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Through rapid serial transfer in vivo, the chimeric CCR5-tropic simian/human immunodeficiency virus
SHIVSF162 evolved from a virus that is nonpathogenic and poorly transmissible across the vaginal mucosa to
a variant that still maintains CCR5 usage but which is now pathogenic and establishes intravaginal infection
efficiently. To determine whether envelope glycoprotein gp120 is responsible for increased pathogenesis and
transmissibility of the variant SHIVSF162P3, we cloned and sequenced the dominant envelope gene (encoding P3
gp120) and characterized its functions in vitro. Chimeric SHIVSF162 virus expressing P3 gp120 of the pathogenic variant, designated SHIVSF162PC, was also constructed and assessed for its pathogenicity and mucosal
transmissibility in vivo. We found that, compared to wild-type SHIVSF162 gp120, P3 gp120 conferred in vitro
neutralization resistance and increased entry efficiency of the virus but was compromised in its fusion-inducing
capacity. In vivo, SHIVSF162PC infected two of two and two of three rhesus macaques by the intravenous and
intravaginal routes, respectively. Nevertheless, although peak viremia reached 106 to 107 RNA copies per ml of
plasma in some infected animals and was associated with depletion of gut-associated CD4ⴙ lymphocytes, none
of the animals maintained a viral set point that would be predictive of progression to disease. Together, the
data from this study suggest a lack of correlation between entry efficiency and cytopathic properties of envelope
glycoproteins with viral pathogenicity. Furthermore, whereas env gp120 contains the determinant for enhanced
mucosal transmissibility of SHIVSF162P3, the determinant(s) of its increased virulence may require additional
sequence changes in env gp41 and/or maps to other viral genes.
linked to envelope gp120-determined in vitro properties that
include increased cytopathicity and fusogenicity, in addition to
efficient viral entry and resistance to neutralizing antibody (8–
10, 21, 37, 70).
Less well defined, however, are envelope properties associated with R5 viruses from individuals who progress to AIDS in
the absence of a coreceptor switch. Overbaugh and colleagues
demonstrated with the SIV system that variants isolated from
SIVmne infection of macaques late in the disease stage show
increased fitness for replication in the host that correlates with
antigenic and phenotypic changes in the envelope glycoprotein
such as neutralization resistance and cytopathicity, but not SI
capacity (38, 64). The envelope glycoprotein is also an important component of SIVsmPBj pathogenesis, conferring enhanced virus replication kinetics and infectivity (25, 56). For
HIV, studies in the histoculture system indicated an equal
degree of replication and cytopathicity of early and late R5
viruses (40), an observation that is in agreement with findings
from one (5) but not another (67) study using the SCID-hu
xenograft model. The limited range of host target cells and the
absence of an intact immune system in these ex vivo organ
culture systems, however, restrict their utility in assessing the
role of tissue tropism and antigenic changes in viral pathogenesis. Until recently, the lack of R5-tropic SHIVs that evolve
from a nonpathogenic to pathogenic phenotype has prevented
the use of this model system to characterize, phenotypically

Infection of rhesus macaques with chimeric simian/human
immunodeficiency virus (SHIV) has provided a model system
not only for evaluation of vaccines and antiviral therapies (6)
but for studies of HIV infection and persistence as well, providing important insights into the pathogenic process of disease development (26, 27, 29, 33–35, 48, 61, 69). In particular,
this model has been used extensively to examine the role of
HIV type 1 (HIV-1) envelope (Env) glycoproteins in the development of fatal immunodeficiency disease (22, 28, 30, 36,
60, 61, 69). Env determines viral entry, tropism, neutralization
susceptibility, fusogenicity, and cytopathicity in vitro (4, 45).
Additionally, epidemiological and virological studies in humans have demonstrated a correlation between disease progression and emergence of cytopathic, syncytium-inducing (SI)
HIV-1 variants (12, 15, 23, 65, 72). Viruses isolated early in the
course of disease typically use CCR5 as a coreceptor (R5
viruses) and are non-syncytium-inducing (NSI), whereas viruses isolated late in the course of disease commonly use either
CXCR4 alone (X4 viruses) or both CCR5 and CXCR4 (R5X4
viruses) and are SI (16). Consistent with this observation, enhanced pathogenicity of X4 and R5X4 SHIVs in vivo has been
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TABLE 1. Comparison of SHIVSF162 and SHIVSF162P3 infection in IVAG challenge of rhesus macaques
Virus

No. infected/no.
challenged

SHIVSF162 clone
SHIVSF162P3 isolate

0/3
7/9

Clinical outcome

None
Seroconversion, gradual depletion of CD4⫹ PBMC, SAIDS,
severe mucosal CD4⫹-T-cell loss in 4 of 7 infected animals

MATERIALS AND METHODS
Cells. Human osteosarcoma cells expressing CD4 and either human or rhesus
CCR5 (HOS.CD4.CCR5) were gifts from N. Landau (Salk Institute, La Jolla,
Calif.) and were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS), 0.5 g of puromycin per ml, and
penicillin-streptomycin. The CEMx174 5.25 M7 cell line (also a generous gift
from N. Landau), expressing both CD4 and CCR5, was stably transduced with a
long terminal repeat (LTR)-luciferase and LTR-green fluorescent protein cassette and was maintained in RPMI–10% FBS containing 200 g of G418 (Life
Technologies, Carlsbad, Calif.)/ml, 200 g of hygromycin (Invitrogen, Carlsbad,
Calif.)/ml, and 0.5 g of puromycin (Sigma-Aldrich, St. Louis, Mo.)/ml. 293T
cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS and penicillin-streptomycin.
Amplification of SHIVSF162P3 gp120. RNA from cell-free SHIVSF162P3 virus
supernatants (26) was isolated with the Qiagen HIV RNA isolation kit per the
manufacturer’s instructions (Qiagen, Chatsworth, Calif.). RNA was reverse transcribed with SuperScript reverse transcriptase (Life Technologies) using a random hexamer primer (Amersham Pharmacia, Piscataway, N.J.) and was amplified by hot-start PCR under the following buffer conditions: 15 mM Tris-HCl
(pH 8), 50 mM KCl, 2.5 mM MgCl2, 200 M deoxynucleoside triphosphate
cocktail, and 2.5 U of AmpliTaq Gold (Roche, Branchburg, N.J.). Reactions
were incubated at 94°C for 10 min, followed by 5 cycles of 94°C for 60 s, 55°C for

50
26; unpublished data

60 s, and 72°C for 2 min and then 25 cycles of 94°C for 30 s, 55°C for 45 s, and
72°C for 1.5 min. Amplification primers were ED5 and ED12, corresponding to
nucleotides 811 to 835 and 2011 to 2041 of the V1 and V5 domains of HIV-1SF162
env (17), respectively (GenBank accession no. M8428). PCR products were
cloned with the TOPO TA cloning kit (Invitrogen) per the manufacturer’s
instructions, and direct automated sequencing of cloned gp120 was carried out
(Rockefeller University, New York, N.Y.). Nested PCR for the detection of env
V3 sequences was performed on the product of ED5-ED12 PCR, using the V3
loop-specific primers ES7 (nt 1253 to 1272) and ES8 (nt 1878 to 1898) (17). Five
amplification cycles were performed as follows: 94°C for 1 min, 45°C for 45 s,
72°C for 1 min. Immediately following, 30 cycles of amplification were carried
out (94°C for 30 s, 48°C for 30 s, 72°C for 1 min).
Plasmid constructs and virus production. From DNA sequencing of 10 TOPO
TA V1-V5 gp120 clones, a dominant sequence which was represented in 7 clones
was selected for further analysis. A 1.1-kb BsgI-DraIII DNA fragment encompassing the V1 to V5 domains of gp120 was prepared and exchanged in place of
the corresponding sequences in the envelope expression vector pCAGGSSF162env (11). Cotransfections of 293T cells with the NL4.3-Luc-E⫺R⫺ vector,
an env-deficient luciferase reporter plasmid (14), were carried out using the
DMRIE-C reagent (Life Technologies) to generate reporter viruses capable of
single-round replication as previously described (11). Reporter viruses were
harvested at 72 h posttransfection, and p24 Gag antigen concentration was
determined by enzyme-linked immunosorbent assay (Abbott, Abbot Park, Ill.).
The V1-V5 P3 env gp120 sequence was also used to replace corresponding
sequences in the 3⬘ SHIVSF162 genome (49). Cotransfection of 293T cells with
the 5⬘ SIV genome (49) was followed by cocultivation with human peripheral
blood mononuclear cells (PBMCs) or CEMx174 5.25 M7 cells to rescue molecular clone SHIVSF162PC virus. SHIVSF162PC for animal infection studies was
propagated and titrated in CEMx174 5.25 M7 cells.
Entry and neutralization assays. HOS.CD4.CCR5 cells were seeded in 96-well
plates 16 h before infection. Cells were pretreated with Polybrene (2 g/ml) for
30 min at 37°C, and reporter viruses were incubated with cells for 4 to 5 h at 37°C,
following which fresh medium was added. Entry was quantified by luciferase
activity detection 72 h after infection (Promega, Madison, Wis.). For neutralization assays, viruses were incubated in the absence or presence of various dilutions
of antisera, monoclonal antibodies, or T-20 for 1 h at 37°C before infection.
Neutralization was calculated by the amount of entry in the presence of relative
to that in the absence of antibody, serum, or T-20, as previously described (51).
T-20, a fusion peptide corresponding to the second heptad repeat of gp41 (76),
was obtained from D. Ho as a generous gift from D. P. Bolognesi (Trimeris Inc.,
Durham, N.C.).
Fusion assay. Fusogenicity mediated by the binding of gp120 expressed on
293T cells to CD4 on CEMx174 5.25 M7 cells was assessed as previously described (9). Briefly, 293T cells were cotransfected with pCAGGSenv constructs
and pTatSF13, a plasmid encoding the HIV transactivator protein Tat (44).
Transfected cells were incubated for 48 h with CEMx174 5.25 M7 cells at a ratio
of 3:5. Fusion of transfected cells with CEMx174 5.25 M7 cells activated expression from the LTR-luciferase cassette maintained in the latter cells. Cells were
collected and lysed 4 and 8 h after coculture. Lysates were analyzed for luciferase
activity and normalized by cell surface gp120 expression that was determined by
immunoprecipitation followed by immunoblot analysis (not shown). Controls
included 293T cells transfected with pTatSF13 alone and CEMx174 5.25 M7 cells
cultivated in the absence of 293T cells, from which background luciferase was
calculated and subtracted from all samples.
Animal infections. All infections were carried out in adult rhesus macaques
(Macaca mulatta) individually housed at the Tulane National Primate Research
Center in compliance with its Guide for the Care and Use of Laboratory Animals.
Animals were confirmed to be serologically negative for simian type D retrovirus,
SIV, and simian T-cell lymphotrophic virus prior to infection. Intravenous (i.v.)
infections were carried out with 4 ⫻ 103 50% tissue culture infectious doses
(TCID50) of SHIVSF162PC in two rhesus macaques (animals CB79 and T027).
IVAG inoculations were performed by placing virus inocula atraumatically on
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and antigenically, the HIV-1 envelope-determined properties
that might be associated with increased virulence of R5-tropic
isolates.
We previously constructed SHIVSF162 using the envelope
gene of the nonpathogenic, macrophage-tropic, and CCR5using primary HIV-1SF162 strain (49). SHIVSF162 infected rhesus macaques efficiently by the intravenous route but did not
maintain a high viral set point and did not induce disease (27,
49). Surprisingly, R5-SHIVSF162 was unable to establish infection by the intravaginal route (50). Upon rapid serial intravenous passage of the virus, a variant designated SHIVSF162P3
was derived that maintained CCR5 coreceptor usage but exhibited enhanced pathogenicity (27). Two of two animals inoculated with cell-free SHIVSF162P3 by the intravenous route
were infected, with one sustaining a high viral set point and
progressing to simian AIDS (SAIDS) at 26 weeks postinfection
(wpi) (data not shown). Significantly, cell-free intravaginal
(IVAG) inoculation of rhesus macaques with SHIVSF162P3 also
resulted in high-titer virus replication and induction of SAIDS
in four of seven infected macaques (26) (Table 1). Increased
virulence and mucosal transmissibility of the R5-tropic
SHIVSF162 after rapid serial passage of the virus in macaques
therefore provided an opportunity to address whether the envelope gp120 contains the determinants for these properties in
an animal infection model that closely mimics that of humans,
and if so, to identify the associated phenotypic and antigenic
changes in envelope glycoproteins. To this end, we cloned and
sequenced a major variant env gp120, termed P3 gp120, from
SHIVSF162P3 and assessed its functions. Chimeric virus containing P3 env gp120 in the genomic backbone of parental
SHIVSF162 was also generated and assessed for its pathogenicity and transmissibility in rhesus macaques.

Reference
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the cervicovaginal mucosa of three animals (AV45, BD19, and BE72). This dose
is comparable to that used previously for SHIVSF162P3 IVAG inoculations
wherein four out of four animals became infected (26). Whole blood was collected at designated time intervals and plasma virus was quantified by branched
DNA analysis (Bayer Diagnostics, Emeryville, Calif.). T-cell subsets (CD3⫹,
CD4⫹, and CD8⫹) were determined by TruCount (Becton Dickinson, San Jose,
Calif.). Intestinal resection surgery was carried out as previously described (27),
and CD3⫹, CD4⫹, and CD8⫹ lymphocytes were assayed by flow cytometry
(FACScalibur).
Detection of antiviral humoral responses. SHIV-specific antibody responses
were analyzed by strip immunoblot assay according to the manufacturer’s instructions (Chiron, Emeryville, Calif.). This assay employs recombinant viral
antigens derived from HIV-1SF2 p24 Gag, gp120 and gp41 Envs, p31 from the
endonuclease portion of Pol, and p27 (Gag) from HIV-2UC1. Cross-reactivity of
anti-SIV and anti-HIV antibodies in plasma with viral antigens allowed detection
of the antiviral humoral response. Each independent assay was carried out with
internal positive and negative controls. Reactivity was quantified relative to
controls as described in Table 2.

RESULTS
Cloning and analysis of SHIVSF162P3 env gp120 sequences.
The env gp120 sequences of SHIVSF162P3 were amplified by
reverse transcription-PCR of viral RNA in culture supernatants of infected cells, which was followed by sequence analysis.
Compared to parental SHIVSF162 envelope glycoprotein, the
predicted sequence of the major variant of SHIVSF162P3 (P3
Env) gp120 exhibited 14 amino acid changes, 10 of which are
in the variable regions (Fig. 1). Of interest are amino acid
substitutions K140T and K158N, which generate two potential
new glycosylation sites in the V1-V2 domain, as well as amino
acid changes in the V3 region (T306P, R311K) that are likely
to alter the antigenic structure of envelope gp120. env gp120
encodes many of the determinants of increased pathogenesis
of HIV as well as X4 and R5 SHIVs, such as fusogenicity, entry
and replication, neutralization sensitivity, and depletion of
CD4⫹ lymphocytes (8–10, 21, 22, 36, 37, 60, 61, 70). We therefore examined the susceptibility to antibody neutralization,
entry, and fusion properties mediated by P3 Env gp120 in vitro
and compared them to that of wild-type SF162 Env.
SHIVSF162P3 envelope glycoprotein gp120 confers increased

neutralization resistance. To assess whether Env gp120 amino
acid changes alter susceptibility to antibody neutralization, luciferase reporter viruses pseudotyped with SHIVSF162 (SF162)
or SHIVSF162P3 (P3) Env gp120 were generated and subjected
to neutralization with monoclonal antibodies (MAbs) directed
against conserved epitopes overlapping with the CD4 (immunoglobulin G1b12 [IgG1b12]) or coreceptor (17b) binding sites
and the V3 loop (B4a1 and 447-52D). Neutralization by sera
from SHIVSF162 (49)- and SHIVSF162P3 (26)-infected animals
was tested as well (animals 26419 and 353-66N, respectively)
(Fig. 2). No difference in susceptibility to neutralization of
SF162 or P3 Env pseudotyped viruses by IgG1b12 was observed (Fig. 2A), suggestive of conformational similarity in the
CD4 binding domain of wild-type and P3 envelope glycoprotein gp120s. However, neutralization of the P3 viruses by CD4i
MAb 17b and anti-V3 loop MAbs B4a1 and 447-52D was
significantly reduced compared to wild-type viruses. These last
findings are indicative of antigenic changes in the V3 loop of
SHIVSF162P3, likely as a result of substitutions in this domain
(Fig. 1). Since the V3 loop constitutes part of the coreceptorbinding site on gp120 (32, 62, 71, 73, 77), this change in V3
loop conformation, in turn, could affect the structure of the 17b
epitope (41, 62). P3 viruses also showed increased resistance to
neutralization with sera from SHIVSF162 (serum 26419)- and
SHIVSF162P3-infected animal T353 obtained at necropsy (66
weeks postinfection) (Fig. 2B). T353 is the animal from which
SHIVSF162P3 was isolated (26), suggesting that some of the P3
env changes arose as a result of immune escape.
P3 Env gp120 confers increased viral entry and susceptibility to T-20 but is defective in its fusion capacity. The ability of
wild-type and P3 Env gp120 to mediate viral entry was assessed
in single-round infection of HOS.CD4.CCR5 cells expressing
human or rhesus macaque CCR5 and in the CEMx174 5.25 M7
cell line. We found that P3 Env gp120 conferred between 1.6and 3-fold increased entry relative to SF162 Env in all of the
three cell types tested (Fig. 3). Neither envelope was able to
mediate entry into HOS.CD4.CXCR4 cells, indicating that
passage-associated mutations in env did not confer expansion
or a switch to CXCR4 usage (not shown).
Fusogenic capacity mediated by the two envelopes was also
examined. For these studies, 293T cells expressing envelope
glycoproteins and Tat were cocultivated with the CEMx174
5.25 M7 indicator cell line transduced with an LTR-Luc reporter cassette, and fusion mediated by the envelopes was
quantified by luciferase activity (Fig. 4A). We found that the
extent of fusion increased over time in all cultures, reaching
saturation at 16 h postcocultivation (data not shown). At both
time points examined (4 and 8 h after coculture), however, the
fusogenic capacity of P3 Env gp120 was found to be reduced
compared to that of wild-type SF162 Env gp120 (Fig. 4A).
Relative to SF162 Env gp120, P3 Env gp120 displayed 60%
fusogenic activity. Western blotting confirmed that similar
amounts of plasma membrane-associated gp120s were expressed on transfected 293T cells, indicating that decreased
fusion mediated by P3 Env gp120 was not due to reduced
envelope surface expression.
The difference in fusogenic properties of the wild-type and
P3 envelopes was further evaluated by assessing the ability of
T-20, a fusion peptide inhibitor, to block infection mediated by
these envelopes (76). High resistance of HIV to T-20 has been
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FIG. 1. Amino acid sequence alignment of V1-V5 gp120 of SF162
and serially passaged clone P3. Dashes indicate amino acid identity.
Amino acid changes generating new potential sites of N-linked glycosylation are boxed.
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linked to greater CCR5 binding and, by inference, greater 17b
epitope exposure that results in a more efficient fusion process
(20, 43). Thus, sensitivity to neutralization with T-20 is also
used as a surrogate marker for coreceptor binding affinity and
17b epitope exposure (18–20). We found that T-20 inhibited
single-round infection mediated by P3 Env gp120 to a greater
extent than that by wild-type SF162 gp120 (Fig. 4B). A 50%
inhibition of entry mediated by SF162 gp120 requires 400 nM
T-20, compared to the 100 nM concentration required for P3
gp120. These findings are consistent with the relative fusogenic
capacity of the two envelopes (Fig. 4A) and are in agreement
with the greater resistance of P3 Env pseudotype viruses to
neutralization with the 17b MAb (Fig. 3). Furthermore, since

the gp41 domains of the wild-type and P3 pseudotype viruses
used in these studies are identical, the difference in susceptibility to neutralization by an inhibitor targeted to the gp41
domain supports a functional interaction between gp120 and
gp41 that modulates the kinetics of the fusion process (18, 19).
Whether the difference in V3 loop conformation of SF162 and
P3 Env gp120 alters coreceptor affinity and hence T-20 sensitivity requires further investigation.
i.v. infection with the SHIVSF162PC molecular clone. To determine whether SHIVSF162P3 gp120 contains the genetic determinant for increased pathogenicity, chimeric virus expressing the P3 env gp120, termed SHIVSF162PC, was constructed in
the genomic backbone of SHIVSF162 for animal infection stud-
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FIG. 2. Neutralization of luciferase reporter viruses. (A) Neutralization by MAbs against the CD4 binding site (CD4bs), CD4 induced site
(CD4i), and the V3 loop (anti-V3 loop). (B) Neutralization by sera isolated from a macaque infected with SHIVSF162 (serum 26419-32) and
SHIVSF162P3 (serum 353-66N). Percent neutralization was determined by luciferase expression by viruses infected in the presence relative to the
absence of antibodies. Three independent assays were carried out and representative neutralization curves are shown.
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ies. Two rhesus macaques were inoculated by the i.v. route with
the molecular clone SHIVSF162PC. Peak viremia reached 107.3
RNA copies/ml of plasma for animal CB79 and 105 RNA
copies/ml of plasma for animal T027. Viremia for both animals
declined thereafter, becoming undetectable (⬍500 copies/ml
of plasma) in T027 by 6 wpi and remaining undetectable at 33
wpi (Fig. 5A). For animal CB79, the viral load established a set
point of 102 to 103 copies/ml by 33 wpi (Fig. 5A). In both
animals, peripheral CD4⫹ counts dropped during acute infection but rebounded to an equilibrium CD4⫹/CD8⫹ ratio that
ranged from 1.25 to 2. Gut resection surgery and fluorescenceactivated cell sorter analysis of T-cell subsets during acute
infection (day 13) revealed significant depletion of jejunal
CD4⫹ lymphocytes only in animal CB79, which displayed high
peak viremia (5%) (Fig. 5C). The percentage of CD4⫹ lymphocytes in both the periphery and colonic lymph nodes of
CB79, however, remained in the normal range (52%), indicating selective depletion in the gut-associated mucosa (Fig. 5C).
IVAG infection with the SHIVSF162PC molecular clone. To
evaluate the mucosal transmissibility of SHIVSF162PC, three
animals were inoculated with the virus by the IVAG route.
Two animals, BD19 and BE72, showed peak viremia of 104.7
and 106 RNA copies/ml, respectively, but plasma viral load was
undetectable in animal AV45 (Fig. 5B). Viral DNA was not
detected by nested PCR from any samples of PBMCs or lymph
node mononuclear cells from AV45 during the first 12 weeks
postinoculation, indicating that this animal remained uninfected (data not shown). Both BD19 and BE72 cleared their
virus by 12 wpi. No significant peripheral CD4⫹-T-cell loss was
detected in either animal, with CD4⫹/CD8⫹ ratios falling in
the normal range of baseline values during the course of infection. Gut resection surgery and quantitation of CD4⫹ lymphocytes performed on animals BD19 and BE72 at day 35 also
revealed minimal depletion of jejunal CD4⫹ cells (29 and 27%
compared to baseline values of 26 and 35%, respectively).
Consistent with findings in the i.v. infected animals, no diminution of CD4⫹ lymphocytes in either the periphery or colonic
lymph node compartments was observed in the two IVAG
infected animals.
Humoral immune responses against SHIVSF162PC. Strip immunoblotting was performed to assess the sero-status of the
inoculated animals (Table 2). Both i.v. infected animals sero-
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converted at 4 wpi, mounting a strong antibody response to
gp41 and p27 (Table 2). The breadth of antibody responses
increased over time, and by 12 wpi, reactivity against all four
HIV/SIV Env, Pol, and Gag proteins tested was detected in
animals CB79 and T027 (Table 2). Weaker antibody responses
were observed in the IVAG infected animals, with anti-gp41
and anti-p27 antibodies predominating in animals BD19 and
BE72 by 12 wpi (Table 2). Animal AV45, in which plasma viral
RNA and cell-associated proviral DNA have been consistently
undetectable, mounted a weak anti-p27 antibody response at 6
wpi that persisted up to the last time point tested (20 wpi).
DISCUSSION
We sought to determine whether the genetic determinant(s)
for enhanced pathogenicity and increased mucosal transmissibility of R5-SHIVSF162P3 maps to the surface envelope glycoprotein gp120 and to identify the associated antigenic and
phenotypic envelope properties. We found that the envelope
glycoprotein gp120 of R5-SHIVSF162P3 conferred resistance to
antibody neutralization (Fig. 2) and mediated more efficient
entry than its wild-type counterpart SHIVSF162 (Fig. 3) but was
compromised in its fusogenic capacity (Fig. 4). In vivo studies
demonstrated that whereas chimeric SHIVSF162 virus expressing SHIVSF162P3 Env gp120 infected macaques with comparable efficiency by the i.v. and IVAG routes, it failed to establish
a high viral set point (Fig. 5 and Table 2). Since the concentration of virus in the plasma after seroconversion predicts the
rate of disease progression for both HIV and SIV infections
(47, 53), effective resolution of acute viremia observed in the
SHIVSF162PC-infected animals suggests that the infections are
unlikely to be pathogenic. Indeed, with the exception that the
molecular clone SHIVSF162PC can now traverse the vaginal
mucosa, the virological and immunological parameters of
SHIVSF162PC infection in rhesus macaques parallel those reported for infection with the nonpathogenic parental clone
SHIVSF162 (27, 49) (Table 1). Although the limited number of
animals inoculated with SHIVSF162PC does not permit statistical analysis of infection rate, our data do indicate that the
envelope gp120 of SHIVSF162P3 contains the determinants for
enhanced transmission of the virus across the mucosal barrier

FIG. 4. Fusogenic capacity and susceptibility to T-20. (A) Fusion of
SF162 and P3 gp120-expressing 293T cells with CEMx174 5.25 M7
cells. Results shown are the means and standard errors from three
independent experiments. (B) Inhibition of luciferase reporter virus
fusion with HOS.CD4.CCR5 cells by T-20. Viruses and T-20 were
incubated for 1 h at 37°C before addition to cells, and inhibition
relative to viruses in the absence of drug was calculated. The means
and standard errors from three independent experiments are shown.

Downloaded from http://jvi.asm.org/ on September 21, 2019 by guest

FIG. 3. Relative entry of luciferase reporter viruses expressing
SF162 gp120 or P3 gp120. (A) Entry of HOS.CD4.CCR5 cells. (B) Entry of CEMx174 5.25 M7 cells. Data for relative entry of
HOS.CD4.CCR5 cells are the means and standard errors of six independent experiments, while those for CEMx174 5.25 M7 cells are the
averages of two independent experiments.
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but not for its increased virulence compared to the parental
clone SHIVSF162.
The difference in clinical outcome of infection with clone
SHIVSF162PC and isolate SHIVSF162P3 could be due to greater
genetic complexity of the latter than of the former. However,
for pathogenic X4 and R5X4 SHIVs (SHIVKU1, SHIV89.6P,
and SHIV33A), the genetic determinants for enhanced pathogenicity in vivo have been mapped to specific changes in the
external glycoprotein gp120 (8, 21, 22, 28, 37). Sequence
changes in this region of the viruses are associated with a set of
envelope-determined properties in vitro that include efficient
entry, increased membrane fusion capability, and resistance to
antibody neutralization (8–10, 22, 42). Furthermore, the ability
of the HIV-1 envelope glycoproteins to fuse membranes has

been shown to contribute to the capacity of the pathogenic
dual-tropic SHIVKB9 to deplete CD4⫹ T lymphocytes in vivo
(21). Whether increased envelope fusogenicity also contributes
to the development of disease was not directly addressed in
this study, but since it is generally believed that progressive loss
of CD4⫹ T lymphocytes underlies the development of AIDS in
HIV-1-infected individuals, a link between fusogenicity and
disease development was implicated. In this regard, we found
that compared to envelope gp120 of wild-type SHIVSF162, the
gp120 of SHIVSF162PC mediates more-efficient entry and confers neutralization resistance (Fig. 2 and 3) but is deficient in
its fusogenic capacity (Fig. 4A). Thus, it is conceivable that the
underlying basis for the nonpathogenic nature of infection
associated with R5-SHIVSF162PC is its reduced fusogenicity,
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FIG. 5. i.v. and IVAG infection of macaques. (A) i.v. infection of rhesus macaques with SHIVSF162PC. (B) IVAG infection of rhesus macaques
with SHIVSF162PC. Filled symbols indicate viral loads expressed as RNA copies per milliliter, while empty symbols depict CD4/CD8 cell ratios.
(C) Percentages of CD4⫹ lymphocytes from PBMCs, colonic lymph node mononuclear cells (LNMC), and lamina propria (LPL) during acute
infection. The percentage of CD4⫹ lymphocytes in the intestinal tract of uninfected macaques has been shown to be in the range of 34 to 57%
(75).
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TABLE 2. Humoral immune response in SHIVSF162PC i.v. and IVAG infected animals
Reactivity with strip in immunoblot assaya
Animal
Protein
no.

i.v. infected animals

IVAG infected animals

w2

w4

w7

w9

w12

w19

w24

w33

w3

w4

w5

w6

w8

w12

w16

w20

gp120
gp41
p31
p27

⫺
⫾
⫺
⫺

⫺
⫹⫹⫹⫹
⫹
⫹⫹⫹⫹

⫹
⫹⫹⫹⫹
⫹⫹
⫹⫹⫹⫹

⫹⫹
⫹⫹⫹⫹
⫹⫹
⫹⫹⫹⫹

⫹⫹⫹
⫹⫹⫹⫹
⫹⫹
⫹⫹⫹⫹

⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

T027

gp120
gp41
p31
p27

⫺
⫺
⫺
⫺

⫺
⫹⫹⫹
⫺
⫹⫹⫹

⫺
⫹⫹⫹⫹
⫺
⫹⫹⫹

⫺
⫹⫹⫹⫹
⫾
⫹⫹⫹

⫾
⫹⫹⫹⫹
⫾
⫹⫹⫹

⫹⫹⫹
⫹⫹⫹⫹
⫾
⫹⫹⫹

⫹⫹⫹
⫹⫹⫹⫹
⫾
⫹⫹⫹

⫹⫹⫹
⫹⫹⫹⫹
⫾
⫹⫹⫹

AV45

gp120
gp41
p31
p27

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫾

⫺
⫺
⫺
⫾

⫺
⫺
⫺
⫾

⫺
⫺
⫺
⫾

⫺
⫺
⫺
⫾

BD19

gp120
gp41
p31
p27

⫺
⫺
⫺
⫺

⫺
⫾
⫺
⫺

⫺
⫹⫹⫹
⫺
⫺

⫺
⫹⫹⫹
⫺
⫾

⫺
⫹⫹⫹
⫺
⫾

⫺
⫹⫹⫹⫹
⫺
⫹⫹⫹⫹

⫺
⫹⫹⫹⫹
⫺
⫹⫹⫹

⫺
⫹⫹⫹⫹
⫺
⫹⫹⫹⫹

BE72

gp120
gp41
p31
p27

⫺
⫺
⫺
⫺

⫺
⫹
⫺
⫹⫹

⫺
⫹⫹⫹
⫺
⫹⫹⫹

⫺
⫹⫹⫹
⫺
⫹⫹

⫺
⫹⫹⫹
⫺
⫹⫹

⫺
⫹⫹⫹
⫺
⫹⫹⫹

⫺
⫹⫹⫹⫹
⫺
⫹⫹⫹

⫺
⫹⫹⫹⫹
⫺
⫹⫹⫹

a
Reactivity was determined by comparison with two internal IgG strip controls. Scoring, relative to level I and II control bands, was as follows: ⫺, an absent band;
⫾, intensity lower than the level I band; ⫹, intensity equal to the level I band; ⫹⫹, greater than the level I but less than the level II band; ⫹⫹⫹, intensity equal to
the level II band; ⫹⫹⫹⫹, greater than the level II band.

suggestive of an association between envelope fusogenicity and
disease pathogenicity and implicating a common mechanism of
disease for X4, dual-tropic, and R5 SHIVs. Nevertheless, several observations raise the possibility that another mechanism(s) might also be involved.
Although a hallmark of X4 and R5X4 viruses is their SI
capacity, R5 viruses, even those isolated from individuals during late-stage disease, are generally not SI in vitro (39, 66).
Furthermore, whereas the P3 envelope gp120 is compromised
in its fusion capacity, it is cytopathic in vivo (Fig. 5). In the
animal in which replication of virus expressing this glycoprotein was robust (i.e., CB79 [Fig. 5A]), a transient drop in
peripheral CD4⫹-T-cell count and dramatic depletion of gutassociated CD4⫹ T lymphocytes were observed (Fig. 5C), suggesting that in vitro fusogenicity was not predictive of in vivo
cytopathicity. A similar discordance between syncytium-forming ability in vitro and cytopathicity ex vivo has also been
reported for HIV infections (5, 40, 67, 74) and for SIVmne
infection of macaques (38). In the latter experimental animal
infection system, increased replication fitness and cytopathicity
of this R5 virus, and not its SI capacity in vitro, correlate with
increased virulence in the host. Thus, although fusogenicity
may very well contribute to pathogenicity of R5 viruses, deficiencies in other properties of SHIVSF162P3 Env gp120 that are
not readily apparent or are subtle in vitro could also play a role
in the nonpathogenic nature of SHIVSF162PC infection in vivo.
What could these other deficiencies be that are associated
with P3 env gp120? It is unlikely to be replication fitness
since the P3 Env gp120 mediated more-efficient entry than
parental SF162 Env. A possibility to consider is the ability to

escape immune recognition. Although compared to wild-type
SHIVSF162, SHIVSF162PC is resistant to neutralization by sera
from SHIVSF162 (serum 26419)- and SHIVSF162P3 (serum 35366N)-infected animals, the degree of resistance is less pronounced than what has been reported for autologous neutralization of the pathogenic X4 SHIVSF33A2 molecular clone (9,
10) and is not to the level seen for the pathogenic isolate
SHIVSF162P3 (unpublished data). There are mounting data in
support of a robust and effective antibody response that arises
early in HIV, SIV, and SHIV infections and contributes to the
control of virus replication (1, 2, 7, 10, 13, 38, 46, 70; D. D.
Richman, T. Wrin, S. Little, and C. Petropoulous, Abstr. 9th
Conf. Retrovir. Opportun. Infect., abstr. LB5, 2002). Furthermore, passive immunization as well as vaccine studies in animal models demonstrated that antibodies conferred partial
protection (3, 31, 52, 57, 68). Lastly, a relationship between
neutralization sensitivity of the viral Env protein and reduced
pathogenicity has been reported for the SIV system (59). Thus,
the relative susceptibility of the molecular clone SHIVSF162PC
compared to the isolate SHIVSF162P3 to neutralization antibody responses in vivo may render it easier to control. Further
experiments are required to address this possibility and to
evaluate its impact on viral pathogenesis.
Regardless of the basis for its nonpathogenicity, the envelope gp120 of SHIVSF162P3 does confer increased transmission
across the vaginal mucosa compared to that of SHIVSF162. The
basis for the enhanced mucosal transmissibility of
SHIVSF162PC compared to that of SHIVSF162 is not clear.
Miller et al. (55) suggested that virus replication is a predictor
of the efficiency of vaginal transmission. In this regard, in-
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creased entry mediated by P3 Env gp120 is likely to translate
into increased replicative capacity, and perhaps, efficient vaginal transmission. Alternatively, we recently reported increased
binding of P3 Env gp120 compared to SF162 Env gp120 to
DC-SIGN, a type C lectin present on dendritic cells that interacts with gp120 (50). It has been suggested that DC-SIGN
plays an important role in HIV transmission and dissemination
at the mucosal surfaces by capturing and transporting the virus
to peripheral lymph nodes (24, 58, 63). Increased binding to
DC-SIGN, therefore, could translate into more-efficient transmission and dissemination across mucosal barriers. Lastly, it is
also possible that increased attachment of SHIVSF162PC to cells
lining the mucosa may facilitate transmission across this membrane. The recent observation that CCR5-tropic but not
CXCR4-tropic HIV bound to intestinal epithelial cells via
galactosylceramide warrants investigation (54). It may be of
interest to determine whether enhanced binding of this receptor is associated with the P3 Env gp120.
In conclusion, we show that gp120 of the pathogenic isolate
SHIVSF162P3 contains the determinant of its transmissibility
across the vaginal mucosa but not of its enhanced pathogenicity. Whereas envelope-mediated entry efficiency and/or increased binding to DC-SIGN could be linked to efficient vaginal transmission, increased membrane fusion capacity may be
required for viral pathogenesis. Further studies will clarify
whether recapitulation of the full pathogenic potential of the
CCR5-tropic, SAIDS-inducing SHIVSF162P3 requires amino
acid changes in envelope glycoprotein gp41 in addition to
gp120 or maps to other viral genes.
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