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Most human immunodeficiency virus (HIV) transmissions are initiated with CCR5 (R5)-using viruses across mucosal surfaces,
with the majority in regions where HIV type 1 (HIV-1) clade C predominates. Mucosally transmissible, highly replication com-
petent, pathogenic R5 simian-human immunodeficiency viruses (SHIVs) encoding biologically relevant clade C envelopes are
therefore needed as challenge viruses in vaccine efficacy studies with nonhuman primates. Here we describe the generation of
three lineage-related subtype C SHIVs through four successive rapid transfers in rhesus macaques of SHIVC109F.PB4, a molecu-
lar clone expressing the soluble-CD4 (sCD4)-sensitive CCR5-tropic clade C envelope of a recently infected subject in Zambia.
The viruses differed in their monkey passage histories and neutralization sensitivities but remained R5 tropic. SHIVC109P3 and
SHIVC109P3N were recovered from a passage-3 rapid-progressor animal during chronic infection (24 weeks postinfection
[wpi]) and at end-stage disease (34 wpi), respectively, and are classified as tier 1B strains, whereas SHIVC109P4 was recovered
from a passage-4 normal-progressor macaque at 22 wpi and is a tier 2 virus, more difficult to neutralize. All three viruses were
transmitted efficiently via intrarectal inoculation, reaching peak viral loads of 107 to 109 RNA copies/ml plasma and establishing
viremia at various set points. Notably, one of seven (GC98) and two of six (CL31, FI08) SHIVC109P3- and SHIVC109P3N-in-
fected macaques, respectively, progressed to AIDS, with neuropathologies observed in GC98 and FI08, as well as coreceptor
switching in the latter. These findings support the use of these new SHIVC109F.PB4-derived viruses to study the immunopathol-
ogy of HIV-1 clade C infection and to evaluate envelope-based AIDS vaccines in nonhuman primates.

Despite progress in treatment and understanding, the global
human immunodeficiency virus type 1 (HIV-1) pandemic

remains a public health problem of unprecedented proportions. A
total of 33.3 million people are living with HIV, nearly half (48%)
of whom are infected with clade C strains (www.unaids.org). The
majority of new infections are also in regions where HIV-1 sub-
type C is prevalent and occur principally via heterosexual trans-
mission (1). Although there is much interest in using antiretrovi-
rals (ARVs) for prevention (2, 3), clinical trial results have been
highly variable (4), and scaling up for use in the most afflicted
regions to stop the spread of HIV requires substantial human and
financial resources and political will (5, 6). The development of an
effective vaccine therefore remains a major priority for the control
of this pandemic (7, 8).

Studies with nonhuman primates (NHPs) are recognized as
playing a critical part in basic vaccine discovery, potentially pro-
viding valuable information on the immunogenicity and efficacy
of vaccine concepts and advancing candidate vaccines into human
clinical trials (9). In particular, infection of rhesus macaques
(RMs) with simian-human immunodeficiency viruses (SHIVs)
containing envelopes (Envs) of HIV-1 could facilitate preclinical
analysis of antibody-based candidate vaccines. This is because
neutralizing antibody (NAb) responses in SHIV-infected ma-
caques parallel those in HIV-1-infected humans: responses di-
rected primarily against Env variable regions develop early, and
cross-reactive antibodies develop late in a minority of infected

animals (10–13). The specificity of the Env response in SHIV-
infected macaques also mirrors that observed in HIV-1-infected
individuals (12, 14, 15), with recent data showing the develop-
ment of glycan-specific, broad, and potent anti-HIV-1 gp120 neu-
tralizing antibodies and the isolation of monoclonal antibodies
(MAbs) directed against quaternary neutralizing epitopes from
rhesus monkeys infected with subtype B CCR5 (R5)-tropic SHIV
(16, 17). Collectively, these findings support testing of the immu-
nogenicity of candidate HIV-1 envelope immunogens and protec-
tion studies in NHPs.

Because most HIV-1 transmissions involve mucosal exposure
and are initiated with R5-tropic viruses (18), pathogenic and mu-
cosally transmissible R5 SHIVs would be the preferred tools for
assessment of the effectiveness of envelope vaccine-induced im-
munity. However, most challenge stocks currently available ex-
press envelopes from culture-derived HIV-1 clade B strains,
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which represent �10% of all infections globally and are substan-
tially different in sequence and envelope antigenic structure from
the most predominant subtype C strains. Indeed, while coreceptor
switching has been documented in 40 to 50% of individuals in-
fected with subtype B and D viruses and is associated with faster
disease progression, it is found less frequently in patients infected
with subtypes A and C (19, 20), leading to the suggestion that
intrinsic differences in V3 conformation and/or evolutionary
pathways to efficient CXCR4 (X4) usage between subtypes may be
playing a role (21–23). Several SHIVs containing subtype C enve-
lopes (SHIVCs) have been described (24–28), but not all the
SHIVCs utilize the CCR5 molecule exclusively as an entry core-
ceptor. Most replicated to low levels in vivo, with transmission
across the mucosal barrier yet to be documented for some. The
exceptions are the SHIV-1157i-derived viruses, including the late-
stage, highly replication competent infectious molecular clone
SHIV-1157ipd3N4. These SHIVC are mucosally transmissible
and are pathogenic in RMs, but the animals progressed to AIDS
slowly (29, 30). Moreover, although coreceptor switching and the
development of central nervous system (CNS) disorders have
been described for subtype B R5 SHIVSF162P3N-infected macaques
(31, 32; S. Westmoreland, C. Harbison, K. Zhuang, A. Gettie, J.
Blanchard, and C. Cheng-Mayer, presented at the 2012 Confer-
ence on HIV in the Nervous System), these biological and neuro-
logical sequelae have not been documented in R5 SHIVC-infected
animals at terminal disease. Thus, there is a need for additional
pathogenic SHIVs carrying the envelopes of dominant clade C
strains as tools in NHPs to advance the discovery of effective and
widely useful AIDS vaccines targeting the HIV-1 envelope glyco-
proteins. Studies of infection with pathogenic R5-using clade C
SHIVs may also help in understanding why the development of
CXCR4 usage is rare in HIV-1C-infected individuals.

With these objectives in mind, we constructed a SHIV molec-
ular clone bearing ZM109F.PB4, a soluble-CD4 (sCD4)-sensitive
CCR5-tropic clade C envelope from a recently infected subject in
Zambia (33, 34). We used sCD4 sensitivity as a surrogate for ex-
posure of the CD4 binding site (BS) and hypothesized that a SHIV
molecular clone with an “open” HIV-1 envelope that exposes the
receptor binding site for better CD4 binding will adapt more easily
to differences in the levels and structure of viral receptors in the
new host, allowing it to replicate to high levels and to generate
variants with increased fitness and pathogenic properties. To
adapt the newly constructed SHIV (designated SHIVC109F.PB4)
to growth in vivo, four rapid serial passages in RMs were per-
formed, with anti-CD8 antibody administered to the passage-3
(P3) and P4 animals during primary infection to dampen and/or
delay the host immune response and to enhance viral replication.
We report here the generation of a series of lineage-related R5
SHIVC109F.PB4-derived viruses that display biological, immu-
nological, and pathological characteristics similar to those of HIV-
infected patients, supporting the use of these viruses in studies of
AIDS immunopathogenesis and vaccines in nonhuman primates.

MATERIALS AND METHODS
Cells. 293T cells and TZM-bl cells expressing CD4, CCR5, and CXCR4
and containing integrated reporter genes for firefly luciferase and �-ga-
lactosidase under the control of the HIV-1 long terminal repeat (LTR)
(35) were propagated in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin, streptomy-
cin, and L-glutamine. U87 cells stably expressing CD4 and one of the

chemokine receptors (CCR5 or CXCR4) were maintained in DMEM sup-
plemented with 10% FBS, antibiotics, 1 �g/ml puromycin (Sigma-Al-
drich), and 300 �g/ml G418 (Geneticin; Invitrogen, Carlsbad, CA). Hu-
man peripheral blood mononuclear cells (PBMCs) and rhesus PBMCs
(rhPBMCs) were prepared by Ficoll gradient centrifugation, stimulated
with phytohemagglutinin (PHA; 3 �g/ml; Sigma, St. Louis, MO) and
staphylococcal enterotoxin B (SEB; 3 �g/ml; Sigma), respectively, and
cultured in RPMI medium containing 10% fetal calf serum (FCS), peni-
cillin, streptomycin, L-glutamine, and 20 U/ml interleukin-2 (Novartis,
Emeryville, CA).

Construction of a SHIVC molecular clone and preparation of inoc-
ulating stocks. A plasmid expressing the soluble-CD4-sensitive Env
(ZM109F.PB4) from an early, heterosexually acquired subtype C virus of
an individual in Zambia was obtained from Cynthia Derdeyn. PCR am-
plification with forward primer WR30 (5=-TTATGGGGTACCTGTGT
GGAAAGAAGC-3= [KpnI site underlined]) and reverse primer WR32
(5=-AGCTAAGGATCCGTTCACTAATCGAATG-3= [BamHI site under-
lined]) was performed to subclone most of gp120 and the entire extracel-
lular domain and transmembrane region of gp41 of ZM109F.PB4 into the
corresponding regions of the 3= SHIVHXBc2vpu� genome using the
unique KpnI (nucleotide position 6347) and BamHI (nucleotide position
8475) sites (nucleotide position numbering based on that of HXBc2). The
inserted sequence was confirmed, and the infectious SHIVC109F.PB4
molecular clone was recovered by cotransfection of 293T cells with a liga-
tion product of the 3= SHIVC109F.PB4 and 5= simian immunodeficiency
virus (SIV) hemigenomes, followed by cocultivation with PHA-stimu-
lated human PBMCs. The SHIVC109F.PB4 molecular clone for virus in-
oculation was expanded, and titers were determined in SEB-stimulated
rhPBMCs.

Serial passages, animal inoculation, and clinical assessments. All in-
oculations were carried out in adult rhesus monkeys of Indian origin
(Macaca mulatta) housed at the Tulane National Primate Research Center
(TNRPC) in compliance with the Guide for the Care and Use of Laboratory
Animals (36). Animals were confirmed to be serologically and virologi-
cally negative for simian type D retrovirus and serologically negative for
SIV and simian T-cell lymphotropic virus prior to infection and were
screened for the presence of the Mamu-A*01, Mamu-B*17, and Mamu-
B*08 class I alleles, previously shown to be associated with control of
pathogenic SIVmac239 replication, by using standard PCR with allele-
specific primers (37). Serial passage of the molecular clone SHIV109F.PB4
was performed as follows. Two rhesus macaques (P1) were inoculated
intravenously with 300 median tissue culture infectious doses (TCID50) of
cell-free virus stock. Two weeks after inoculation, 10 ml each of peripheral
blood and bone marrow aspirate was collected from each animal, com-
bined, and used to transfuse two naïve recipients (P2). This inoculation
schedule was performed two more times in naïve recipient groups P3 and
P4, with the anti-CD8 antibody M-T807R1 administered at day �5 (10
mg/kg of body weight), day �1 (5 mg/kg), and day 14 posttransfusion (5
mg/kg) to delay/dampen host immune responses and promote virus rep-
lication. For cell-free infection with SHIVC109F.PB4-derived viruses,
macaques received a single intrarectal (i.r.) inoculation with 5,000-
TCID50 virus stocks. Whole blood from the inoculated animals was col-
lected weekly for the first 8 weeks, biweekly for another 16 weeks, and
monthly thereafter. Survival surgery was performed at peak viremia (2
weeks postinfection [wpi]) for collection of tissues from one external and
one internal lymph node (LN) and from internal organs such as the gut,
bone marrow, thymus, and spleen. Animals were euthanized at the end of
the study period by intramuscular administration of telazol and bu-
prenorphine, followed by an overdose of sodium pentobarbital. Euthana-
sia was considered to be AIDS related if the animal exhibited peripheral
blood CD4� T-cell depletion (�200/mm3), �25% loss of body weight, or
combinations of the following conditions: diarrhea unresponsive to treat-
ment, opportunistic infections, peripheral lymph node atrophy, and ab-
normal hematology. Plasma viremia was quantified by real-time PCR for
SIVgag (Washington National Primate Research Center, Seattle, WA),

Ren et al.

6138 jvi.asm.org Journal of Virology

http://jvi.asm.org


and absolute CD4� and CD8� cell counts were monitored by TruCount
absolute-count tubes (BD Biosciences, Palo Alto, CA). The lower limit of
detection of the viral load (VL) assay is 30 RNA copies/ml plasma. The
percentages of CD4� T cells in the tissue cells were analyzed by flow
cytometry (on a FACSCalibur system) using fluorescein isothiocyanate
(FITC)-conjugated anti-CD3, phycoerythrin (PE)-conjugated anti-CD4,
and peridinin chlorophyll protein (PerCP)-conjugated anti-CD8 anti-
bodies. Except for FITC-conjugated anti-CD3 (BioSource, Camarillo,
CA), all antibodies were obtained from BD Biosciences.

Neutralization assay. Virus neutralization was assessed in TZM-bl
assays using a panel of MAbs, soluble CD4, clade B sera, a panel of purified
Igs from chronically infected patients from South Africa, and polyclonal
anti-HIV immunoglobulin (Ig) preparations from clade B- and C-in-
fected individuals. Briefly, equal volumes (50 �l) of SHIV (1 ng p27 Gag
equivalent) and 4-fold serial dilutions of MAb/sera/Ig were incubated for
1 h at 37°C and were then added to cells, in duplicate wells, for an addi-
tional 2 h at 37°C. One hundred microliters of medium was then added to
each well, and the virus-protein cultures were maintained for 48 to 72 h.
Control cultures received virus in the absence of blocking agents. At the
end of the culture period, the cells were lysed and were processed for
�-galactosidase activity. A neutralization curve was generated by plotting
the percentage of neutralization versus fusion protein dilution, and 50%
inhibitory concentrations (IC50s) were determined using Prism 5 software
(GraphPad Software Inc., San Diego, CA). Higher IC50s for the antibodies
and purified Ig tested mean less neutralization sensitivity, whereas higher
IC50 titers of the pooled clade B sera mean greater neutralization sensitiv-
ity.

Envelope sequence analysis, expression plasmid construction, and
pseudotype virus production. For sequence analysis, proviral DNA was
extracted from 3 � 106 infected macaque PBMCs or tissue cells with a
DNA extraction kit (Qiagen, Chatsworth, CA), while viral RNA was pre-
pared from 300 to 500 �l of plasma or virus supernatant by using a com-
mercially available RNA extraction kit (Qiagen), followed by reverse tran-
scription (RT) with SuperScript III reverse transcriptase (Invitrogen) and
random hexamer primers (Amersham Pharmacia, Piscataway, NJ). The
V1-to-V5 region of gp120 was amplified from the viral DNA or RT prod-
ucts using Taq DNA polymerase with primers ED5 and ED12 as described
previously (38). PCR products were cloned with the TOPO TA cloning kit
(Invitrogen) according to the manufacturer’s instructions, followed by
direct automated sequencing (Genewiz, South Plainfield, NJ). The se-
quences were aligned with Clustal X (39), edited manually using BioEdit,
version 7.0.9, and translated to amino acid sequences. For the generation
of Env expression plasmids and luciferase reporter viruses, the full-length
gp160 coding sequence was amplified with primers EnvC-1 (5=-AGAGA
CGGATCCACCATGAGAGTGAAGGAGAAATATC-3=) and EnvC-2
(5=-AGAGACGAATTCTCACAAGAGAGTGAGCTCGAGC-3=) (where
underlining indicates BamHI and EcoRI sites, respectively) and was sub-
cloned into the pCAGGS vector. An envelope trans-complementation
assay was then employed to generate luciferase reporter viruses capable of
only a single round of replication. The pseudovirions were quantified for
p24gag content (Beckman Coulter, Fullerton, CA). For the construction of
the V3 recombinant plasmid, PCR-based overlap extension methodology
was employed to replace the V3 loop of ZM109F.PB4 with that of the
variant bearing a 4-amino-acid (4-aa) deletion (	IGDI) in the V3 loop as
described previously (40).

Determination of coreceptor usage. For assessment of coreceptor us-
age, 7 � 103 U87.CD4.CCR5 or U87.CD4.CXCR4 cells were seeded in
96-well plates 1 day before use, infected in triplicate with 5 ng p24gag

equivalent of the pseudovirions, and then incubated for 72 h at 37°C. At
the end of the incubation period, the cells were harvested, lysed, and
processed for activity according to the manufacturer’s instructions (lucif-
erase assay system; Promega, Madison, WI). Entry, as quantified by rela-
tive light units (RLU), was measured with an MLX microtiter plate lumi-
nometer (Dynex Technologies, Inc., Chantilly, VA). For assessment of
coreceptor utilization in rhPBMCs, blocking with CCR5 (TAK779) and

CXCR4 (AMD3100) inhibitors was performed. Briefly, 5 � 106 SEB-stim-
ulated cells were infected with 200 TCID50 of the SHIV in the presence or
absence of the chemokine receptor inhibitors at 1 �M. After incubation
for 2 h at 37°C, cells were washed and cultured in 1.5 ml interleukin-2 and
RPMI medium supplemented with the appropriate inhibitor in each well
of a 24-well plate. Culture supernatants were collected over time, and the
p27gag antigen content was quantified according to the manufacturer’s
instructions (ZeptoMetrix, Buffalo, NY). The percentage of blocking at 6
days postinfection was determined by calculating the amount of p27gag

antigen production in the presence of the inhibitor relative to that in its
absence.

Histopathological examination of the brain. SHIV-infected cells
were identified by double-label in situ hybridization (ISH) for SIVmac
and immunohistochemistry (IHC) for the macrophage marker Iba-1. SIV
ISH was performed on the Discovery Ultra platform (Ventana Medical
Systems, Inc., Tucson, AZ). Briefly, tissue sections were pretreated with
reagents from the RiboMap kit (Ventana, Tucson, AZ) and were digested
with protease 3 (Ventana) for 4 min at 37°C. Sections were then prehy-
bridized with RiboHyb (Ventana) and were hybridized with a digoxigenin
(DIG)-labeled probe for 6 h at 55°C. Stringency washes were done using
1.0� saline-sodium citrate buffer (0.15 M NaCl plus 0.015 M sodium
citrate) (Ventana) at 60°C. The bound probe was detected with rabbit
anti-DIG (1:20,000; Sigma), an alkaline phosphatase-conjugated UMap
anti-rabbit antibody (Ventana), and the chromogen NBT (nitroblue tet-
razolium)–BCIP (5-bromo-4-chloro-3-indolylphosphate) (Ventana).
Sections were then incubated with a rabbit polyclonal antibody against
Iba-1 (catalog no. 019-19741; dilution, 1:1,000; Wako Chemicals, Rich-
mond, VA) for macrophages for 30 min at room temperature, followed by
a biotinylated secondary antibody (GAR-b; dilution, 1:200; Dako) for 30
min. Sections were detected using a standard avidin-biotin peroxidase
complex technique (Vectastain ABC-Elite; Vector Laboratories, Burlin-
game, CA) and were counterstained with Nuclear Fast Red (Vector). Iso-
type-matched irrelevant controls were included for all runs.

Statistical analysis. All statistical analyses were performed using
GraphPad Prism, version 5.0. Differences among groups in peak and cu-
mulative viral load were examined using the Mann-Whitney t test. P val-
ues of �0.05 were considered statistically significant.

RESULTS
In vivo adaptation of SHIVC109F.PB4 in rhesus macaques.
With the goal of developing an R5-specific and pathogenic sub-
type C SHIV, we constructed SHIVC109F.PB4 (Fig. 1A), which
contains most of the exterior envelope glycoprotein gp120, as well
as the entire extracellular and transmembrane regions of gp41,
from a subject in Zambia recently infected with subtype C (33, 34).
We chose this envelope (ZM109F.PB4), which is sensitive to
sCD4, to test the hypothesis that a glycoprotein that binds CD4
efficiently will adapt more readily to variations in the structure
and levels of viral receptors in a new host. We subjected the
SHIVC109F.PB4 molecular clone to rapid serial transfers in RMs,
initially inoculating two rhesus macaques intravenously with 300
TCID50 of virus, followed by three sequential blood– bone mar-
row transfusions into naïve macaques, with transient CD8 deple-
tion in the passage-3 and -4 monkeys to enhance virus replication
(Fig. 1B).

Significant amounts of viral replication were achieved during
the acute phase of infection in the two passage-1 (P1) macaques,
reaching peak viremia of 105 to 106 RNA copies/ml plasma at 2 wpi
(Fig. 1C). Viremia declined thereafter and was undetectable after
12 and 20 weeks of infection. Similar kinetics of viral replication
were observed in the P2 monkeys, but with slightly increased peak
viral loads of 106 to 107 viral RNA copies/ml plasma. In compar-
ison, substantial augmentation in peak viral replication was seen
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in the passage-3 and -4 animals treated with the anti-CD8 anti-
bodies; viremia reached levels of �107 RNA copies/ml plasma in
all four macaques at 1 to 2 wpi. Moreover, viremia was sustained
in both P4 monkeys (GC87 and FD18) and in one of the two P3
animals (EL78), with a set point of 106 to 107 RNA copies/ml
plasma in EL78 and 1- and 3-log-lower set points in GC87 and
FD18. The exception was IT08, in which virus replication was
undetectable at 30 wpi. Genotyping revealed that in contrast to the
others, which tested negative for Mamu-A*01, -B*08, and -B*17,
IT08 was positive for Mamu-B*17, a major histocompatibility
complex (MHC) class I allele that has been shown to be associated

with viral control in pathogenic SIVmac239 infection (41). All
eight SHIVC109F.PB4-infected or -transfused macaques serocon-
verted by 3 wpi, with increases in SHIV binding antibody titers
over time (unpublished data). The exception was EL78, whose
titers peaked at 5 to 6 wpi and declined thereafter. This animal
developed clinical symptoms consistent with AIDS, including
chronic diarrhea, weight loss, and Pneumocystis carinii infection,
and was euthanized at 34 wpi with a CD4� T cell count of 59/�l
blood. Histological examination revealed moderate to severe lym-
phoid depletion, thymic atrophy, and syncytial giant cells in the
lung and lymph nodes (LNs).

Recovery and characterization of rhesus-adapted
SHIVC109F.PB4-derived viruses. We recovered viruses from the
plasma of viremic macaques EL78 (designated SHIVC109P3) and
GC87 (designated SHIVC109P4) at 24 and 22 wpi, respectively
(Fig. 2A), times that we and others have shown to be sufficient to
allow the outgrowth of viral species with increased virulence (42,
43). Notably, neutralizing antibodies against the homologous
SHIVC109F.PB4 molecular clone could be detected in GC87 (di-
lution of plasma inhibiting infection by 50% [ID50 titer], 1:1,000)
but not in EL78 (ID50 titer, �1:20) at the time of virus isolation.
Furthermore, because variants with increased pathogenicity and
replication fitness have been identified late in infection in HIV-1-
infected individuals as well as in SIV/SHIV-infected macaques
that progressed to disease while maintaining an exclusively R5
tropic virus population (42, 44, 45), we also recovered viruses
from the plasma of EL78 at the time of necropsy (designated
SHIVC109P3N) for comparative studies with the early lineage-
related virus SHIVC109P3. Infection of rhPBMCs with the three
viruses was blocked by the CCR5 antagonist TAK779 but not by
the CXCR4 inhibitor AMD3100, showing that these viruses main-
tained CCR5 specificity (Fig. 2B). The passage-3 SHIVC109P3
and SHIVC109P3N viruses were 3- to 10-fold more resistant to
sCD4 than the inoculating molecular clone SHIVC109F.PB4,
while the SHIVC109P4 virus was 53-fold less sensitive (Table 1).
This contrasts with the findings for VRC01, a broadly neutralizing
anti-CD4 binding site (BS) monoclonal antibody, for which the
three passaged viruses displayed a rank order of sensitivity similar
to that for sCD4 but the inoculating virus was more resistant.
These differences in sCD4 and VRC01 sensitivity between
SHIVC109F.PB4 and the passage-derived viruses are suggestive of
structural alterations and/or adjustments in the receptor binding
site with adaption in vivo. All three viruses, like SHIVC109F.PB4,
were resistant to a number of neutralizing monoclonal antibodies,

FIG 1 Genomic organization (A), serial passaging (B), and replication (C)
of the SHIVC109F.PB4 molecular clone in rhesus macaques. (A)
SHIVC109F.PB4 was constructed by replacing a 2.07-kb KpnI/BamHI frag-
ment of the 3= SHIVHXBc2vpu� plasmid with the corresponding env se-
quences of a recently transmitted CCR5-tropic, sCD4-sensitive HIV-1 subtype
C isolate from Zambia. TM, transmembrane domain. (B) Two macaques were
used for inoculation in each serial passage. The anti-CD8 antibody M-T807R1
was administered to passage-3 and -4 macaques at days �5 and �1 and at day
14 postinfection. (C) Virus replication in the passage-1 to passage-4 macaques.
The passage number is given in parentheses after the designation of each ani-
mal. The dagger on the graph indicates euthanasia of P3 macaque EL78 at 34
wpi. The horizon line indicates the lower limit of sensitivity of the viral RNA
detection assay (30 copies/ml plasma).

FIG 2 Recovery (A) and coreceptor usage (B) of viruses from P3 macaque EL78 and P4 animal GC87. (A) Arrows pointing down indicate the time points of virus
recovery; arrows pointing up indicate the times of anti-CD8 antibody administration, at days �5 and �1 and day 14 postinfection. Shaded areas represent the
periods when peripheral CD8� T cell depletion was observed, and the dagger indicates the time of EL78 euthanasia. (B) The coreceptor usage of recovered viruses
in rhesus PBMCs was determined by blocking with antagonists against CCR5 (TAK779) and CXCR4 (AMD3100). Results are representative of one of two
independent experiments.
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including those targeting the CD4BS (IgG1 b12), a mannan-de-
pendent epitope in gp120 (2G12), and the gp41-specific mem-
brane-proximal ectodomain region (MPER) epitope (2F5). There
was no difference in sensitivity to neutralization by PG9, directed
against a quaternary V1V2 epitope. However, using a panel of
purified Igs from chronically infected patients from South Africa,
a few anti-clade B sera, and polyclonal anti-HIV Ig preparations
from clade B- and C-infected individuals, we observed that the
passage-3-derived viruses were more neutralization sensitive than
SHIV109F.PB4 (the late SHIVC109P3N virus was the most sensi-
tive) while the SHIVC109P4 virus was more resistant. Overall, the
passage-3 SHIVC109P3 and SHIVC109P3N viruses exhibit a tier
1B-like phenotype, whereas the SHIVC109P4 virus is a more neu-
tralization resistant tier 2 strain (46). Sequence analysis of the
gp120 V1-to-V5 region showed an overall envelope sequence
identity of 95 to 99% among the three isolates, with amino acid
changes primarily in the variable loop domains (see Fig. S1 in the
supplemental material). Notable are changes in potential
N-linked glycosylation sites (PNGS) that could explain their dif-

ferences in immune recognition (Fig. 3). Compared to the paren-
tal SHIVC109F.PB4 clone, shifts in N-linked glycans in the V1V2,
C3, and V4 regions of gp120, sites of early autologous NAb re-
sponse in subtype C-infected individuals (47, 48), were observed
in the neutralization-resistant SHIVC109P4 strain but not in the
neutralization-sensitive SHIVC109P3 and SHIVC109P3N strains.
Furthermore, both SHIVC109P3 and SHIVC109P3N lost PNGS
just outside the C terminus of the V2 loop (N197D) as well as
within the V4 loop, and this was not seen in SHIVC109P4.

Mucosal transmissibility and induction of disease by
SHIVC109P3, SHIVC109P4, and SHIVC109P3N in Indian rhe-
sus macaques. We next assessed the mucosal transmissibility and
pathogenicity of the rhesus-adapted SHIVC viruses by intrarectal
inoculation of RMs with SHIVC109P3 (n 
 8), SHIVC109P3N
(n 
 6), and SHIVC109P4 (n 
 4). Virus exposure resulted in
systemic infection in all animals except one (IT11) in the
SHIVC109P3 challenge group (Fig. 4). Peak viremia in the
SHIVC109P3- and SHIVC109P3N-infected macaques reached
107 to 109 RNA copies/ml plasma at 2 wpi (Fig. 4A and B), with

TABLE 1 Neutralization profiles of SHIVC109F.PB4 and rhesus-adapted viruses SHIVC109P3, SHIVC109P3N, and SHIVC109P4

Antibody

Neutralizing activitya against:

SHIVC109F.PB4 SHIVC109P3 SHIVC109P3N SHIVC109P4

sCD4 0.03 0.10 0.29 1.59
VRC01 2.75 0.10 0.24 1.40
PG9 0.65 0.50 0.37 0.425
b12 �50 �50 �50 �50
2G12 �50 �50 �50 �50
2F5 �50 �50 �50 �50

Polyclonal anti-HIV Ig
Clade B 666.80 153.06 44.38 �2,500
Clade C 123.24 30.13 10.95 360.36

Anti-clade C Igb

SA-C2 316.15 13.46 4.31 1,329.72
SA-C8 178.18 32.52 7.54 258.21
SA-C44 167.51 6.46 2.33 258.21
SA-C62 406.05 56.55 16.73 1,893.62
SA-C72 219.15 30.82 7.48 826.72
SA-C74 386.46 33.22 13.38 994.18

Anti-clade B sera
HIV-011 32 109 401 23
HIV-014 127 225 372 117

a Expressed as the IC50 (in micrograms per milliliter) for all antibodies except the anti-clade B sera HIV-011 and HIV-014, for which neutralizing activity is expressed as the ID50

titer (reciprocal of the dilution).
b From chronically infected patients from South Africa.

FIG 3 Amino acid sequence comparison of the Env gp120 V1V2, C3, and V4 regions of SHIVC109P3, SHIVC109P3N, and SHIVC109P4. Dots denote identical
residues in the sequence, and PNGS in the reference ZM109F.PB4 sequence are highlighted by red boxes. Deletions of PNGS are indicated by dashed red boxes,
while those that are shifted are bracketed in blue. Arrows mark the borders of the loop regions, and the numbers of clones matching the indicated sequences per
total number of clones sequenced are given in parentheses. The numbering of amino acids is based on that in the HXBc2 subtype B reference strain.
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low, intermittent viral blips detected for macaque IT11, which
resisted systemic infection. In comparison, while the kinetics of
early virus spread in SHIVC109P4-infected macaques were simi-
lar, with peak viremia detected at 2 wpi (Fig. 4C), the levels
reached were 1 log lower than those seen in the SHIVC109P3- and
SHIVC109P3N-infected rhesus macaques. Virus replication de-
clined in all infected macaques postpeak, establishing various set
points. Sustained viremia of 104 to 106 RNA copies/ml plasma for
close to 40 weeks was seen in five of the seven SHIVC109P3-in-

fected animals; of the remaining two, one had control levels of 102

to 103 RNA copies/ml plasma and the other (GC98) had high
virus replication (�107 RNA copies) (Fig. 4A). GC98 developed
clinical symptoms of AIDS (weight loss, diarrhea, lymphadenop-
athy) and was euthanized at 20 wpi. Levels of virus replication
were also persistently high in two (CL31 and FI08) of the six
SHIVC109P3N-infected monkeys but dropped precipitously in
the other four to low and intermittent (103 RNA copies/ml
plasma) or undetectable levels at 20 wpi (Fig. 4B). CL31 and FI08

FIG 4 (A to C) Plasma viral loads, peripheral CD4� T cell counts, and percentages of CD4� T cells in the tissues of macaques infected with SHIVC109P3 (A),
SHIVC109P3N (B), or SHIVC109P4 (C). (Left) Daggers indicate times of necropsy. (Center) Horizontal lines indicate CD4� T cell counts of 200 cells per
microliter of blood. (Right) Open bars, mean baseline percentages of tissue CD4� T cells generated from three uninfected macaques; filled bars, mean percentages
of tissue CD4� T cells in infected animals during peak viremia. Error bars, standard deviations. LPL, lamina propria lymphocytes; Mes, mesenteric lymph nodes;
Col, colonic lymph nodes. (D) Comparison of peak and steady-state viremias in macaques infected with different SHIVC viruses. Statistical analysis was
performed using a two-tailed Mann-Whitney test. Asterisks indicate significant differences (P � 0.05). P3, SHIVC109P3; P3N, SHIVC109P3N; P4, SHIVC109P4.
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progressed to disease at 13.5 and 10 wpi, respectively, and were
euthanized. In contrast, all four SHIVC109P4-infected macaques
showed sustained viremia of 104 to 106 RNA copies/ml plasma for
�30 weeks of infection, with a gradual decline thereafter in one
monkey. None of the chronically SHIVC109P4 infected ma-
caques, however, progressed to disease over a 1-year infection pe-
riod.

In agreement with observations of HIV-1-infected individuals
and macaques infected with subtype B R5-tropic SHIV, a transient
drop in peripheral CD4� T cell counts accompanied acute infec-
tion in all the viremic SHIVC-infected animals, with drastic (50 to
80%) depletion of CD4� T cells in the gut lamina propria but
minimal loss in the gut-associated lymph nodes (Fig. 4A to C).
Levels of CD4� T cells in the blood rebounded close to preinfec-
tion values in most of the infected animals by 10 wpi and fluctu-
ated during the chronic phase of infection. The exception was
FI08, where a precipitous drop in peripheral CD4� T cell numbers
was seen at 8 wpi, and only 2 cells/�l blood were detected at the
time of euthanasia 2 weeks later. Seroconversion was observed at 3
to 5 wpi in all animals except for the three with AIDS (GC98,
CL31, FI08). No anti-SHIV antibodies could be detected in GC98
and FI08 during the entire course of infection, and such antibodies
were weak and transient in CL31 (data not shown). High levels of
virus replication and undetectable or weak antiviral antibody re-
sponses, with disease development within 20 weeks of infection,
classified GC98, FI08, and CL31 as rapid progressors (RPs).

Comparison of peak viremia among the three groups of
SHIVC-infected macaques showed significantly lower levels in the
SHIVC109P4-infected animals than in those infected with
SHIVC109P3 (P 
 0.0242) or SHIVC109P3N (P 
 0.0095), with
no differences in set point viremia (Fig. 4D). However, when the
rapid progressors in the SHIVC109P3 (n 
 1) and SHIVC109P3N
(n 
 2) infection groups were excluded, steady-state viremia in
macaques chronically infected with SHIVC109P3N was signifi-
cantly lower than that in SHIVC109P4-infected animals (P 

0.0286), and the difference from animals infected with the earlier
SHIVC109P3 virus approached significance (P 
 0.0667). Thus,
the late-stage isolate SHIVC109P3N appeared to be less capable of
establishing persistence following the development of an antiviral
antibody response.

Coreceptor switching in one of two macaques with AIDS
that had been infected intrarectally with SHIVC109P3N. The
precipitous drop in the peripheral CD4� T cell counts of
SHIVC109P3N-infected macaque FI08 as it approached end-
stage disease prompted us to examine tissue CD4� T cell loss in
this animal (Fig. 5). The results showed severe depletion of CD4�

T cells in the gut as well as the lymph nodes of FI08 at the time of
necropsy. In contrast, whereas CD4� T cells were depleted in the
gut lamina propria of CL31, the other SHIVC109P3N-infected
AIDS macaque, �80% of these target cells were preserved in sec-
ondary lymphoid tissues, such as the colonic and mesenteric LNs,
with greater loss (�70%) in the inguinal LN at the time of eutha-
nasia. Envelope sequence analysis of variants in the plasma, lam-
ina propria lymphocytes (LPL), and LNs of FI08 at the time of
euthanasia revealed the presence of viruses with a 4-amino-acid
deletion in the V3 loop that increased the net positive charge of
this region (Fig. 6A). Two of 16 and 2 of 15 clones sequenced from
the plasma and LPL, respectively, harbored this V3 deletion, with
greater representation in the mesenteric (9 of 12 clones) and axil-
lary (3 of 7 clones) LNs. Functional analysis showed that viruses

expressing FI08 envelope gp160 with a 4-aa deletion in the V3 loop
(	IGDI) used CXCR4 but not CCR5 for entry, while those with
wild-type (WT) V3 Env sequences functioned with CCR5 and not
CXCR4 (Fig. 6B). A V3 recombinant with a 4-aa deletion in the
backbone Env ZM109F.PB4 (V3	IGDI) used CXCR4 exclusively,
indicating that, in agreement with findings for HIV-1 subtypes,
V3 is a principal determinant for coreceptor usage for SHIVC as
well as SHIVB strains.

S/HIVE in SHIVC109P3- and SHIVC109P3N infected-ma-
caques. The development of central nervous system (CNS) disor-
ders during AIDS has been documented for HIV-1-infected indi-
viduals and for SIV- and X4 and R5X4 SHIV-infected macaques
(49–52). We recently observed severe, multifocal SHIV-induced
giant cell encephalitis (S/HIVE) in macaques infected with the
pathogenic subtype B R5 SHIVSF162P3N, with several unique and
classical HIVE features, including expansive lesions with spongi-
osis and necrosis, deep gray matter involvement, microglial infec-
tion with high levels of HLA-DR expression, and burnt-out le-
sions (Westmoreland et al., presented at the 2012 Conference on
HIV in the Nervous System). Histopathologic examination of the
brains from SHIVC109P3- and SHIVC109P3N-infected ma-
caques with AIDS (GC98 and FI08, respectively) revealed vacuolar
leukoencephalopathy in white-matter tracts, but few multinucle-
ated giant cells (MNGCs) were observed (Fig. 7A to D). Further-
more, infected microglia in the SHIVC-infected animals remained
ramified, indicative of a quiescent or semiactivated state (Fig. 7E
and F). These observations demonstrate that subtype C R5 SHIVs
can also induce CNS disease in rhesus monkeys, but the lesions
appeared to differ between the subtype B- and C-infected animals.

DISCUSSION

CCR5-tropic, mucosally transmissible, pathogenic SHIVs carry-
ing the envelopes of strains belonging to clade C, the most preva-
lent HIV-1 subtype worldwide, are needed as tools in NHPs to
advance the discovery of effective and widely useful antibody-

FIG 5 Severe lymphoid CD4� T cell loss in SHIVC109P3N-infected macaque
FI08. (A) Plasma viral loads and peripheral CD4� T cell counts in
SHIVC109P3N-infected RMs that developed clinical symptoms of AIDS. (B)
Percentages of CD4� T cells in the LPL from the jejunum and in the inguinal
(Ing), colonic (Col), and mesenteric (Mes) lymph nodes during acute viremia
(week 2) and at the time of necropsy. Means and standard deviations of base-
line data generated from three uninfected macaques (controls) are shown for
reference.
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based AIDS vaccines. We report in this study the construction
of the SHIVC109F.PB4 molecular clone, expressing the enve-
lope of a recently transmitted, CCR5-tropic, sCD4-sensitive
HIV-1C isolate, for serial passaging in rhesus monkeys to gen-
erate pathogenic strains. We showed that while the early
(SHIVC109P3) and late-stage (SHVC109P3N) viruses recovered
from a passage-3 macaque with a weak antiviral humoral response
remained sensitive to sCD4 and antibody neutralization, an early
SHIV (SHIVC109P4) isolated from a chronically infected pas-
sage-4 animal that mounted a strong neutralizing antibody re-
sponse is now resistant. The three rhesus-adapted, lineage-related
viruses remained exclusively R5 tropic, were transmitted effi-
ciently via intrarectal exposure, replicated to high peak viral
RNA levels, and induced acute depletion of CD4� lamina pro-
pria T lymphocytes, with persistent infection in a majority of
the SHIVC109P3- and SHIVC109P4-infected animals. Moreover,
progression to AIDS was seen in macaques infected with
SHIVC109P3 and SHIVC109P3N, with coreceptor switching and
the development of multifocal SIV-induced giant cell encephalitis
at end-stage disease. Collectively, the data support the use of these
three newly developed lineage-related SHIVC viruses to assess
vaccine efficacy, with prevention of virus acquisition, lowering of

peak viremia, or depletion of CD4� T cells in the gut as virologic
and immunologic endpoints. The evolutionary pathway needed
for efficient CXCR4 usage and induction of neuroAIDS by viruses
with a subtype C R5 envelope can also be investigated.

Progression to AIDS was seen in two of six macaques in-
fected with the late-stage isolate SHIVC109P3N, suggesting
that protection from disease progression can be an additional
criterion of vaccine efficacy when this virus is used for challenge.
However, in contrast to macaques infected with SHIVC109P3 and
SHIVC109P4, the other four SHIVC109P3N-infected monkeys
controlled their infection to low or undetectable levels at 15 to 20
wpi. Additional animals will be required in order to determine if
this is a common outcome of R5 SHIVC109P3N chronic infec-
tion, which could limit the utility of this virus for evaluating vac-
cines that rely on reductions in set points for viral load. Although
there is still controversy regarding the role of autologous NAb
responses in viral control, significant increases in postacute
viremia have been reported for SIV-infected macaques depleted of
B cells by treatment with an anti-CD20 antibody (53, 54). Clinical
treatment for lymphocytic B cell lymphoma with B cell depletion
also resulted in increased viremia in an HIV-1-infected individual
(55). Thus, a possible reason for spontaneous viral control in the

FIG 6 V3 sequences and coreceptor usage of Env variants in FI08 at the time of necropsy. (A) Comparison of the V3 loop sequence of the parental
SHIVC109F.PB4 molecular clone with those of representative viruses in the plasma, jejunal LPL, and mesenteric (Mes) and axillary (Ax) LNs of macaque FI08.
Dashes stand for identity in sequences, and the net positive charge of this region is shown on the right. Positions 11 and 25 within the V3 loop are indicated, and
the 4-aa deletion in the V3 loop is boxed. The number of clones matching the indicated sequence per total number of clones sequenced is given in parentheses
to the right of the net charge. (B) Entry into TZM-bl, U87.CD4.CCR5, and U87.CD4.CXCR4 indicator cells of pseudovirions from FI08 bearing WT Env gp160,
a variant with a 4-aa deletion in the V3 loop (	IGDI), and a recombinant in which the ZM109F.PB4 V3 sequence was replaced with that of the 	IGDI variant
(V3	IGDI). RLU, relative light units. Data are means and standard deviations from triplicate wells and are representative of two independent experiments.
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SHIVC109P3N-infected macaques could be the neutralization
sensitivity of this isolate. Compared to SHIVC109P3 and
SHIVC109P4, SHIVC109P3N is 3- to 300-fold more sensitive to
neutralization by purified Igs and sera from patients chronically
infected with clade B or C (Table 1), suggesting that the late isolate
gained virulence at the expense of immune defense. In this sce-
nario, SHIVC109P3N can induce disease in monkeys that mount
a weak or undetectable antiviral antibody response but will be
readily suppressed when humoral immune selection pressure de-
velops. The absolute CD4� T cell count has remained below

200/�l of blood for more than 3 months in the passage-4 macaque
GC87, with a sustained viral load of �105 RNA copies/ml plasma
that has increased by 1 log unit recently. SHIVC109P4, the early
isolate from GC87, is highly resistant to neutralization by antibod-
ies. It will be of interest to determine if viruses recovered from this
animal at terminal disease become more pathogenic without a
tradeoff in immune evasion. Regardless, the relatively high steady-
state viremia (104 to 106 RNA copies/ml plasma) in a significant
portion of the SHIVC109P3- and SHIVC109P4-infected ma-
caques indicates that these viruses may be useful for testing anti-

FIG 7 Neuropathological lesions in the brain of macaque GC98. Histological staining, immunohistochemistry, and double-label in situ hybridization staining
of brain sections were carried out. (A) Vacuolar leukoencephalopathy (hematoxylin and eosin staining; cerebellum); (B) vacuolar change with associated infected
macrophages (SIV ISH and IHC for the macrophage marker Iba-1; cerebellum); (C) representative perivascular lesion of infected macrophages devoid of
MNGCs (hematoxylin and eosin staining; frontal cortex); (D) perivascular lesion of infected macrophages (SIV ISH and IHC for Iba-1; frontal cortex); (E and
F) ramified microglia (SIV ISH and IHC for Iba-1; thalamus).

Mucosally Transmissible Pathogenic Subtype C R5 SHIVs

June 2013 Volume 87 Number 11 jvi.asm.org 6145

http://jvi.asm.org


viral inhibitors or vaccines aimed at reducing chronic viral repli-
cation.

Genetic analysis suggests that differences in carbohydrate moi-
eties on the envelope glycoproteins of the three rhesus-adapted
SHIVC109F.PB4-derived viruses contributed to the differences in
their neutralization sensitivities (Fig. 3). Both SHIVC109P3 and
SHIVC109P3N lost an N-linked glycan (N197D) just outside the
carboxy terminus of the V2 loop, which has been shown to render
HIV-1B viruses sensitive to antibodies directed at the CD4BS, V3,
CD4-induced, and MPER epitopes by altering the position of the
V1V2 loop (56–58). An additional loss of a PNGS within the V1V2
loop of SHIVC109P3N was seen in comparison to the early isolate
SHIVC109P3; this loss could have played a role in conferring on
SHIVC109P3N a more neutralization sensitive phenotype overall.
In contrast, the neutralization-resistant virus SHIVC109P4 did
not lose or gain any PNGS. Rather, the pattern of glycosylation
was altered as a result of shifts in the sugar moieties in the V1V2,
C3, and V4 regions, highlighting the importance of the position-
ing of the glycan shield in immune evasion. Notable is the shift in
glycan from position 334 to 332 in the C3 region of SHIVC109P4.
The N332 glycan is important for the formation of the epitopes
recognized by the glycan-specific monoclonal antibody 2G12 (59)
and the potent broadly cross neutralizing (BCN) PGT NAbs (60),
the latter often found in HIV-1-infected individuals who have
developed neutralization breadth (60–62). SHIVC109P4 is resis-
tant to neutralization by 2G12 (Table 1), consistent with the de-
pendency of this epitope on glycans at other amino acids that are
uncommon among subtype C viruses (63). It will be of interest to
determine whether, like that occurring naturally in HIV-1C hu-
man infection (64), the 334-to-332 glycan shift in SHIVC109P4
created the BCN PGT epitope as a means of immune escape and
whether this epitope elicits BCN responses in SHIVC109P4-in-
fected macaques.

Despite vigorous in vivo replication and adaptation, the pas-
saged viruses maintained CCR5 specificity. Moreover, as in our
findings with the late R5 subtype B SHIVSF162P3N, induction of
S/HIVE and tropism switching were observed in one of the two
SHIVC109P3N-infected RPs, indicating that these pathological
sequelae of RM infection are shared by passaged CCR5-tropic
SHIVs irrespective of the clade of origin of the HIV-1 envelope
glycoprotein. As seen in HIV-1-infected individuals and in sub-
type B R5 SHIVSF162P3N-infected rhesus macaques, amino acid
changes in the V3 loop of SHIVC109F.PB4 determine CXCR4 use
(Fig. 6A). Furthermore, in agreement with findings for CXCR4
usage in HIV-1C infection, there was no evidence of positively
charged amino acids at positions 11 and 25 (65), but the Q at
position 18 in the V3 loop of FI08 was replaced with R, and there
were deletions near the C terminus of the V3 loop (positions 27 to
30) that could influence coreceptor choice (22, 66–68). However,
in contrast to findings in which deletions within the V3 loop ren-
der the virus dualtropic in SHIVSF162P3N-infected rhesus ma-
caques and typically result in loss of R5 HIV-1 B Env function
(69–72), the V3 deletion variant (	IGDI) in FI08 uses CXCR4
exclusively but is less efficient at entry than WT viruses (Fig. 6B).
The V3 loop of HIV-1C has been suggested to possess a rigid or
non-�-strand structure that differs from subtype B V3 conforma-
tions and could impose functional constraints (21, 73). Thus, it is
tempting to speculate that the rigid V3 configuration of subtype C
R5 Envs limits the flexibility to evolve so as to use CXCR4 and that
deletions in this domain release such constraints. Studies in a

larger cohort of SHIVC-infected animals, in comparison to sub-
type B R5 SHIVSF162P3N-infected monkeys (45, 74), may help us to
understand if the reported lower rate of coreceptor switching in
subtype C-infected humans is indeed related to differences in en-
velope antigenic structure and evolutionary pathways to efficient
CXCR4 usage.

The development of S/HIVE was observed in two of the
three macaques with SHIVC AIDS, one each infected with
SHIVC109P3 (GC98) and SHIVC109P3N (FI08). The incidence
and severity of neurological impairment have been reported to be
lower among subtype C-infected patients than among subtype
B-infected individuals (75–78), with one study showing that
MNGCs and multifocal microglial nodules, frequently found in
clade B-infected patients, are absent in the brains of clade C-in-
fected individuals (79). Initial analysis of a limited number of
macaques with AIDS that had been infected i.r. with subtype B
(n 
 10) (Westmoreland et al., presented at the 2012 Conference
on HIV in the Nervous System) or subtype C (n 
 3) (this study)
failed to support a lower incidence of S/HIVE in the latter (40 and
75%, respectively). However, CNS lesions appeared to differ, with
more vacuolar leukoencephalopathy in white-matter tracts but
fewer MNGCs observed in SHIVC-infected rhesus macaques
(Fig. 7) (Westmoreland et al., presented at the 2012 Conference on
HIV in the Nervous System). Infected microglia were found in
both subtype B- and subtype C-infected monkeys, but the pattern
differed in that subtype C-infected microglia remained ramified,
whereas subtype B-infected microglia had rounded and amoeboid
morphology, consistent with activation with high levels of
HLA-DR expression. These preliminary observations of subtype
differences in the neuropathology of SHIV-infected macaques are
intriguing and merit further analysis.

We chose an envelope that is sCD4 sensitive for SHIV con-
struction and adaption in RMs, hypothesizing that it would rep-
licate efficiently and thrive in a new host. We reasoned that a
clonal virus with an “open” envelope structure that exposes the
receptor binding site for efficient CD4 binding would be able to
adapt more easily to variations in expression levels of the viral
receptors in the new host, enabling it to replicate to high peak
levels in an immune-naïve environment. An “open” Env would
also provide greater flexibility in accommodating and accumulat-
ing the mutations necessary to generate the degree of genetic di-
versity needed for virus adaptation and to escape early selective
pressure through recombination. Adaptation of subtype A HIV-1
Envs to pig-tailed macaque cells in vitro has been reported to ren-
der them sCD4 sensitive (80), and this correlated with the ability
of the envelope to mediate entry using macaque CD4 (81), leading
to the suggestion that sensitivity to sCD4 may provide a means to
identify representative transmitted Env variants that would be
the best candidates for a successful SHIV. Our success in gen-
erating a series of highly replication competent SHIVC through
serial passaging in RMs of the sCD4-sensitive molecular clone
SHIVC109F.PB4 lends further support to this notion. Moreover,
the significantly higher peak viral loads (week 2; P � 0.05)
(Fig. 4D) and progressive disease observed in RMs infected intrar-
ectally with the sCD4-sensitive SHIVC109F.PB4-derived strains
(SHIVC109P3 and SHIVC109P3N) than in RMs infected with a
lineage-related but more resistant strain (SHIVC109P4) suggest
that an “open” Env structure may indeed predispose to high levels
of virus replication. Construction and testing of additional SHIVs
will be required to determine whether the use of sCD4-sensitive
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Envs from diverse HIV-1 subtypes provides a greater chance of
success in generating highly infectious and pathogenic SHIVs.

In conclusion, we show that Asian macaques infected with the
newly generated R5 SHIVC109F.PB4-derived viruses exhibited
many similarities to HIV-infected individuals, including CCR5
coreceptor usage, mucosal transmission, high acute viremia and
persistent infection, depletion of mucosal CD4� T cells, and pro-
gression to AIDS with neurological disorders and coreceptor
switching. Our study has significance for HIV-1/AIDS prevention
research, providing useful tools in NHPs to assess the efficacy of
candidate vaccines and therapeutics targeting the envelope of the
most prevalent HIV-1 subtype.
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