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FIG. 3. Infection of human PBMCs and immortalized Ptm lymphocytes with HIVA,5/SIV,;; carrying the G312V change (a) or the A204E
change (b). The p245“¢ levels are shown as a function of time postinfection in human PBMCs (top graphs) and Ptm lymphocytes (bottom graphs).
The data points represent the average measurements from duplicate cultures. The figure key is shown in the top plots, and Adapt. Sup. refers to
the uncloned adapted viral quasispecies obtained by long-term culturing from which the mutations were isolated. The results are representative
of at least three independent experiments. (¢) Infection of primary Ptm PBMCs from two different donors with parental HIVA4,5/SIV ;; (light gray
diamonds), HIVA,3/SIV,;; G312V (dark gray triangles), or HIVA4,3/SIV,;; A204E (black diamonds). The p24%“ levels are shown as a function
of time postinfection, and data points represent the average measurements from duplicate cultures.

Env, in the case of the G312V substitution, and similar to the
SF162P3 Env in the case of the A204E substitution (Fig. 4).
Additionally, a double mutant was generated to determine
whether there were any synergistic effects between the G312V
and A204E substitutions. However, pseudoviruses bearing the
Q23-17 double mutant Env were not infectious in TZM-bl cells
and so were not examined for entry into Ptm cells (data not
shown).

The adaptive A204E and G312V changes that were observed
in culture are rare among HIV-1 sequences, with only three
examples of the G312V substitution and seven examples of the
A204E substitution observed in the >10,000 HIV-1/SIV,,
Env sequences surveyed (http://www.hiv.lanl.gov). Further-
more, changes to G312 and A204 have not been reported in
any infectious SHIVs constructed to date (data not shown).
The G312 residue, which is the first amino acid of the
GPG(R/Q) motif located at the tip of the V3 loop (30), is
conserved in >92% of Env sequences from all HIV-1 subtypes

and >96% in subtype A Envs. The most common amino acid
substitutions at G312 are alanine, arginine and, specific to
subtype A, histidine. The A204 residue, which is located adja-
cent to the B3-strand of the bridging sheet in the C2 region of
gp120 (52), is conserved in >98% of all HIV-1 subtypes and is
invariant in subtype A. The most common substitutions for
A204 are serine and threonine.

A panel of mutants encoding the most common amino acid
substitutions at G312 and A204 was made to examine how
these substitutions compared to the adaptive G312V and
A204E substitutions for their ability to mediate entry into Ptm
cells. The titers of luciferase reporter pseudoviruses carrying
the mutant Q23-17 Envs were comparable to those carrying
the wild-type Q23-17 in HeLa-derived TZM-bl cells, with the
exception of the G312R variant, whose limited infectivity pre-
cluded it from further study (data not shown). In Ptm cells, the
level of entry of the G312A mutant was comparable to wild
type, whereas the G312H mutant had a >15-fold-increased
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FIG. 4. Single-cycle infection of Ptm lymphocytes with luciferase
pseudoviruses bearing Q23-17 Env mutants. The y axis shows relative
light units (RLUs) in cells infected with the virus variants indicated on
the x axis. The dashed line represents background RLU levels ob-
served in cells infected with Env(—) pseudovirus. Error bars represent
the standard deviations obtained from triplicate wells. wt, wild-type
Q23-17 envelope; ND, not determined due to insufficient titer. The
results are representative of at least two independent experiments.

level of entry. Substitutions of serine and threonine at A204
had more modest outcomes; the A204S and A204T mutants
mediated entry into Ptm lymphocytes at levels that were only 3-
to 5-fold greater than wild-type Q23-17 (Fig. 4).

To see if the A204E change was eliciting its effect due to the
introduction of a negative charge, A204 was substituted with
aspartic acid (A204D), which also bears a negative charge.
Notably, the viruses carrying the A204D Env variants typically
showed an approximately 100-fold decrease in infectivity on
TZM-bl cells compared to the wild-type Q23-17 Env (data not
shown). However, when equal MOIs of the A204D virus were
used to infect Ptm cells, luciferase levels were comparable to
the A204E variant that was adapted in culture (Fig. 4). All
together these results indicate that it is not the presence of a
specific amino acid at position 204 (E) or G312 (V) that con-
fers increased entry into Ptm lymphocytes; other amino acid
changes at these positions can also impact infectivity in Ptm
cells.

Effects of G312V and A204E amino acid changes in other
subtype A Envs on entry and replication in Ptm cells. To
examine whether the effects of the G312V and A204E changes
were context specific, the changes were introduced individually
to each of the subtype A Envs tested in Fig. 2 and the mutated
variants were assayed for their ability to mediate entry into
Ptm lymphocytes. Most of the reporter viruses carrying the
G312V and A204E Envs had infectious titers that were com-
parable to the parental wild type in TZM-bl cells. This was not
true, however, for the Q259.d2.26 G312V and A204E variants,
which were 10- to 20-fold less infectious than the wild type, and
for the Q259.d2.17 G312V and A204E variants, whose low
titers precluded them from use in the assay (data not shown).
In all cases where the mutants retained infectivity in human
cells, introduction of the G312V and A204E changes increased
entry into Ptm cells compared to the wild-type Envs. These
increases in entry ranged from a 10-fold increase, in the case of
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the Q259.d2.26 A204E variant, to a >100-fold increase in the
case of the MG505.H3 A204E variant (Fig. 5a). Despite the
increase in entry, the G312V and A204E variants did not all
mediate entry to the same degree as the SF162P3 Env, with
levels of entry that were as much as 10-fold less, as in the case
of Q259.d2.26 (Fig. 5a).

To determine whether increases in entry predicted increased
replication in Ptm lymphocytes, full-length molecular clones of
HIVA,3/SIV,;; expressing the BG505.B1 or Q259.d2.26 Envs
and their associated A204E and G312V variants were tested.
Replication-competent viruses harboring the BG505.B1 Env
and its variants were able to establish levels of infection reach-
ing ~300 ng p245“¢/ml in human PBMCs, similar to those seen
previously with HIVA,,5/SIV ;.. The results in Ptm cells were
also reminiscent of HIVA ,5/SIV ., with viruses harboring the
BG505.B1 G312V and A204E variants, reaching peak p245“*
levels that were more than 3 logs greater than the wild type
(Fig. 5b, left panel). However, the results for Q259.d2.26 and
its G312V and A204E variants did not follow this trend. The
G312V and A204E amino acid changes resulted in a 1.5- to
2-log reduction in p24%“¢ levels in human PBMCs compared to
the virus expressing the wild-type Q259.d2.d26 Env (Fig. 5b,
right panel). These results were mirrored in Ptm lymphocytes,
where the G312V and A204E changes did not appreciably
increase spreading infection compared to the wild-type virus,
reaching maximum p24%“¢ levels of only 1 ng/ml.

Influence of the G312V and A204E amino acid changes on
coreceptor usage. To establish if the G312V and A204E amino
acid changes were exerting their effects by causing a change in
coreceptor usage, Ptm lymphocytes were treated with saturat-
ing amounts of the CCRS antagonist TAK779 and then in-
fected with luciferase pseudoviruses carrying the G312V and
A204E Env variants. Infection mediated by the CCR5-tropic
positive-control SF162P3 was 100% inhibited by TAK779 and,
as expected for a CXCR4-tropic Env, treatment with TAK779
had relatively little effect on infection mediated by the NL-
DT5R Env (Table 1). Much like SF162P3, entry by the G312V
and A204E variants was greatly inhibited (98 to 100%) by
TAK779 (Table 1), thus indicating that Envs with the G312V
and A204E changes continued to require CCRS as a corecep-
tor for entry into Ptm lymphocytes.

Neutralization of the G312V and A204E variants by b12 and
sCD4. The b12 monoclonal antibody and sCD4 were used to
probe differences that the G312V and A204E variants may be
causing in Env conformation and interaction with CD4. None
of the viruses bearing the wild-type Envs were sensitive to
neutralization by b12 (ICs,, >50 pg/ml), as had been observed
previously (5, 64). The G312V and A204E amino acid changes
had variable effects on neutralization by b12, depending on
the viral context (Table 2). For example, the QF495.A3,
259.d2.26, and MG505.H3 G312V and A204E Env variants
were susceptible to neutralization, with ICsys ranging from
~0.6 pg/ml for the QF494.A3 A204E variant to ~8.6 pg/ml for
the MG505.H3 G312V variant. Conversely, much like their
wild-type counterparts, the G312V and A204E variants of
Q23-17 and BG505.B1 were resistant to b12 neutralization.

The effects of the amino acid changes on sensitivity to sCD4
were more dramatic and consistent. The wild-type Envs were
all relatively insensitive to sCD4, with 1Csys of >40 pg/ml.
Introduction of the G312V and A204E changes rendered each
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FIG. 5. (a) Single-cycle infection of Ptm lymphocytes with luciferase pseudoviruses bearing G312V and A204E Env variants. The y axis shows
relative light units (RLUs) in cells infected with the viruses indicated on the x axis. The dashed line represents the background RLU level observed
in cells infected with Env(—) pseudovirus. Error bars represent the standard deviations obtained from triplicate wells. (b) Infection of human
PBMCs and Ptm lymphocytes with HIVA,5/SIV,;; expressing BG505.B1 (left panel) and Q259.D2.26 (right panel) Env variants. The p245¢ levels
are shown as a function of time postinfection in human PBMCs (top graphs) and Ptm lymphocytes (bottom graphs). The data points represent the
average measurements from duplicate cultures. The figure key is shown in the top plots. wt, the wild-type Env to which the G312V or A204E change
was introduced. Data in both panels a and b are representative of three independent experiments.

Env highly susceptible to neutralization by sCD4, with ICs.s
ranging from ~8 pg/ml to <0.2 pg/ml, the latter representing
a greater-than-200-fold increase in susceptibility compared to
the wild type (Table 2). There did not appear to be a correla-
tion between the sensitivities of the G312V and A204E vari-
ants to b12 and to sCD4. This was exemplified by the Q23-17
and BG505.B1 variants, which were insensitive to b12, but
exquisitely sensitive to sCD4.

Use of Ptm CD4 and CCRS5 by G312V and A204E variants.
The G312V and A204E Env variants were next examined to
see if they showed any differences in their ability to mediate
entry using Ptm CD4 or CCRS. To do this, 293T cells were
transiently transfected with CD4 and CCRS expression plas-
mids in all possible combinations: huCD4/huCCRS, huCD4/
ptmCCRS, ptmCD4/ptmCCRS, and ptmCD4/huCCRS (Fig.
6a). In a given experiment, 20 to 50% of the cells were found

to be double positive for CD4 and CCRS expression, and the
levels of expression for the receptors were similar across the
four receptor combinations (Fig. 6a). The cells were infected
with GFP reporter pseudoviruses carrying different Envs, and
GFP-positive cells were counted in triplicate wells, with the
resulting titers being normalized to the huCD4/huCCRS5 com-
bination. Viruses bearing the SF162P3 Env, as well as those
bearing the Env from SIV Mne CLS8, a molecular clone that
establishes persistent infection in Ptms (44), were used as pos-
itive controls. These positive-control viruses were able to infect
cells expressing any of the four combinations of CD4 and
CCRS to comparable levels (Fig. 6b).

Viruses carrying each of the five wild-type Envs infected
cells expressing ptmCCRS to similar levels as those expressing
huCCRS5 but showed a 10- to 30-fold decrease in infection in
cells expressing ptmCD4 versus cells expressing huCD4 (Fig.
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TABLE 1. Inhibition of G312V and A204E variants by TAK779

Clone Residue change % inhibition®
Q23-17 G312V 100 =0
A204E 98 £ 1
QF495.A3 G312V 99 £ 1
A204E 100 =0
MGS505.H3 G312V 100 =0
A204E 100 £ 0
BG505.B1 G312V 100 £ 0
A204E 99 =0
Q259.D2.26 G312V 100 =0
A204E 100 £ 0
SF162P3 100 £ 0
NL-DT5R 15 21

¢ Percent inhibition of luciferase activity in cells treated with 1 uM TAK?779,
compared to untreated cells (averages *+ standard deviations from two indepen-
dent experiments).

6b). The G312V and A204E Env variants were also unchanged
in their ability to mediate infection when we compared
ptmCCRS to huCCRS, but they mediated increased levels of
infection via ptmCD4 by as much as 50-fold, typically reaching
levels of infection that were comparable to those in cells ex-
pressing huCD4 (Fig. 6b). An exception to this was the
MGS505.H3 G312V variant, which increased ptmCD4-medi-
ated entry by as little as 5-fold, still ~10-fold lower than entry
mediated by huCD4. Overall, however, these findings sug-
gested that the subtype A Envs used in this study were limited
in their capacity to infect cells expressing ptmCD4 and that the
G312V and A204E variants increased the efficiency with which
the Envs are able to utilize ptmCD4.

Expression of CD4 on immortalized Ptm lymphocytes. To
determine whether differences in the level of CD4 expression
may contribute to differences in infectivity of the adapted
HIVAG,3/SIV,; variants in Ptm versus human lymphocytes,
the expression of CD4 in the immortalized Ptm lymphocytes
was compared to the expression of CD4 in primary Ptm
PBMCs and in human PBMCs. Expression of CD4 was equiv-
alent between all of the cells types (Fig. 7a), suggesting that
differences in infectivity cannot be explained by differences in
cell surface CD4 levels. There are differences in amino acid
sequence between the human and Ptm CD4 molecules, includ-
ing differences in regions that play a role in envelope binding,
as shown in Fig. 7b.

DISCUSSION

In this study, the limited ability of subtype A Envs to use
ptmCD4 for entry was identified as a major barrier to the
replication of SHIV-As in macaque cells. A minimal SHIV-A,
HIVA,3/SIV,;, replicated poorly in Ptm lymphocytes, but
variants displaying increased replication in Ptm lymphocytes
were selected after long-term culturing. Two independent
adaptive amino acid changes in Env, G312V and A204E, con-
ferred more efficient entry into Ptm cells when introduced into
the Q23-17 parental Env. These same changes conferred high

J. VIROL.

TABLE 2. Neutralization of G312V and A204E variants
by b12 and sCD4

ICso (ng/ml)*
Envelope clone Residue change
bl12 sCD4
Q23-17 >50P >50°
G312V >50° 0.8 0.7
A204E >50P 03 £0.2¢
QF495.A3 >50P 48 +2.8¢
G312V 1.4 +0.1 <0.2¢
A204E 0.6 =0.0 <0.2¢
MGS505.H3 >50P >50°
G312V 8.6 x0.4 6.9 = 2.0
A204E 1504 0.7+ 0.0
BG505.B1 >50P >50°
G312V >50° <0.2¢
A204E >50P 03 £0.2¢
Q259.D2.26 >50P 47 + 4.5¢
G312V 20=*0.6 0.2 £0.1¢
A204E 1.8 0.5 <0.2¢

“ Data are averages * standard deviations for two experiments unless other-
wise noted.

> 1Csys from duplicate experiments were both >50.

¢ An ICs, value of <0.2 from one experiment was set to 0.1, and the average *
standard deviation is reported.

@ An ICs, value of >50 from one experiment was set to 50, and the average *
standard deviation is reported.

¢ The ICsqs from duplicate experiments were both <0.2.

levels of replication in Ptm lymphocytes when introduced into
the parental HIVA,5/SIV,;; proviral clone. Importantly, in-
creased entry was also observed when either of these changes
was independently introduced into multiple subtype A Envs,
suggesting that these amino acid positions have a general im-
pact on the interactions between subtype A Env and ptmCD4.
Env variants encoding G312V and A204E maintained CCRS5
tropism but were much more sensitive to neutralization by
sCD4 and mediated more efficient entry by ptmCD4. These
findings implicate Env/CD4 interactions in the restriction of
SHIV-A replication in macaque cells and provide insight into
specific amino acid positions in gp120 that can enhance these
interactions.

Prior studies with subtype B minimal SHIVs suggested that
the inclusion of the vif gene from SIV, 239 in HIVA,s/
SIV,;; would be sufficient for the virus to evade APOBEC3-
mediated restriction, thus allowing for replication in Ptm cells
(15). However, HIVA ,5/SIV ;; replicated poorly in immortal-
ized Ptm lymphocytes, in contrast to NL-DT5R, a CXCR4-
tropic minimal SHIV that encodes both the vif gene and the
CypA-binding loop of SIV, 239 (24), which achieved high
levels of replication. Similar results were observed when these
SHIVs were used to infect primary Ptm lymphocytes (data not
shown). The SIV CypA binding loop is required to evade Rhm
TRIMS5a but should not be necessary for replication in Ptm
lymphocytes, because the capsid-directed TRIMS isoforms and
TRIM Cyp expressed by Ptms do not restrict HIV-1 (6, 7, 15,
33, 62). Indeed, the lack of restriction to the HIV-1 capsid in
Ptm cells was further verified here by using chimeras between
NL-DT5R and HIVAq,5/SIV,;, which showed that the

HIVA,5/SIV; capsid supported replication in Ptm lympho-
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FIG. 6. (a) Transient expression of human and Ptm CD4 and CCRS in 293T cells. The y axis represents CD4 expression, and the x axis
represents CCR5 expression as determined by flow cytometry. The CD4/CCRS5 combination is denoted at the top of each plot, and pBabe-puro
denotes cells transfected with the empty pBabe-puro vector. These plots are representative of three replicate experiments. (b) Single-cycle infection
of 293T cells expressing human versus Ptm CD4 and CCRS5 with GFP reporter pseudoviruses bearing wild-type subtype A Envs and G312V and
A204E variants. The y axis represents viral infection relative to the huCD4/huCCRS combination, which was set to 1 for reference. The name of
the parental virus is indicated at the top of each plot, and the amino acid change is indicated on the x axis (wt refers to the wild-type Env variant).
In general 20 to 300 GFP-positive cells were enumerated per well, depending on the dilution, the virus, and the CD4/CCRS pair. No GFP-positive
cells were observed when cells were infected with Env(—) pseudoviruses (data not shown). Three replicates were performed and each replicate
included all of the receptor pairings, with the exception of one in which the ptmCD4/huCCRS pair was not included. The final replicate experiment
for the ptmCD4/huCCRS pair was later performed in a separate experiment. The error bars represent the standard deviations of the means from

all of the data amassed in the replicate experiments.

cytes. Instead, the chimeras demonstrated that it was the 3’
portion of HIVA,3/SIV,, including tat, rev, vpu, and env, that
limited the replication of the SHIV-A in Ptm lymphocytes.
These findings were consistent with previous studies using tra-
ditional SHIVs encoding the 3’ elements of HIV-1, which
implicated env as the main determinant for infection of ma-
caque cells (19). The identification of the Q23-17 Env as the
reason for reduced replication in Ptm cells was definitively
shown when mutations encoding the G312V or A204E amino
acid changes to gp120, which were identified in viruses selected
for increased replication in immortalized Ptm lymphocytes,
were introduced into the parental clone, and the resulting
viruses replicated in immortalized Ptm lymphocytes to levels

that were comparable to NL-DT5R. Viruses bearing the
G312V or A204E mutations also showed increased replication
compared to the parental virus in primary Ptm PBMCs, but the
differences were much more modest than those observed in
immortalized CD4 lymphocytes, perhaps reflecting the fact
that CD4/CCRS5-positive lymphocytes comprise only a fraction
of the PBMCs.

The increases in entry into Ptm lymphocytes by the G312V
and A204E variants in luciferase reporter assays were not
necessarily directly correlated with increases in virus spread, as
exemplified by the G312V change in the context of Q23-17 and
BG505.B1. The G312V changes conferred similar increases in
entry in the single-cycle reporter assay as the A204E mutants,
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FIG. 7. (a) CD4 expression on human PBMCs, Ptm PBMCs, and immortalized Ptm lymphocytes. Live cells were gated on CD4 expression, and
CD4-positive cells are shown in the histogram. Shaded curves represent unstained cells and, in the PBMC expression profiles, the black and gray
curves represent profiles of cells from two different donors. (b) Amino acid alignments of the D1 and D2 domains of human and Ptm CD4.
Triangles above the alignment denote the beginning residue of the D1, D2, or D3 (not labeled) immunoglobin-like domains. Dots in the Ptm
sequence indicate conserved residues, and in positions where the Ptm and human sequences differ, the corresponding residue encoded by Ptms
is shown. The residues that are highlighted in gray were previously found to be important for gp120 binding (1).

yet in the viral replication assays, peak replication levels were
much lower for a full-length clone encoding the Q23-17 G312V
Env compared to one encoding the BG505.B1 G312V Env.
The same immortalized Ptm lymphocytes were used for both
the single-cycle and replication assays, ruling out the possibility
of differences in cell targets. This suggests that differences in
infectivity may be due to differences in how the viruses were
generated. Depending on the Env being expressed, pseudovi-
ruses have been shown to express artificially large amounts of
Env, both in the processed and unprocessed forms (18), and
this can result in higher levels of infectivity compared to rep-
lication-competent virus (49).

The G312 residue, located at the tip of the V3 loop, and the
A204 residue, located adjacent to the B3-strand of the bridging
sheet, are in regions of gpl120 that are known to mediate
interaction with the coreceptor (22, 52). However, the in-
creased ability of the G312V and A204E variants to infect Ptm
cells was not due to a change in coreceptor use or an increased
ability to mediate infection by ptmCCRS. Surprisingly, subtype
A Envs were deficient in their ability to mediate infection of
cells expressing ptmCD4, and the G312V and A204E amino
acid changes rescued this deficiency. Flow cytometric analyses
demonstrated that the differences in infectivity could not be
explained by differences in cell surface CD4 expression. These
results argue that the barrier to HIVA,5/SIV ; replication in
Ptm lymphocytes was due to inefficient use of ptmCD4 and
that the G312V and A204E changes arose to circumvent this
barrier.

A notable property of the G312V and A204E variants was
their increased sensitivity to sCD4, with both mutations con-
ferring increased sensitivity to sCD4 in all Envs tested, in most
cases by more than 100-fold. This finding suggests that sensi-

tivity to sCD4 may predict how well a particular envelope uses
ptmCD4 for entry. If this is the case, then most circulating
HIV-1 Env variants, which tend to be relatively insensitive to
sCD4 (5, 32), may not promote efficient entry via ptmCD4.
However, these findings also raise the interesting possibility
that sensitivity to sCD4 may provide a means to identify rep-
resentative transmitted Env variants that would be the best
candidates for a successful SHIV. In support of this hypothesis,
it is significant that many of the existing CCRS5-tropic SHIVs
incorporate HIV-1 Envs that are relatively sensitive to soluble
CD4, including the SF162 lineage (10, 27), ADA (60), BaL
(12), and the subtype C isolate HIV2873i (56).

One model that may explain how changes to G312 and
A204 elicit their effect is by increasing exposure of the
CD4-binding site, which could then allow for better usage of
ptmCD4. G312 is found in the V3 loop, which has been shown
to be a determinant for increased sensitivity to sCD4 (23, 42,
59), implying that changes to the V3 loop may participate in
quaternary interactions in Env that could lead to a more ex-
posed CD4-binding site. A204 is adjacent to the highly con-
served C205 residue, whose replacement has been shown to
increase the susceptibility of the HIV-1 Env to sCD4, presum-
ably by abrogating a highly conserved disulfide bond, resulting
in a more open Env conformation (61). It is possible that
changes to A204, particularly the introduction of a negative
charge, as in the A204E and A204D variants, may also serve to
modulate this disulfide bond or may open up the Env structure
via other steric interactions. The increased exposure of the
CD4-binding site in the G312V and A204E variants is further
supported by the sensitivity that some of the variants display to
the bl2 monoclonal antibody, whose epitope overlaps the
CD4-binding site (8, 66). The high degree of conservation of
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the G312 and A204 residues may indicate that they play some
role in maintaining the structural integrity of the envelope
trimer. This may explain why the G312V/A204E double mu-
tant and, in some contexts, the single G312V or A204E
changes (for example, in the case of the Q259.D2.17 Env)
result in an envelope that does not support efficient entry or
viral replication.

Little is known regarding how differences in macaque and
human CD4 impact the ability of HIV-1 Envs to mediate
infection of macaque cells, although one study concluded that
ptmCD4 is not a barrier to HIV-1 infection (13). The lab-
adapted LAI IIIb strain of HIV-1 was used in that previous
study, and the results are consistent with observations that
CXCR4-tropic subtype B SHIVs are infectious in macaque
cells. The differences between that study and the data pre-
sented here most likely reflect differences in the biology of
lab-adapted strains compared to CCR5-tropic variants cloned
directly from infected individuals, and this serves as a reminder
of the difficulty of extrapolating findings with lab-adapted HIV
variants to more relevant, circulating strains of HIV-1.

The primary determinants of the HIV Env-CD4 interaction
have been mapped to the D1 and D2 domains of human CD4,
and human and ptmCD4 differ at 17 amino acid positions in
these domains. Structural studies indicate that F43 and R58
from CD4 form contacts with gp120 (29). There is an amino
acid change at R58 (K in Ptm) that could alter Ptm CD4-Env
interactions, but it is a conservative amino acid difference.
There are other, nonconservative amino acid differences at S23
(N in Ptm) and N52 (S in Ptm). Although these residues have
not been recognized as contact residues in structural analyses,
they have been identified in mutagenesis studies as being crit-
ical for gp120 binding (1). Thus, disruption of CD4-gp120
binding, either by modulation of direct amino acid interactions
or indirectly, through effects on binding affinity, may explain
the differences in HIV-mediated entry between human and
Ptm CD4 observed here.

Prior studies showed that SHIV-As are not infectious in
Rhm cells (19), and our findings may provide an explanation
for these results. The published sequence of Rhm CD4 is
identical to the Ptm CD4 at each of the four residues noted
above (data not shown). Further studies are needed to deter-
mine whether Rhm CD4 presents a similar barrier to infection
as ptmCD4 and whether amino acid changes at positions A204
and G312, which are highly conserved across all subtypes, can
overcome this barrier. Such studies may also help define the
precise changes that alter HIV Env-macaque CD4 interac-
tions.

The usefulness of SHIV models, particularly as tools to
examine the biology of HIV-1 transmission and strategies to
prevent infection, depends on how well they mimic HIV-1
transmission and early infection in humans. There are numer-
ous barriers to HIV-1 infection in macaques, and the SHIV
proviruses tested to date have required further adaptation in
the animal to increase replication. The improved understand-
ing of host restriction factors has permitted more targeted
approaches to developing infectious SHIVs, although the ini-
tial chimeric viruses did not replicate to high levels in infected
animals (15, 16, 24). Here, we have identified differences in
CD4 as a barrier to HIV-1 infection of pig-tailed macaque cells
and showed that a single amino acid change in Env is sufficient
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to surmount this limitation, at least for subtype A Envs. These
data indicate it may be possible to develop SHIVs that are
derived from more relevant HIV-1 variants with only minor
modifications. However, in using these findings to develop
more relevant SHIV models, it will be important to consider
how changes that permit efficient CD4 interaction impact
other key biological properties of the envelope, such as sensi-
tivity to neutralization. Identifying inefficient use of CD4 as a
barrier to HIV-1 infection of macaque cells provides a critical
first step in the process of designing SHIVs based on biologi-
cally relevant HIV-1 variants.
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