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A Species-Specific Amino Acid Difference in the Macaque CD4
Receptor Restricts Replication by Global Circulating HIV-1 Variants
Representing Viruses from Recent Infection
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HIV-1 replicates poorly in macaque cells, and this had hindered the advancement of relevant nonhuman primate model systems
for HIV-1 infection and pathogenesis. Several host restriction factors have been identified that contribute to this species-specific
restriction to HIV-1 replication, but these do not fully explain the poor replication of most strains of HIV-1 in macaque cells.
Only select HIV-1 envelope variants, typically those derived from viruses that have been adapted in cell culture, result in infec-
tious chimeric SIVs encoding HIV-1 envelope (SHIVs). Here we demonstrate that most circulating HIV-1 variants obtained di-
rectly from infected individuals soon after virus acquisition do not efficiently mediate entry using the macaque CD4 receptor.
The infectivity of these viruses is ca. 20- to 50-fold lower with the rhesus and pig-tailed macaque versus the human CD4 receptor.
In contrast, culture-derived HIV-1 envelope variants that facilitate efficient replication in macaques showed similar infectivity
with macaque and human CD4 receptors (within ~2-fold). The ability of an envelope to mediate entry using macaque CD4 cor-
related with its ability to mediate entry of cells expressing low levels of the human CD4 receptor and with soluble CD4 sensitiv-
ity. Species-specific differences in the functional capacity of the CD4 receptor to mediate entry mapped to a single amino acid
difference at position 39 that is under strong positive selection, suggesting that the evolution of CD4 may have been influenced
by its function as a viral receptor. These results also suggest that N39 in human CD4 may be a critical residue for interaction of
transmitted HIV-1 variants. These studies provide important insights into virus-host cell interactions that have hindered the
development of relevant nonhuman primate models for HIV-1 infection and provide possible markers, such as sCD4 sensitivity,

to identify potential HIV-1 variants that could be exploited for development of better SHIV/macaque model systems.

hesus (rh) and pig-tailed (pt) macaques are commonly used as
model systems to study HIV-1 infection. However, there are
multiple restrictions to HIV-1 replication in macaques that are
effectively antagonized by SIV proteins but not by their HIV-1
counterparts. Chimeric SIV/HIV-1 proviruses (SHIVs) that en-
code the relevant SIV antagonists replicate in macaque cells, and
such SHIVs are important models of HIV-1 infection and patho-
genesis and are used to evaluate vaccine approaches. However,
developing SHIVs based on specific HIV-1 sequences has been a
hit-or-miss proposition due to considerable variation in replica-
tion of the resulting viruses in macaque cells. The sequences en-
coding the envelope protein (Env) are a particularly important
component of SHIVs because Env is a highly antigenic protein
that facilitates entry, and thus it is a critical target for vaccine and
prevention approaches that focus on inhibiting virus entry. How-
ever, the current SHIVs poorly represent the envelopes character-
istic of viruses that are spreading in the population, including the
dominant HIV-1 subtypes that are fueling the HIV-1 pandemic.
The initial SHIVs were constructed using variants from
chronic or later stages of HIV-1 infection, most of which were
lab-adapted variants that used the CXCR4 coreceptor (27, 30, 36,
49,53, 54). Because most HIV-1 variants use CCR5 as a coreceptor
for entry, particularly those that establish a new HIV-1 infection,
more recent SHIVs have been constructed using CCR5-tropic
(R5) HIV-1 envelope sequences (7, 20, 23, 24, 36, 42, 43, 45, 55,
56). The R5 SHIVs were also constructed from viruses isolated in
culture from chronically infected individuals, with the exception
of two SHIVs that encode envelope variants derived from recently
infected infants (55, 56). There are no SHIVs derived from HIV-1
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variants obtained directly from individuals soon after sexual in-
fection, even though sexual transmission is the major mode of
HIV-1 spread. This limits the utility of this model system for stud-
ies of transmission and prevention.

Another limitation of most of existing SHIVs is that they en-
code subtype B HIV-1 envelope sequences, which account for only
~10% of worldwide infections (21). Given the extensive sequence
and antigenic diversity between subtypes, it is unclear whether the
results obtained with SHIV-Bs will be generalizable across sub-
types (28). Subtypes A, C, and D are most prevalent in sub-Saha-
ran Africa, which carries the highest burden of new HIV-1 infec-
tions and HIV-1 related deaths (21). There are SHIVs that encode
subtype C envelope sequences (7, 32, 34, 42, 55, 56), as well as an
SHIV encoding envelope sequences from a circulating recombi-
nant CRF_AE, virus, a common HIV-1 subtype in Southeast Asia
(23). However, SHIVs that include subtype A and D determinants
have not been successfully generated.

Initial attempts to generate subtype A-based SHIVs (SHIV-As)
that replicated in macaque cells were unsuccessful (22). Subse-
quent studies showed that several subtype A variants were unable
to mediate entry using the pt macaque CD4 (ptCD4) receptor.
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The culturing of virus encoding subtype A envelope in pt macaque
cells resulted in evolution of two adapted viruses with single
amino acid changes in the extracellular envelope protein, gp120,
i.e., mutations A204E and G312V, that increased the efficiency of
entry into cells expressing macaque CD4 (26).

The basis for the functional difference in macaque and human
CD4 receptors is unknown. The N-terminal immunoglobulin-
like domain (D1) of human CD4 is the primary determinant of
HIV-1 Env-CD4 interactions (reviewed in reference 6). The early
mutagenesis and binding studies implicating D1 of CD4 were sup-
ported by later structural analyses, which identified F43 and R59
as particularly important HIV-1 contact residues (29). The critical
residues for HIV-1 envelope binding to macaque CD4 have not
specifically been defined. There are 12 amino acid differences in
the D1 domain between macaque and human CD4, including an
R-to-K change at position 59 that could impact HIV-1 envelope
interaction.

Early studies suggested that the macaque CD4 protein was a
functional HIV-1 receptor, including both ptCD4 (17) and
rhCD4 (8). However, these studies all focused on envelope vari-
ants from subtype B-infected individuals at chronic stages of in-
fection derived after virus amplification culture (HIV LAI [17]
and HIV-1 ADA and JR-F [8]). In contrast, the studies suggesting
that macaque CD4 was a suboptimal HIV-1 receptor focused on
several subtype A envelope sequences obtained without culture
amplification, four of five of which were from individuals in acute/
early infection (26). Thus, the basis for differences observed in
macaque CD4-mediated entry by HIV-1 Env used in various stud-
ies could be due to biological differences between viruses of dif-
ferent subtypes and/or from different stages of infection, both of
which are important variables for designing relevant SHIV mod-
els. Here, we examined the ability of subtype A, B, C, and D enve-
lope variants obtained early after HIV-1 acquisition to mediate
infection of cells using macaque CD4. We found that most of these
Envs showed limited ability to facilitate infection using the ma-
caque CD4 receptor. The CD4 determinant responsible for differ-
ences in the ability of the macaque and human CD4 to function as
an HIV-1 receptor was identified.

MATERIALS AND METHODS

Cells. HEK 293T cells, C£2Th/syn CCR5 cells, JC.24 cells, and RC.49 cells
were maintained in Dulbecco modified Eagle medium (Invitrogen) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS) and 2 mM
L-glutamine. Cf2Th/syn CCR5 cells, which are dog thymocytes engi-
neered to express high levels of codon optimized human CCR5 (38), were
further supplemented with 400 g of Geneticin (Gibco)/ml to maintain
CCR5 expression. The JC.24 and RC.49 cell lines, which are HeLa-derived
cells lines that express comparable levels of CCR5 but different amounts
(~40-fold) of CD4 (47), are referred to throughout as CD4,y;; and
CD4, oy cells.

Envelope clones and mutagenesis. The envelope clones used in the
present study included the following: 12 subtype B HIV-1 env clones from
early infection (RHPA4259.7, REJO4541.67, SC422661.8, WITO4160.33,
TRO.11, CAAN5342.A2, QHO0692.42, AC10.0.29, THRO4156.18,
TRJO4551.58, PVO.4, and 6535.3 [31]), 13 subtype C HIV-1 env clones
from early infection (ZM249M.PL1, Dul56.12, ZMI135M.PL10a,
ZM214M.PL15, ZMS53M.PB12, ZM233M.PB6, CAP45.2.00.G3,
CAP210.2.00.E8, Dul72.17, Du422.1, ZM109F.PB4, and ZM197M.PB7
[31, 32] and QC406.70 M.ENV.F3 [3]), 10 subtype A HIV-1 env clones
from early infection (QB726.70 M.ENV.B3, QF495.23 M.ENV.A3,
QG984.21 M.ENV.A3, QH343.21 M.ENV.A10, and QH359.21
M.ENV.C1 [3] and Q259.d2.17, Q168b23, Q46le2, Q769h5, and
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Q842d16 [35]), 4 subtype D HIV-1 env clones from early infection
(QA013.70L.LENV.H1, QA465.59 M.ENV.A1, QB857.1101.ENV.B3, and
QD435.100 M.ENV.B5 [3]), and 7 env clones representing variants that
are known to infect macaque cells (BaL.01 [34], YU-2 [33], SF162 [9],
SF162P3 [24], and 89.6 [10], SIV MneCL8 [44, 46], and Q23-17 A204E
and Q23-17 G312V [26]).

Nucleotide changes encoding the A204E and G312V mutations were
introduced into the following env’s: QC406.70 M.ENV.F3 (called
QC406F3 here), QA013.70L.ENV.H1 (QA013H1), QB857.1101.ENV.B3
(QB857B3), and QD435.100 M.ENV.B5 (QD435B5) using standard
methods similar to those described previously (26). The subsequent en-
velope mutants were sequenced through the entirety of the env open read-
ing frame to verify that no undesired nucleotide changes had occurred.

Preparation of green fluorescent protein (GFP) reporter pseudovi-
ruses. GFP reporter pseudoviruses were generated in 293T cells. At 24 h
prior to transfection, 293T cells were plated at 5 X 10 cells/well in a
six-well dish. The cells were cotransfected with 667 ng of Q23Aenv-GFP
(26) and 333 ng of the Env clone of interest using Fugene 6 (Roche) at a
ratio of 3 pl of Fugene to 1 g of DNA according to the manufacturer’s
instructions. Pseudoviruses were harvested 72 h after transfection, centri-
fuged at 1,300 rpm for 5 min to clear cellular debris, divided into aliquots,
and frozen at —80°C until use. To estimate the virus titer, 2 to 10 ul of
thawed viral supernatant was used to infect Cf2Th/syn CCR5 huCD4 cells,
and the cells were analyzed for GFP expression as described below. The
percentage of GFP-positive cells was used to estimate the infecting MOI
(e.g., 10% GFP positive Cf2Th/syn CCR5 huCD4 cells corresponds to a
multiplicity of infection (MOI) of 0.1, and the MOI was used to estimate
the virus titer based on the volume applied to the cells.

Generation of stable cells expressing human, rhesus, and pig-tailed
macaque CD4 variants. The expression plasmids encoding CD4 recep-
tors have been described previously: human CD4 (huCD4), pig-tailed
macaque CD4 (ptCD4) (26), and rhesus macaque CD4 (rhCD4) (48).
These plasmids were used as templates to amplify the CD4 open reading
frame using forward primer 5'-GATGTCGACATGAACCGGGGAGTCC
C-3" with reverse primer 5'-GGTCTCGAGTCAAATGGGGCTACAT
G-3' for huCD4 and forward primer 5'- GATGTCGACATGAACCGGG
GAATCCC-3" with the same reverse primer for ptCD4 and rhCD4 using
TaqPlus Precision using methods similar to those described previously
(26). The resulting PCR products were digested with Sall and Xhol (the
restriction sites are underlined in the primers), cloned into pLXSH (an
MLV-based retroviral vector encoding a hygromycin resistance gene)
(37), and verified by sequencing.

Virus-like particles (VLPs) were generated by cotransfecting the
pLXSH vector encoding the CD4 of interest, an MLV-based retroviral
packaging vector (pJK3 [2]) and a plasmid expressing the vesicular sto-
matitis virus G protein under the cytomegalovirus promoter (pMD.G
[41]) at a ratio of 1:1:0.1. Supernatants were harvested at 48 h posttrans-
fection, filtered through a 0.22-pm-pore-size filter, and used immediately
to infect CF2Th/syn CCR5 cells that had been plated 24 h prior in a T75
flask at 10° cells. The supernatant with VLP (ca. 4 to 5 ml) was added in the
presence of 10 g of DEAE dextran/ml at 37°C, followed by incubation for
3 h before bringing the medium volume up to 10 ml. This procedure was
repeated on the same cells the next day with the VLP supernatant har-
vested from transfected cells at 72 h. The following day, cells were split 1:2
into new flasks and allowed to recover in the absence of drug selection for
24 h. The medium was then supplemented with 400 g of Geneticin/ml
(to maintain CCR5 expression) and 300 pg of hygromycin B (Invitro-
gen)/ml to select for cells expressing CD4. The cultures were maintained
in these conditions, changing the medium every 3 to 4 days until cultures
that had not been exposed to VLPs were completely clear of cells (typically
10 to 14 days). The cells that survived drug selection were maintained
thereafter with 150 pg of hygromycin B/ml.

Cells that had high levels of CD4 were obtained by sorting the surviv-
ing transduced cells on a FACSAria II cell sorter (BD Biosciences) using a
CD4 monoclonal antibody that cross-reacts with macaque and human
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CD4 (BD BioSciences [unpublished data]). Briefly, 1 X 10° to 3 X 10°
cells were treated with 5 mM EDTA to remove them from the tissue
culture flask and washed in phosphate-buffered saline (PBS) containing
2% fetal bovine serum (FBS). The cells were resuspended in 200 pl of
PBS—-2% FBS, followed by incubation with 4 pl of allophycocyanin-con-
jugated mouse anti-human CD4 antibody (BD Biosciences) at room tem-
perature for 30 min. The cells were then washed again in PBS-2% FBS,
resuspended to a concentration of 10° cells/ml in PBS-1% FBS—1 mM
EDTA, and filtered through a 35-pum-pore-size nylon mesh cap (BD Fal-
con) before sorting. The cells with the highest levels of CD4 expression,
representing the top 20 to 30% of CD4-expressing cells, were retained and
used for infection assays.

Infection and analysis of Cf2Th/syn CCR5-based cells and
CD4yigaiow cells. C£2Th/syn CCRS5 cells stably expressing CD4 were
plated 24 h prior to infection at 2.5 X 10* cells/well in 24-well tissue
culture plates in 500 pl of drug-free medium. The cells were infected in
duplicate wells in the presence of 10 g of DEAE-dextran/ml by spinocu-
lation for 60 to 90 min at 1,200 X gat an estimated MOI 0f0.1 in 100 pl of
medium. After 48 h, the cells were washed in cold PBS, incubated with 100
plof 5 mM EDTA until they lost adherence to the well, and fixed in 500 .l
of 1% paraformaldehyde. The fixed cells were transferred to flow cytom-
etry tubes (BD Falcon) that were centrifuged at 800 X g for 5 min. The
excess fix was decanted, and the cells were analyzed for GFP expression on
a BD FACSCalibur flow cytometer. The data from ~ 10% live cells, as de-
termined by side-scatter and forward-scatter profiles, were analyzed by
using Flow]Jo version 9.4.6. Cells whose GFP expression was >200 fluo-
rescence units—a gating that captured only 0.01 to 0.02% of uninfected
cells—were gated as GFP positive.

Infections and analysis of the CD4;;5; and CD4; oy cells were per-
formed as described for the C£2Th/syn CCR5 cells except that 4 X 10* cells
were plated on the day prior to infection, 25 mM EDTA was used to
remove the cells from the tissue culture well, and only ~5 X 10° live cells
were analyzed for GFP expression.

Construction of chimeric CD4 and CD4 mutants. Nhel restriction
digest sites, which are present within the vector and within the CD4 ORF
at codon 176 in the mature protein, were used to generate chimeric CD4
molecules encoding D1 and D2 of the huCD4 receptor in the context of
the ptCD4 receptor (huD1D2). The resulting clone was verified by se-
quence analysis to ensure that the fragment had been cloned in the proper
orientation.

Chimeric ptCD4 sequences containing the huCD4 D1, N-terminal D1
and C-terminal D1 domains were constructed using a two-step overlap
extension PCR approach described previously (11) with some changes. In
the first round, the huCD4 fragment of interest, as well as regions of
ptCD4 overlapping with the huCD4 fragment and comprising the re-
mainder of the ptCD4 ORF, was amplified by PCR from 25 ng of plasmid
encoding huCD4 or ptCD4 (26) for 25 cycles. Up to 4 pl of each gel-
purified product was pooled together for use as a template in the second
round. Similarly, the second-round amplification was performed for 25
cycles with the forward primer 5'- GATGGATCCATGAACCGGGGAAT
CCC-3" and the reverse primer 5'-GGTGTCGACTCAAATGGGGCTAC
ATG-3', except in the case of the chimeric ptCD4 expressing the C termi-
nus of the huCD4 D1 domain, in which 5'-GATGGATCCATGAACCGG
GGAGTCCC-3" was used as a forward primer. The amplicons were
purified using a QIAquick PCR purification kit, digested with BamHI and
Sall (restriction sites are underlined in the primers), gel purified, and
ligated into the pBabe-Puro expression vector (40).

Site-directed mutagenesis was performed in huCD4 and ptCD4 using
the overlap extension protocol described above. All primers used to make
and CD4 mutants are available upon request.

Infection of cells transiently expressing CD4 and CCR5. Infection of
cells that transiently expressed the CD4 and CCR5 were performed as
described previously (26). Briefly, 293T cells were transfected with CD4
and CCRS5 expression plasmids in six-well dishes using Fugene 6 transfec-
tion reagent. After 40 h, the cells were removed from the dish using 5 mM
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EDTA and plated at 80,000 cells/well in 500 .l in a 24-well dish, with 2 X
10° to 3 X 10° cells kept for analysis of CD4 and CCR5 expression by flow
cytometry. At 4 to 5 h after the cells were plated, infections were per-
formed in duplicate by spinoculation in the presence of 10 wg of DEAE-
dextran/ml with dilutions of GFP pseudovirus. The cells were fixed with
cold PBS-1% formaldehyde—0.2% glutaraldehyde 72 h after infection,
and the GFP-positive cells were counted by eye to determine the number
of infected cells.

Data presentation and analysis. All data were plotted, and Mann-
Whitney U tests, Wilcoxon signed-rank tests, and Spearman correlations
were performed where indicated using Prism version 5.0a (GraphPad
Software).

RESULTS

Infection of huCD4, ptCD4, and rhCD4 cell lines with diverse
SHIV, SIV, and HIV-1 Env variants. To examine the ability of
different primate CD4s to mediate HIV entry, Cf2Th/syn CCR5
cells (38) expressing human (hu), pig-tailed (pt), or rhesus (rh)
CD4 were infected with GFP-reporter viruses derived from the
subtype A Q23-17 envelope with known differences in ptCD4 re-
ceptor usage (26). In a prior study, we showed that the inability of
HIV-1 subtype A envelope variants to infect cells expressing ma-
caque CD4 was associated with poor replication of the corre-
sponding virus in pig-tailed macaque lymphocytes (26). CD4 sur-
face expression was comparable for the three Cf2Th/syn CCRS5 cell
lines expressing the different CD4 receptors (Fig. 1a). The wild-
type Q23-17 pseudovirus showed ~100-fold reduction in infec-
tivity in cells expressing ptCD4 compared to huCD4 (Fig. 1b),
which in consistent with results of our previous study (26). Pseu-
doviruses generated with variants of Q23-17 that encoded A204E
or G312V infected cells expressing ptCD4 with high efficiency
comparable to the levels seen in cells expressing huCD4 (0.95- and
0.83-fold infection for ptmac versus huCD4 for A204E and
G312V, respectively, Fig. 1b). Similar results were observed for the
rhCD4 receptor (Fig. 1b), which was not tested in the prior study
(26), demonstrating that the rhCD4 is also a suboptimal receptor
for the prototype primary subtype A variant.

SHIV and SIV Envs from viruses that have previously been
shown to replicate in macaque lymphocytes—HIV 89.6, BalL,
SF162, SF162p3, and YU2 (19, 36, 45, 49, 59) and SIVMneCl8
(44)—were tested in the CF2Th/syn CD4 cell panel. The ability of
the SIV/SHIV Envs to mediate infection of macaque CD4 cells
ranged from 0.30-fold (for 89.6) to 0.81-fold (for YU-2) in cells
expressing ptCD4 versus huCD4 and from 0.36-fold (for
SIVMneCl8) to 0.89-fold (for SF162p3) in thCD4 cells (Fig. 2a).
The median relative infection among SIV/SHIV strains was 0.61-
fold for cells expressing ptCD4 cells and 0.71-fold for cells express-
ing rhCD4 compared to cells expressing huCD4.

To define the potential of HIV-1 variants more relevant to the
global pandemic, viruses expressing Envs from HIV-1 sequences
obtained directly from infected individuals during the acute/early
stage of their infection were examined for their ability to infect
cells expressing ptCD4 and rhCD4. Of the 39 acute/early-stage
Envs tested, 34 (>87%) showed >10-fold lower infectivity in cells
expressing ptCD4 cells relative to cells expressing huCD4 (Fig.
2b). The median relative infection of ptCD4 cells for each of the
four subtypes was significantly lower than SIV/SHIV Envs (P <
0.01 for all subtypes [Mann-Whitney U test]). Among the 13%
that demonstrated the highest infectivity with ptCD4, two were
subtype A, two were subtype B, and one was subtype C. One sub-
type A virus (Q842d16) infected cells expressing ptCD4 at levels
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FIG 1 Infection of Cf2Th/syn CCR5 cells that stably express hu-, pt-, and rhCD4 with GFP reporter pseudoviruses expressing subtype A Q23-17 Env variants.
(a) Flow cytometric analysis. Expression of hu-, pt-, and rhCD4 (indicated by arrows) on the surface of stably transduced CF2Th/syn CCR5. ACD4 refers to the
parental Cf2Th/syn CCR5 cell line, which does not express CD4. (b) Infection of ptCD4 cells (white bars) and rhCD4 cells (black bars) relative to huCD4 cells
with GFP pseudoviruses expressing the Q23-17, Q23-17 A204E and Q23-17 G312V Env variants. The virus tested is denoted on the x axis. The y axis shows the
ratio of GFP-positive cells expressing ptCD4 or rhCD4 relative to GFP-positive cells expressing huCD4. A ratio of 1 indicates equal infection of cells expressing
the macaque and human CD4 receptors with the indicated virus. Error bars represent the standard deviation of the mean from two independent experiments.

comparable to those seen with HIV envelopes from infectious
SHIV proviruses.

Viruses expressing acute/early Envs from all subtypes also
showed decreased infectivity of rhCD4 cells compared to the SIV/
SHIV strains (Fig. 2¢, P < 0.01 for all subtypes [Mann-Whitney U
test]), with 29 of the 39 acute/early Envs tested (>74%) having a
>10-fold decrease in their ability to infect hCD4 cells compared
to huCD4 cells. In general, viruses expressing acute/early Env vari-
ants had higher infectivity in cells expressing rhCD4 compared to
cells expressing ptCD4 (median, 0.049-fold versus 0.018-fold rel-
ative to huCD4, P = 0.0003 by Wilcoxon signed-rank test). De-
spite the statistically significant differences in infection between
the rhCD4 and ptCD4 receptors, the magnitude of the difference
was small, and neither macaque receptor was optimal as an entry
receptor compared to huCD4.

Opverall, there were few or no differences in macaque CD4-
mediated entry among the subtypes. There were no significant
differences in ptCD4-mediated entry between subtypes (P > 0.23
for each comparison [Mann-Whitney U test]). The median infec-
tion of ptCD4 cells relative to huCD4 among subtypes ranged
from <0.01-fold for subtypes C and D to 0.02-fold for subtype A.
In the case of rhCD4-mediated infection, the median ratio of in-
fection for rhCD4/huCD4 for each subtype ranged from 0.01-fold
for subtype C to 0.07-fold for subtype A strains. The difference in
median infection between subtypes A and D was statistically sig-
nificant (P = 0.0337 [Mann-Whitney U test]); however, all other
differences between subtypes were not statistically significant (P >
0.08 for other comparisons [Mann-Whitney U test]).

Association between entry using macaque CD4 and sensitiv-
ity to b12, VRCO1, and soluble CD4. An increase in sensitivity to
soluble CD4 (sCD4) was a characteristic of Env variants that were
derived by adapting subtype A HIV-1 to replicate in macaque cells
(26). To determine whether sensitivity to sCD4 (human) predicts
whether an envelope variant can mediate entry using the macaque
CD#4 receptors, we took advantage of an extensive collection of
neutralization data published by Wu et al. (60) using viruses that
overlapped the virus panels used in the present study. Fifty percent
inhibitory concentrations (IC5,s) were available for sCD4 and for
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two monoclonal antibodies that target the CD4 binding site—b12
(4,51) and VRCO1 (60)—for 30 of the 45 Envs that were examined
as part of the present study, including both the SHIV Envs and the
acute/early HIV Envs. When the IC;, values were compared to
infectivity data from Fig. 2 for the 30 overlapping viruses, there
was no significant association between neutralization by b12 or
VRCO1 and the relative infection of ptCD4 cells or rhCD4 cells
(Fig. 3a to d). However, there was a significant association be-
tween sensitivity to sCD4-Ig and the relative infection of both
ptCD4 cells (Fig. 3e, P < 0.0001) and rhCD4 cells (Fig. 3f, P <
0.0001), suggesting that sensitivity to human sCD4 is a marker of
the ability of a variant to use the macaque CD4 receptor.

Association between macaque CD4-mediated entry and the
ability to infect cells expressing low levels of human CD4. Given
that macaque CD4 usage was correlated with sensitivity to sCD4,
we also examined whether it was correlated with the ability to
utilize low levels of cell surface human CD4, another property that
is attributed to increased CD4 binding site exposure (12-15, 18,
52, 58). For this purpose, the SIV/SHIV Envs and acute/early Envs
were examined for their ability to mediate the infection of cells
expressing low levels of CD4 relative to cells expressing high levels
of CD4 (CD4, oy and CD4y;y cells). There was a strong associ-
ation between both ptCD4 and thCD4 usage (defined as a ratio of
infectivity for cells expressing the macaque versus human CD4
receptor [Fig. 2]) and the ability to use low levels of huCD4 (P <
0.0001 [Spearman correlation]; Fig. 4). Viruses that effectively
utilized macaque CD4 for entry (i.e., had infectivity ptCD4/
huCD4 or rhCD4/huCD4 ratios of close to 1) were also able to
infect CDA4]; oy cells at levels that were similar to CD4y;yy cells
(i.e., had CD4; o /CD4 1 ratios close to 1).

Effect of amino acid changes within and outside of the CD4
binding site on macaque CD4-mediated entry. A number of nat-
urally occurring polymorphisms in Env that flank the CD4 bind-
ing site, including D279 (58), N283 (14), and N362 (57), have
previously been shown to be associated with the ability to use low
levels of CD4 to mediate infection. Given the strong correlation
between infection of CD4, oy cells and entry using macaque CD4,
the acute/early Envs were examined for an association between the
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FIG 2 Infection of cells expressing the macaque CD4 receptor with GFP re-
porter pseudoviruses expressing Envs from diverse HIV-1 and SIV strains.
Infection of ptCD4 cells and rhCD4 cells are shown relative to huCD4 cells on
the y axis in all three display panels. (a) Infection of cells expressing ptCD4
(white bars) and rhCD4 cells (black bars) with GFP pseudoviruses expressing
Envs from SHIV/SIV envelope variants denoted on the x axis. Error bars rep-
resent the standard deviation of the mean from two independent experiments.
B and C) Acute/early virus infection of cells expressing ptCD4 (b) and rhCD4
() relative to cells expressing huCD4. The subtype of the envelope of the GFP
reporter pseudoviruses tested is indicated on the x axis. Each point on the plot
represents the mean infectivity of a given virus obtained from duplicate inde-
pendent experiments, and the line represents the median measurement for
each subtype. The SHIV/SIV Envs are the same as shown in panel A, shown
here for reference. **, P < 0.01 compared to SIV/SHIV Envs (Mann-Whitney
U test).

presence of these polymorphisms and their ability to infect cells
expressing the macaque versus human CD4 receptors. The pres-
ence of N283 was significantly associated with increased infection
of thCD4 cells (P = 0.0439 [Mann-Whitney U test]) but not
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ptCD4 cells (Table 1). The presence of D279 and N362 were not
associated with the ability of a virus to mediate entry by macaque
CD4, as measured by the number of infected cells expressing the
macaque receptor compared to cells expressing the human recep-
tor for the viruses tested (Table 1).

Changes in envelope at positions A204E and G312V in subtype
A HIV-1 increase the level of infection in cells expressing the
ptCD4 receptor to levels similar to cells expressing the huCD4
receptor (26). To determine whether the A204E and G312V
amino acid changes conferred the same phenotype to envelopes
from the other major global subtypes, we introduced these two
changes individually into 3 subtype D Envs (QB857b3, QA013hl,
and QD435b5) and one subtype C Env (Q406f3). The introduc-
tion of the A204E and G312V changes to the subtype Cand D Envs
had variable effects, including leading to decreased infectivity of
cells expressing the huCD4 receptor for the QC406f3 G312V,
QB857b3 A204E, and QD435b5 G312V variants, which were not
tested further. For the Env variants that retained their infectivity
using the huCD4 receptor, there was an increase in infectivity for
cells expressing macaque CD4. The effect was most pronounced
for subtype D QA013h1 A204E variant, where there was a >80-
fold increase relative to wild-type virus in rhCD4 cells, with
slightly lower increases for the other two viruses tested (Fig. 5).
The G312V change had variable effects; in the case of subtype D
QB857b3, introduction of the G312V change increased infection
in ptCD4 and rhCD4 cells by approximately 20- and 30-fold, re-
spectively. However, the G312V change had very little impact on
the ability of another subtype D Env, QA013h1, to use either ma-
caque CD4 receptor (<2-fold).

Species-specific determinants of CD4-mediated entry by
HIV-1. There are 21 amino acid differences between the D1 and
D2 domains of human and macaque CD4, 12 within D1 (Fig. 6),
and the ptCD4 and rhCD4 amino acid sequences are identical in
these regions. Of note, a commonly used reference sequence for
rhCD4 (GenBank accession no. NM_001042662) differed from
the sequence of the rhCD4 clone we used here (16). We therefore
sequenced the third and fourth exons, which encode the entire D1
and D2 domains, from 15 unrelated Indian rhesus macaques and
15 unrelated Chinese rhesus macaques. All 30 animals had iden-
tical sequences that matched the sequence of the clone used here
(shown in Fig. 6a), demonstrating that the rhesus CD4 used in the
functional studies represents the dominant allele in the popula-
tion.

To investigate which of the amino acid differences between
huCD4 and ptCD4 were most critical for mediating infection by
circulating HIV-1 strains, chimeric CD4s were constructed by in-
troducing huCD4-specific residues to ptCD4, and these were ex-
amined for gain of function using a prototype subtype A Q23-17
Env, which shows limited infectivity with ptCD4 (Fig. 6b). Chi-
meric CD4s containing the human D1-D2 region (huD1D2) and
D1 region (huD1) mediated infection by a pseudovirus expressing
the Q23-17 Env, as well as the huCD4 (Fig. 6b). This finding sug-
gests that the determinants for differences in the function of the
macaque and human CD4 receptors are within D1.

Additional chimeric CD4s encoding ptCD4 and huCD4 resi-
dues in the N-terminal of D1 or the C-terminal of D1 were gen-
erated. A chimeric ptCD4 encoding the N terminus of huD1
(huD1Nterm; Fig. 6b) mediated HIV-1 entry nearly as well as
huCD4 and ~50-fold higher than ptCD4. The ptCD4 encoding
the C terminus of huD1 also was a better HIV-1 receptor than
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FIG 3 Relationship between infection of cells expressing macaque CD4 and sensitivity to neutralization by CD4 binding site-directed monoclonal antibodies and
sCD4. The association with the infection of ptCD4 cells (a, ¢, and e) and the infection of rhCD4 cells (b, d, and f) was determined using infectivity data from Fig.
2 and neutralization ICs, values, as described previously (60). Each dot represents a variant tested for infection of cells expressing macaque CD4 in Fig. 2. r,,
Spearman rank correlation coefficient. ***, P < 0.0001 (Spearman correlation).

ptCD4- by ~ 10-fold. However, entry was still ~ 6-fold lower than
for huCD4 (Fig. 6b). These findings indicate that the residues
most critical for entry by HIV-1 Q23-17 reside in the N terminus
of the D1 domain of CD4 (which includes T17, S23, 124, and N39
in the human receptor); however, there also may be some influ-
ence of residues in the C terminus of the D1 domain on HIV-1
entry.

To further investigate which of the amino acid changes in the N
terminus of D1 was sufficient to allow infection by HIV-1, ptCD4
mutants encoding the individual T17, $23, 124, and N39 changes
were generated and tested. The N17, S23, and 124 changes to
ptCD4 did not increase the infectivity of HIV-1 relative to ptCDA4.
However, the introduction of an N at position 39 in the context of
the ptCD4 receptor increased infection to levels that were compa-
rable to huCD4 (Fig. 7a). Thus, the 139N change in ptCD4 was
sufficient to allow infection by virus expressing the prototype sub-
type A Env.

Reciprocal mutations encoding all four of the amino acid
changes described above were introduced into huCD4 to de-
termine whether these residues were necessary to allow infec-
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tion by HIV-1. The N17T, N23S, and T24I changes all showed
activity similar to the huCD4 receptor, further indicating that
none of these amino acids plays a significant role as determi-
nants of HIV-1 infection (Fig. 7a). Unfortunately, both huCD4
expressing the N terminus of ptD1 and huCD4 N39I were ex-
pressed poorly on the surfaces of cells (Fig. 7b), thus precluding
analysis of their receptor function. Thus, while our studies
demonstrate that residue N39 is sufficient when introduced
into ptCD4 to allow for infection mediated by subtype A HIV-1
Env, its absolute necessity for mediating infection could not be
conclusively determined.

To determine whether ptCD4 encoding the I39N change in-
creased infection by other circulating HIV-1 strains, Cf2Th/syn
CCRS cells were engineered to stably express ptCD4 I39N. Infec-
tion by viruses carrying subtype A, B, C, and D Envs that showed
limited entry using wild-type ptCD4 (<<0.01-fold relative infec-
tion; Fig. 2) was increased by >90 to 120-fold in ptCD4 I39N cells
(Fig. 7¢). Thus, the introduction of the I39N amino acid change to
ptCD4 is sufficient to allow for increased infection by a wide range
of circulating HIV-1 strains from early infection.
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DISCUSSION

In this study, we explored the CD4 determinants for HIV-1 infec-
tion in the commonly used nonhuman primate models, pig-tailed
and rhesus macaques. We found that unlike lab-adapted strains of
HIV-1 from chronic infection, most circulating HIV-1 variants
derived from recent human infections are impaired in their ability
to infect cells using the macaque CD4 receptor. HIV-1 viral enve-
lope variants obtained soon after transmission, including repre-
sentatives of the major circulating subtypes (A to D) typically
showed a 1- to 2-log reduction in entry mediated by macaque CD4
compared to human CD4. A few natural variants were identified
that utilized the macaque CD4 receptor with efficiency more com-
parable to the human CD4 receptor, comparable to envelope vari-
ants from existing SHIVs. Our studies suggest that a key predictor
of an envelope’s ability to engage the macaque CD4 receptor is
sensitivity to soluble CD4, thus providing a potential means to
screen for HIV-1 envelopes that can be used to construct SHIVs
capable of replicating in macaques. Importantly, a single amino
acid at position 39 in CD4 was identified that is responsible for

species-specific differences in the capacity of the CD4 receptor to
facilitate entry of HIV-1. This amino acid is under positive selec-
tion (61), suggesting the possibility that the ability of CD4 to func-
tion as a viral receptor may be one factor that influenced its evo-
lution.

These studies help explain why it has been so difficult to de-
velop relevant SHIV/macaque models of HIV-1 infection. Many
of the current SHIVs were developed using lab-adapted CXCR4-
tropic envelope variants and/or envelope variants from viruses
obtained from the chronic stages of HIV-1 infection isolated after
passage in culture. Here, we show that such SHIVs can enter cells
using the macaque CD4 receptor more efficiently than variants
derived directly from infected individuals soon after HIV-1 acqui-
sition. This finding provides insight into novel CD4 determinants
necessary to support infection by acute/early HIV-1 strains and
suggests that lab-adapted and chronic-stage HIV-1 Envs may have
significantly altered mechanisms of interaction with CD4 com-
pared to the Envs of recently acquired viruses. Given that early-
stage variants from all of the subtypes tested, including subtype B

TABLE 1 Association of D279, N362, and N283 polymorphisms in Env with the relative efficiency of entry using macaque versus human CD4

receptors
Infection®
Presence of ptchd thCD4
polymorphism* n’ Median (range) P Median (range) P
D279 0.7188 0.3749
+ 12 0.03 (0.01-0.11) 0.02 (0.01-0.24)
- 31 0.01 (0.01-0.69) 0.01 (0.01-0.71)
N283 0.2391 0.0439
+ 10 0.03 (0.01-0.59) 0.12 (0.01-0.57)
- 33 0.01 (0.01-0.69) 0.02 (0.01-0.71)
N362 0.3162 0.7902
+ 17 0.01 (0.01-0.35) 0.05 (0.01-0.41)
- 26 0.01 (0.01-0.69) 0.02 (0.01-0.71)

“ Indicates the presence (+) or absence (-) of the indicated polymorphism.
b 1, Number of Envs with or without the indicated polymorphism.

¢ Infection of cells expressing macaque CD4 relative to cells expressing huCD4. P values were calculated using a Mann-Whitney U test comparing the medians.
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FIG 5 Infection of cells expressing macaque CD4 with pseudoviruses expressing subtype C and D A204E and G312V Env variants. The infection of ptCD4 cells
(white bars) and rhCD4 cells (black bars) relative to huCD4 cells with GFP pseudoviruses was evaluated. The envelope variant tested, which includes wild-type
(wt) and the corresponding A204E and G312V Env variants, is indicated on the x axis for four different viral envelopes as follows: subtype C, QC406f3 (a); subtype
D, Q857b3 (b); subtype D variant, QA013h1 (c); and subtype D variant, QD435b5 (d). Error bars represent the standard deviation of the mean from two
independent experiments. n.d., not determined due to low infectivity of the mutant virus.

variants, showed poor infectivity with macaque CD4 suggests that
differences observed in the function of the macaque CD4 receptor
in HIV-1 infection in prior studies (8, 17, 26) does not reflect
differences in the viral subtype used to generate the SHIVs but
rather differences in either the effect of viral amplification in cul-
ture or biological differences between early and later-stage HIV-1
viruses.

The early-stage subtype A, B, C, and D variants examined here
represent the types of viruses that are spreading globally and thus
the variants that are most critical to study in transmission and
prevention models. Importantly, we have identified key character-
istics of viruses that are best able to engage the macaque CD4
receptor sensitivity to soluble CD4 and the ability to infect cells
expressing low levels of human CD4, two biological properties
that often go hand in hand (12, 57, 58). The use of these pheno-
typic markers may permit a more strategic approach to developing
SHIV/macaque models based on circulating, recently transmitted
HIV-1 variants from diverse subtypes.

The basis for the species-specific differences in CD4 receptor
function was mapped to a single amino acid change from N to I at
position 39 (of the mature CD4 protein) in macaque CD4. The
introduction of asparagine at position 39 in ptCD4 increased in-
fection >30-fold by viruses carrying acute/early HIV-1 Envs from
all subtypes tested. Structural analyses suggest that amino acid
N39isin close proximity to the F43 or R59 residues in huCD4 that
are thought to form hydrogen bonds with gp120 to stabilize bind-
ing (described in reference 29 and depicted in Fig. 8). Residue 39
of CD4 has been found to be under positive selection (61), sug-
gesting the intriguing possibility that the function of CD4 as a viral
receptor may have contributed to its evolution. It is possible that
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other residues that are under positive selection that were not di-
rectly examined in the present study, such as S52 or C65, may have
coevolved with 139 to allow proper folding and/or expression of
macaque CD4. In support of this model, we found that huCD4
encoding the reciprocal N39I change did not express well on the
cell surface, suggesting that other amino acid differences in ma-
caque versus human CD4 are needed to compensate for the iso-
leucine at position 39. This model is further supported by the fact
that chimeric ptCD4 encoding the C-terminal portion of huD1,
which includes the S52 and C65 residues, conferred a partial in-
crease in entry by an early-stage HIV-1 variant.

The critical contact positions between human CD4 and Env
were identified in structural studies using a lab-adapted, CXCR4
envelope protein, HXBc2 (29). A SHIV containing the HXBc2
envelope replicates to high levels in macaque peripheral blood
mononuclear cells (50), suggesting that macaque CD4 functions
as a receptor for this lab-adapted subtype B envelope. This is con-
sistent with our findings demonstrating Envs encoded by ma-
caque-infectious SHIVs, such as YU2, BaL, SF162, and 89.6, can
engage the macaque CD4 receptor for entry. These results indicate
that such envelopes—all of which were cloned from virus ampli-
fied in culture— do not require interaction with N39 in the same
manner as the circulating envelope variants obtained directly
from infected individuals soon after their infection. This differ-
ence may explain why the N39 amino acid was not identified in
prior structural studies using the lab-adapted HxBc2 envelope
that defined the points of interaction between HIV-1 envelope
and human CD4. Our findings suggest that the N39 position may
be an important residue for CD4 interaction of circulating, trans-
mitted HIV-1 variants, a hypothesis that could be tested by exam-
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from duplicate independent experiments.

ining the structure of envelope from an early-stage virus in com-
plex with human CD4.

Viruses expressing acute/early Envs displayed a modest in-
crease in infection in using rhCD4 versus ptCD4 receptors, despite
the fact that thCD4 and ptCD4 are identical in critical regions for
gp120 binding, including having the isoleucine at position 39.
There have been previous studies identifying amino acid changes
outside of the D1 and D2 domains of CD4 that can modulate
fusion after binding (5, 39); thus, it is possible that the sole amino
acid difference between rhCD4 and ptCD4 at position 324 in the
D4 domain may modulate fusion by HIV-1 Env.

To better understand the basis for differences in macaque
CD4-mediated entry among HIV-1 variants, we also explored de-
terminants in the HIV-1 envelope that contribute to increased
infectivity using the macaque CD4 receptor. In prior studies, we
identified mutations at A204E and G312V that increase macaque
CD4 tropism in the context of the subtype A envelope (26).
We show here that these same changes can also increase macaque
CD4-mediated entry of subtypes C and D, suggesting that the
amino acid positions impact CD4 interactions in diverse envelope
contexts. The effect of the A204E mutation was more pronounced
than that seen with G312V, with increased infectivity of 17- to
80-fold of A204E variants versus 2- to 30-fold for G312V variants
compared to the corresponding parental virus in cells expressing
the macaque CD4 receptor. In some subtype C and D envelope
clones, introduction of G312V or A204E amino acid changes re-
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sulted in decreased envelope function, as evidenced by substan-
tially decreased infectivity of these viruses in human cells com-
pared to the wild-type virus. Nonetheless, we identified both
subtype C and subtype D variants that achieved comparable infec-
tion levels with the macaque and human CD4. The infectivity of
these viruses was similar to viruses carrying the HIV-1 envelopes
from SHIVs that are infectious and pathogenic in macaques, such
as Bal, and SF162P3 (36, 45). Thus, these Envs may be good can-
didates for the development of subtype C and D SHIVs.

Naturally occurring polymorphisms flanking the CD4 binding
site at amino acids 279, 283, and 362 have previously been found
to be associated with the ability to use low levels of CD4 (14, 57,
58), a property we found to be highly correlated with macaque
CD4 usage. Only amino acid 283 showed any correlation with the
efficiency of macaque CD4-mediated entry and only with rhCD4.
Neither amino acid position 279 nor amino acid position 362
impacted the usage of macaque CD4. In contrast to previous stud-
ies (14, 57, 58), we did not observe a statistically significant asso-
ciation between the presence of these polymorphisms and infec-
tion of CD4, oy cells (not shown). One reason for this difference
may be that these polymorphisms were originally identified in
late-stage subtype B variants (14, 57, 58), and it is possible that
there are other Env determinants that are required to further
modulate the influence of these polymorphisms that are not pres-
ent in acute/early Envs from other subtypes (12).

SHIV/macaque models currently play central roles in studies
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FIG 8 Location of N39 in relation to other amino acid residues in CD4 im-
portant for HIV-1 envelope-CD4 interaction. Residues F43 and R59 (29) and
N39 are shown in space-filling mode, while the rest of CD4 is shown as a yellow
ribbon diagram. The crystal structure coordinates were obtained from Huang
etal. (25).

of HIV transmission and pathogenesis, and they have been used
extensively to evaluate vaccine approaches and other prevention
methods. However, the current SHIV models do not reflect HIV-1
variants circulating globally and thus do not fully recapitulate the
viral factors that contribute to the infection dynamics being stud-
ied. We show here that the major global subtypes do not efficiently
mediate entry using the macaque CD4 receptor, and this is the
result of just one amino acid difference between the macaque and
human receptors. We also show that some natural variants and
engineered viruses do replicate to high levels in cells expressing the
macaque receptor, paving the way for use of such envelopes to
develop more relevant SHIV models. Importantly, we show that
the property of sensitivity to sCD4 provides a means of identifying
HIV-1 Envs with increased capacity to use macaque CD4, which
may allow for the further identification of Envs for use in the
construction of SHIVs.
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