Du-
pont Medical Products) as specified by the manufacturer.

RESULTS

We investigated the properties of two human 7TMS recep-
tors whose N termini exhibited sequence similarity to the N
termini of CCRS and/or CXCR4. Both the orphan receptor
Apj and CCRY, whose murine counterpart binds murine
MIP-1a and MIP-1B (26), possess N-terminal tyrosines that
could be aligned with the tyrosines shown to be important for
the ability of CCRS5 to support HIV-1 and SIV entry (14).
Figure 1 demonstrates that both Apj and CCR9 can serve as
coreceptors for the entry of some HIV-1 or SIV isolates. As
previously reported (5), virus pseudotyped with the envelope
glycoproteins from M-tropic HIV-1 isolates (ADA, JR-FL, and
YU2), a dualtropic HIV-1 isolate (89.6), or SIV isolates (SIV-
mac239 and SIVmac316) could efficiently enter Cf2Th-CD4
cells expressing CCRS. Also as expected, Cf2Th-CD4 cells
expressing CXCR4 supported the entry of a dualtropic HIV-1
isolate (89.6), primary T-tropic HIV-1 isolates (ELI and
UG21), laboratory-adapted T-tropic HIV-1 isolates (HXBc2
and MN), and, very inefficiently, SIVmac316. The same viruses
were used to infect Cf2Th cells expressing CD4 and either Apj
or CCRO. Cells expressing CD4 and Apj supported the entry of
a primary dualtropic HIV-1 isolate (89.6), primary T-tropic
HIV-1 isolates (ELI and UG21), and, to a lesser extent, labo-
ratory-adapted T-tropic HIV-1 isolates (MN and HXB2). In-
terestingly, SIVmac316, which is derived from a rhesus ma-
caque infected with SIVmac239 (25), can also infect cells
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FIG. 1. Dualtropic and T-tropic viruses use Apj or CCR9 as coreceptors.
Cf2Th-CD4 cells were transfected with either the pcDNA3 vector only or
pcDNA3 plasmids encoding CCRS, CXCR4, Apj, or CCRO. The transfected cells
were incubated with recombinant CAT-expressing viruses containing the enve-
lope glycoproteins of the M-tropic HIV-1 ADA, JR-FL, or YU2; the dualtropic
HIV-1 89.6; the primary T-tropic HIV-1 ELI, or UG21; the laboratory-adapted
T-tropic HIV-1 MN or HXBc2; or the SIV isolates STVmac239 or SIVmac316.
Entry was quantitated as the ratio of the acetylated forms of chloramphenicol
(upper spots) to the unacetylated form (bottom spot). Samples in which conver-
sion is greater than 60% were diluted 1:10 and reassayed for quantitative com-
parisons. Entry of viruses pseudotyped with 89.6, ELI, UG21, MN, or HXBc2
envelope glycoproteins into cells expressing Apj was 5.6 = 0.2, 10.2 = 0.1, 7.7 =
0.4, 1.5, and 0.3% = 0.1%, respectively, of that of the same viruses entering cells
expressing CXCR4. The entry of the virus pseudotyped with the envelope gly-
coproteins of SIVmac316 into cells expressing Apj was 21.9% * 4.7% of that
observed for cells expressing CCRS5. Entry of virus pseudotyped with UG21
envelope glycoproteins into cells expressing CCR9 was 6.2% * 1.9% of that
observed for cells expressing CXCR4.

expressing CD4 and Apj, although SIVmac239 does so only
weakly. CCR9 was able to support the entry of virus
pseudotyped with the envelope glycoproteins of the primary
T-tropic HIV-1 isolate, UG21, but also demonstrated signals
above those seen for the control cells expressing only CD4
when viruses containing the 89.6, ELI, or SIVmac316 envelope
glycoproteins were tested.

To assess the potential physiological relevance of these ob-
servations, we sought to determine whether Apj and CCR9
were present in PBMC stimulated with PHA or with PHA plus
IL-2. Figure 2 shows that cDNAs for both CCRY and Apj were
detected in PBMC that had been activated with PHA plus IL-2
but only weak signals were seen for PBMC that had been
stimulated with PHA alone. No signal was detected for either
receptor if reverse transcriptase was excluded from the mRNA
preparations used to generate cDNA, indicating that these
signals were not derived from contaminating genomic DNA.
We also detected Apj in preparations of cDNA from spleen
and from brain (data not shown); the latter observation is
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FIG. 2. Expression of Apj and CCR9 in PBMC. mRNA was isolated from
PBMC activated with PHA (right-hand lanes) or with PHA plus IL-2 (left-hand
lanes) and reverse transcribed to cDNA. PCR was performed with primers
bounding an approximately 1,100-bp fragment of the Apj or CCR9 gene, or a
200-bp fragment of the B-globin gene control. In the lanes labeled RT—, the
PCR was performed with the same reaction mixes used in the other two lanes,
but prepared without reverse transcriptase.

consistent with previous reports (24, 27) and our own ability to
clone Apj from brain cDNA. CCR9 was detectable in cDNA
prepared from the thymus (data not shown).

The ability of Apj and CCR9 to support virus entry was
compared with that of a number of receptors previously re-
ported to exhibit HIV and/or SIV coreceptor activity, by using
a smaller panel of viruses. Figure 3 shows that entry of some
HIV-1isolates into Cf2Th cells expressing CD4 and CXCR4 or
CD4 and CCRS5 was efficient, as was SIV entry into Cf2Th cells
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expressing CD4 and Strl33, CCRS, or gprl5. These levels of
entry were nearly 10-fold higher than those observed for the
next most efficient receptors, Apj and CCR3. Although specific
reagents were not available to normalize for the cell surface
expression of receptors, some conclusions can be drawn.
CCR2b only weakly supports the entry of one virus, 89.6, a
result quantitatively consistent with the first report of CCR2b
use (10). Signaling and binding experiments by MCP-1 on 293T
cells have previously demonstrated that the CCR2b construct
used here can be expressed efficiently in these cells (13). Con-
sistent with previous reports, CCR3 can support the entry of
M-tropic (ADA), dualtropic (89.6), and primary T-tropic
(ELI) HIV-1 at efficiencies ranging from 5 to 10% of those of
the entry of the same viruses when either CCR5 (ADA and
89.6) or CXCR4 (ELI) is used. Slightly higher levels of entry
into cells expressing Apj were detected for 89.6 and ELI vi-
ruses. Values only slightly above background were detected for
the entry of HIV-1 isolates into cells expressing CD4 and
CCRS, Strl33, or the cytomegalovirus-encoded 7TMS recep-
tor, US28. These results are not quantitatively consistent with
other reports of HIV-1 entry on these receptors (21, 28, 29), a
discrepancy that may be accounted for by differences in the
level of coreceptor expression achieved. However, expression
of the identical US28 construct was verified on transfected
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FIG. 3. Comparison of virus entry by using Apj or other reported coreceptors. Cf2Th cells were transfected with a plasmid expressing CD4 and the pcDNA3 vector
or plasmid expressing the indicated 7TMS receptor and incubated with recombinant viruses containing the ADA, 89.6, ELI, HXBc2, SIVmac239, or SIVmac316
envelope glycoproteins. CAT expression was analyzed in the target cells as described in Materials and Methods.
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FIG. 4. Apj supports the entry of replication-competent viruses. Replication-
competent ELI (A) and 89.6 (B) HIV-1 isolates were incubated with Cf2Th cells
transfected with CD4 and either a control plasmid or plasmids encoding Apj or
CXCR4, in the presence or absence of 50 uM azidothymidine (AZT). The p24
values from 4 days after infection are given in picograms per milliliter, with a 1:5
dilution of cell supernatant.

293T cells by using MIP-1p binding (data not shown). Some of
the reported discrepancies may arise from the use of assay
systems in which entry into cells expressing CCRS or CXCR4
is saturated, thus exaggerating the relative efficiency of other
receptors. Although care must be taken when comparing virus
entry into cells expressing different receptors, we conclude that
Apj is a relatively efficient receptor for dualtropic and primary
T-tropic HIV-1 isolates. Figure 4 demonstrates that Apj can
serve as an efficient coreceptor for primary dualtropic viruses
in an assay system involving replication-competent viruses.

DISCUSSION

During the course of HIV-1 infection, viruses emerge that
use a broader range of coreceptors (6), including CXCR4,
CCR3, CCR2b, and, as shown here, Apj. These dualtropic and

J. VIROL.

primary T-tropic viruses probably infect a broader range of
target cells, and their emergence may coincide with an accel-
erated disease progression. The ability of SIVmac316, but not
SIVmac239, to use Apj as a coreceptor demonstrates that this
expansion of receptor use may occur within SIV-infected rhe-
sus macaques as well. SIVmac316 is derived from a macaque
infected with SIVmac239 that had developed AIDS-like symp-
toms (25). The relative efficiency with which Apj is used as a
coreceptor by primary viruses and its expression on activated
PBMC suggest that it may play a role in viral dissemination in
HIV-infected individuals. Moreover, the lower efficiency of
Apj use by laboratory-adapted viruses, compared with primary
T-tropic viruses, may suggest that Apj-using viruses are se-
lected in vivo but not in vitro in humans as well as in macaques.

M-tropic HIV-1 isolates that have been isolated from the
central nervous system have been shown to use CCR3, as well
as CCRS, as a coreceptor (5, 19). Both CCR3 and CCRS are
present on the surface of brain microglia, and infection of fetal
brain cultures by these isolates has been demonstrated (19).
Apj is also expressed in brain tissue and has sequence similarity
to CCRS5 and CCR3 in an N-terminal region of these mole-
cules that has been shown to be important for coreceptor
function (14). However, neither of the tested central nervous
system-derived M-tropic viruses, JR-FL or YU2, can use Apj
as a coreceptor, although both use CCR3. It remains to be
determined whether there is a specific role for Apj as a core-

a
MDYQVSSPIYDINYYTSEPCQKINVK ccrb
MEEGGDFDNYYGADNOQSECEYT apj
MEGISIYTSDNYTEEMGS cxcrd
MAATASPQPLATEDADAENSSFYYYDYLDE c¢cr9
b
Coreceptors Used
Cellular HIV-1
Tropism Isolate CCRS CCR3 apj CXCR4
BR20-4
RW25-9
Primary TH966
M-tropic ADA
JR-FL
Yu2
Primary 89.6
Dual-tropic
Primary ' ELI
T-tropic uUG21
Laboratory
Adapted MN
T-tropic HXBc2

FIG. 5. 7TMS receptor sequences and coreceptor function. (a) Alignment of
CCRS, Apj, and CXCR4 N-terminal sequences. The sequences of the N termini,
beginning with the initiator methiones, of CCRS5, Apj, and CXCR4 are shown.
Tyrosines 10, 14, and 15, aspartic acid 11, asparagine 13, and glutamic acid 18 of
CCRS have been previously demonstrated to be important for M-tropic and
dualtropic viral entry by using CCR5 (14). Common residues are shown in
boldface type, and possible N-linked glycosylation sites are underlined. Also
shown is the N terminus of CCRY, with a tyrosine-rich region indicated in bold.
(B) Summary of the coreceptor usage of various HIV-1 isolates. The ability of
various HIV-1 isolates to enter Cf2Th cells expressing CD4 and each of the four
coreceptors shown to be most efficient in this study is indicated by shaded bars.
Stars indicate relatively inefficient entry of laboratory-adapted T-tropic viruses
into cells expressing the Apj receptor.
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ceptor in the central nervous system following the emergence
of dualtropic or T-tropic viruses.

The identification of Apj and CCRY as HIV-1 coreceptors
supports earlier observations indicating that a specific array of
tyrosines and acidic amino acids in the N termini of these
molecules plays a critical role in infection by HIV-1 and SIV
(14). Single-amino-acid changes in this region of CCRS inter-
fere with the ability of primary M-tropic and dualtropic HIV-1
and with STVmac239 to infect cells expressing these mutants.
The amino termini of three alternate SIV coreceptors, Strl33,
gprl5, and gprl, exhibit sequence similarity to this region of
CCRS. The results described above suggest that primary T-
tropic HIV-1 isolates may also require the presence of specific
N-terminal tyrosines in their coreceptors. The tyrosine-rich,
acidic motif is less well developed in CXCR4 than in CCRS,
with the Apj N terminus sharing characteristics of both se-
quences (Fig. 5a). Apj and CCR3 could facilitate the adapta-
tion of CCRS5-using viruses to CXCR4 by providing an N
terminus that diverges from that of CCRS and possesses sim-
ilarity to that of CXCR4. Further adaptation to CXCR4 could
require increased dependence on other regions of the mole-
cule, including the second extracellular loop (29). Figure 5b
summarizes coreceptor usage data for CCRS, CCR3, Apj, and
CXCRA4.

CCRO also possesses a prominent array of tyrosines in its N
terminus (Fig. 5a) yet supports the entry of only a single virus
of 10 tested. Whether subtleties in the arrangement of these
tyrosines, or other properties of the molecule, limit its ability to
function as an efficient coreceptor remains to be demonstrated.

The contribution of HIV-1 coreceptors other than CCRS,
CXCR4, and perhaps, CCR3 to natural infection and patho-
genesis remains unclear. The efficiency of Apj coreceptor func-
tion relative to that of most of the other reported HIV-1
coreceptors, its use by a range of dualtropic and primary T-
tropic viruses, and its presence in activated PBMC and in the
central nervous system suggest that further examination of its
role is warranted.
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