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The sooty mangabey-derived simian immunodeficiency virus (SIV) strain E660 (SIVsmE660) is a genetically heterogeneous,
pathogenic isolate that is commonly used as a vaccine challenge strain in the nonhuman primate (NHP) model of human immu-
nodeficiency virus type 1 (HIV-1) infection. Though it is often employed to assess antibody-based vaccine strategies, its sensitiv-
ity to antibody-mediated neutralization has not been well characterized. Here, we utilize single-genome sequencing and infectiv-
ity assays to analyze the neutralization sensitivity of the uncloned SIVsmE660 isolate, individual viruses comprising the isolate,
and transmitted/founder (T/F) viruses arising from low-dose mucosal inoculation of macaques with the isolate. We found that
the SIVsmE660 isolate overall was highly sensitive to neutralization by SIV-infected macaque plasma samples (50% inhibitory
concentration [IC50] < 10�5) and monoclonal antibodies targeting V3 (IC50 < 0.01 �g/ml), CD4-induced (IC50 < 0.1 �g/ml),
CD4 binding site (IC50 � 1 �g/ml), and V4 (IC50, �5 �g/ml) epitopes. In comparison, SIVmac251 and SIVmac239 were highly
resistant to neutralization by these same antibodies. Differences in neutralization sensitivity between SIVsmE660 and
SIVmac251/239 were not dependent on the cell type in which virus was produced or tested. These findings indicate that in com-
parison to SIVmac251/239 and primary HIV-1 viruses, SIVsmE660 generally exhibits substantially less masking of antigenically
conserved Env epitopes. Interestingly, we identified a minor population of viruses (�10%) in both the SIVsmE660 isolate and
T/F viruses arising from it that were substantially more resistant (>1,000-fold) to antibody neutralization and another fraction
(�20%) that was intermediate in neutralization resistance. These findings may explain the variable natural history and variable
protection afforded by heterologous Env-based vaccines in rhesus macaques challenged by high-dose versus low-dose
SIVsmE660 inoculation regimens.

Similarities between simian immunodeficiency virus (SIV) in-
fection of rhesus macaques and human immunodeficiency vi-

rus type 1 (HIV-1) infection of humans were first recognized in
the 1980s, when captive Asian-origin macaques were found to be
infected with an immunodeficiency-causing retrovirus originat-
ing with African-origin sooty mangabeys (1–6). Whereas SIVsmm
viruses cause a nonpathogenic infection in their natural hosts (7),
they produce a pathogenic infection in macaques, with virologic
and clinical outcomes that parallel those of HIV-1 infection in
humans. Like HIV-1, SIVsmm and SIVmac infect CD4� T cells,
utilize CCR5 as a coreceptor, establish high peak and setpoint
viremia, and cause generalized immune activation and a profound
acute and sustained loss of intestinal CD4� T cells (3, 8, 9). As in
HIV-1 infection, these events lead to progressive immune defi-
ciency, opportunistic infections, AIDS-defining neoplasms, and
death in the majority of infected animals (10).

Given these parallels with HIV infection, the SIV-nonhuman
primate (NHP) model has been utilized as an important compo-
nent of HIV vaccine development efforts. There are many itera-
tions of this NHP model, with options in animal species, challenge
viruses, inoculation routes, dosing strategies, and intrinsic host
genetic restriction factors. Though there is no single standardized
SIV-NHP infection model, much of the recent work in antibody-
and cell-based vaccine design and assessment has been conducted
with Indian-origin rhesus macaques challenged with SIVsmm and
SIVmac viruses. Two of the most commonly used challenge vi-

ruses in the macaque model are the isolates SIVsmE660 and
SIVmac251, along with the latter’s derivative clone SIVmac239.
SIVsmE660 was originally isolated from a rhesus macaque
(Rh660) with a terminal AIDS-defining illness after it had been
infected with virus previously passaged through three rhesus ma-
caques. The Rh660 spleen homogenate was then cocultured with
human CEMx174 cells and passaged through pigtail macaque pe-
ripheral blood mononuclear cells (PBMCs) to obtain the virus
challenge stock (9, 11). SIVmac251 was also isolated terminally
from SIV-infected macaque spleen cells after the macaque had
been infected with virus cocultured with human PBMCs and se-
rially passaged through rhesus PBMC cultures (12). Based on un-
corrected mean character differences, the SIVmac251 and
SIVsmE660 virus swarms are each approximately 77% identical in
amino acid sequence to HIV-2, which originated from a cross-
species transmission of SIVsmm from sooty mangabeys to hu-
mans, but only 52 to 57% identical to HIV-1 (9, 13–16). Despite
these differences in primary amino acid sequence, SIVsmE660,
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SIVmac251, HIV-2, and HIV-1 are all highly related from an en-
velope (Env) structure-function perspective (15, 16). SIVsmE660
and SIVmac251 each exhibit modest within-isolate genetic heter-
ogeneity, with 1.8% and 2.6% maximum env diversity for
SIVsmE660 and SIVmac251, respectively. The genetic distance
between the SIVsmE660 and SIVmac251 lineages in env is sub-
stantially greater, 14.6% in nucleotide sequence and a 13.5% dif-
ference in amino acid sequence, based on uncorrected mean char-
acter differences. This interlineage diversity has made these virus
strains attractive candidates for heterologous challenge studies of
candidate HIV vaccines.

Uncloned challenge stocks of SIVsmE660 and SIVmac251 have
been used to test various vaccine strategies, and the neutralization
profiles of these viruses were examined using methods commen-
surate with neutralizing antibody assay strategies available at the
time. SIVmac251 and its derivative clone SIVmac239 consistently
demonstrated high-level resistance to heterologous antibody neu-
tralization; lab adaptation or site-directed mutagenesis was re-
quired to confer enhanced neutralization sensitivity (17–19).
In addition, compared to humans acutely infected by HIV-1,
SIVmac251-infected rhesus macaques showed delayed and gener-
ally low-titer autologous neutralizing antibody (NAb) responses
(20). Due to this neutralization resistance, it has been suggested
that SIVmac251 and SIVmac239 infection models may be too
stringent to detect antibody-based vaccine activities that could
translate to vaccine-elicited HIV-1 prevention in humans (20, 21).

Compared with SIVmac251, SIVsmE660 is generally perceived
to be more neutralization sensitive, but published assessments of
this key virological property have been inconsistent. In 2000, Our-
manov and colleagues ascribed intermediate neutralization sensi-
tivity to SIVsmE660 compared to that of the genetically related,
nonpathogenic, and highly neutralization-sensitive SIVsmH-4
strain (22). Using a cell-killing assay, these investigators detected
NAb titers at 12 weeks postinfection that peaked at 20 to 28 weeks
in the SIVsmE660-infected animals. More recently, Ourmanov
and colleagues reexamined the neutralization sensitivity of the
uncloned SIVsmE660 isolate by the same plasma specimens from
SIVsmE660-infected, vaccinated, or control animals using the
TZM-bl single cycle entry assay and observed much higher NAb
titers (23). Two other studies have examined the neutralization
sensitivity of molecular virus clones derived from the SIVsmE660
isolate with conflicting results. Letvin and colleagues performed
an assessment of two transmitted/founder (T/F) Env clones de-
rived from animals infected by repeated low-dose mucosal inoc-
ulation with the SIVsmE660 isolate (24). In TZM-bl assays, one of
the T/F Envs demonstrated exquisite sensitivity to four different
SIVsmE660-infected macaque plasma samples, while the second
Env displayed greater resistance. The SIVsmE660 isolate itself was
sensitive to neutralization by the four SIVsmE660-infected ma-
caque plasma samples in the TZM-bl assay but was purportedly
more resistant when tested in a rhesus PBMC target cell assay. The
authors concluded that the SIVsmE660 isolate exhibited interme-
diate neutralization sensitivity (24). Wu and colleagues recently
reported on the role of NAb in rhesus macaques infected with
infectious molecular clones (IMCs) derived from the SIVsmE660
isolate (21). The two SIVsmE660 IMCs were shown to be ex-
tremely sensitive to neutralization by homologous and heterolo-
gous sera. Following intravenous inoculation of the IMCs into
four TRIM5 permissive rhesus macaques, NAb titers arose by 4
weeks postinfection and peaked at high titers of 1:2.7 � 105 by 16

weeks with concurrent evidence of virus escape from these NAbs.
Based on these studies, the neutralization sensitivity of the
SIVsmE660 isolate, and the individual viruses comprising it, re-
mains unclear.

In addition to exhibiting variability in neutralization sensitiv-
ity, SIVsmE660 has also been associated with variable clinical
pathogenicity, especially following low-dose mucosal inoculation
(25, 26). Quantitative estimates of the relative transmission bar-
rier posed by rectal mucosa compared to intravenous inoculation
of SIV in rhesus macaques are about 2,000-fold (27), with low-
dose mucosal inoculation generally resulting in productive clini-
cal infection by one or few T/F viruses (27). While this feature of
the SIV-NHP infection model recapitulates the numbers of vi-
ruses that typically lead to productive infection in humans follow-
ing sexual transmission of HIV-1 (28–32), it leads to the potential
for variability in viral pathogenesis due to transmission of viruses
with distinct genetic features. This problem may be more of an
issue with SIVsmE660, which has shown substantial variability in
clinical outcomes following low-dose mucosal challenge, than
with SIVmac251 or SIVmac239. This variability in natural history
and pathogenicity has been largely attributed to the SIVsmE660
strain’s sensitivity to host restriction factors, such as TRIM5� (25,
26, 33), but heterogeneity in replication fitness and neutralization
sensitivity of viruses comprising the SIVsmE660 isolate could con-
tribute. Consistent with this hypothesis is the recent finding by
Wu and colleagues that two infectious molecular virus clones de-
rived from the SIVsmE660 stock that were initially very sensitive
to autologous antibody neutralization evolved over 24 weeks of
infection in rhesus macaques to acquire neutralization resistance
(21).

Despite continued interest in SIVsmE660 as a challenge stock
in vaccine protection studies and natural history studies (21, 24,
34), no studies have directly assessed and compared the neutral-
ization sensitivity of the uncloned SIVsmE660 virus stock, indi-
vidual virus Envs comprising this stock, and T/F Envs and T/F
infectious molecular virus clones (IMCs) derived from rhesus ma-
caques infected by low-dose rectal mucosal challenge with the
uncloned virus stock. The objective of the present study was to
perform this analysis so as to better inform the interpretation of
SIVsmE660-based vaccine trials (24, 35) and as a first step toward
obtaining data relevant to the construction of molecular SIVsmm
challenge stocks that could more closely reflect the neutralization
sensitivity of primary tier 2 strains of HIV-1 (36). Single-genome
amplification (SGA) and direct amplicon sequencing, otherwise
known as single-genome sequencing (SGS) (27, 30, 37, 38), were
chosen as the experimental strategy for identifying the relevant env
genes and T/F virus genomes because this method proportionally
represents viruses within a genetically complex mixture and pre-
cludes the introduction of nucleotide misincorporations or re-
combination artifacts between genetically distinct target tem-
plates (27, 30, 37, 38), all of which could cloud the phenotypic
characterization of the virus isolate and viral clones derived from
it. Our studies were enabled by the use of recently described neu-
tralizing monoclonal antibodies (MAb) that target discrete
SIVsmm/HIV-2 V3, V4, CD4 binding site (CD4bs), and CD4-
induced (CD4i) Env epitopes (39, 40).

MATERIALS AND METHODS
SIVsmE660 isolate. The cell-free SIVsmE660 isolate used was initially
generated by Vanessa Hirsch (11) and then expanded on rhesus macaque
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PBMCs and used as a virus challenge stock in studies conducted to test the
transmission bottleneck and adaptive immune responses in mucosally
infected rhesus macaques in naive and vaccinated rhesus macaques (27,
41). For this study, the SIVsmE660 isolate was expanded on rhesus ma-
caque CD4� T cells.

Viral RNA extraction and cDNA synthesis. From plasma specimens
and inoculum virus stock (culture supernatant) specimens, 20,000 viral
RNA copies were extracted using the QIAamp viral RNA minikit (Qia-
gen). RNA was eluted and immediately subjected to cDNA synthesis. Re-
verse transcription of RNA to single-stranded cDNA was performed using
SuperScript III reverse transcriptase (RT) according to the manufacturer’s
recommendations (Invitrogen). In brief, each cDNA reaction included
1� RT buffer, 0.5 mM (each) deoxynucleoside triphosphate, 5 mM di-
thiothreitol, 2 U/ml RNaseOUT (RNase inhibitor), 10 U/ml of Super-
Script III reverse transcriptase, and 0.25 mM antisense primer SIVsm/
macEnvR1 5=-TGTAATAAATCCCTTCCAGTCCCCCC-3= (nt 9454 to
9479 in SIVmac239). The mixture was incubated at 50°C for 60 min,
followed by an increase in temperature to 55°C for an additional 60 min.
The reaction was then heat inactivated at 70°C for 15 min and treated with
2 U of RNase H at 37°C for 20 min. The newly synthesized cDNA was used
immediately or frozen at �80°C.

Single-genome amplification. cDNA was serially diluted and distrib-
uted among wells of replicate 96-well plates so as to identify a dilution
where PCR-positive wells constituted �30% of the total number of reac-
tions, as previously described (30, 42). At this dilution, most of the PCR-
positive wells contain amplicons derived from a single cDNA molecule.
This was confirmed in every positive well by direct sequencing of the
amplicon and inspection of the sequence chromatograms for mixed bases
(double peaks), which would be indicative of priming from more than one
original template or the introduction of PCR error in early cycles. Any
sequence with mixed bases was excluded from further analysis. PCR am-
plification was performed in the presence of 1� High Fidelity Platinum
PCR buffer, 2 mM MgSO4, 0.2 mM (each) deoxynucleoside triphosphate,
0.2 �M (each) primer, and 0.025 U/�l Platinum Taq High Fidelity poly-
merase in a 20-�l reaction mixture (Invitrogen). First-round PCR prim-
ers included the sense primer SIVsm/macEnvF1 (5=-CCTCCCCCTCCA
GGACTAGC-3=; nucleotides [nt] 6127 to 6146 in SIVmac239) and
antisense primer SIVsm/macEnvR1 (5=-TGTAATAAATCCCTTCCAGT
CCCCCC-3=; nt 9454 to 9479 in SIVmac239), which generated a 3.3-kb
amplicon. PCR was carried out in MicroAmp 96-well reaction plates (Ap-
plied Biosystems) with the following PCR parameters: 1 cycle of 94°C for
2 min, 35 cycles of a denaturing step of 94°C for 15 s, an annealing step of
55°C for 30 s, and an extension step of 68°C for 4 min, followed by a final
extension of 68°C for 10 min. Next, 2 �l from the first-round PCR product
was added to a second-round PCR that included the sense primer
SIVsmEnvF2 (5=-TATGATAGACATGGAGACACCCTTGAAGGAGC-
3=; nt 6292 to 6323 in SIVmac239) or SIVmacEnvF2 (5=-TATAATAGAC
ATGGAGACACCCTTGAGGGAGC-3=; nt 6292 to 6323 in Mac239) and
antisense primer SIVsmEnvR2 (5=-ATGAGACATRTCTATTGCCAATT
TGTA-3=; nt 9413 to 9439 in SIVmac239). The second-round PCR was
carried out under the same conditions used for first-round PCR, but with
a total of 45 cycles. Amplicons were inspected on precast 1% agarose
E-gels 96 (Invitrogen). All PCR procedures were performed under PCR
clean-room conditions using procedural safeguards against sample con-
tamination, including prealiquoting of all reagents, use of dedicated
equipment, and physical separation of sample processing from pre- and
post-PCR amplification steps.

DNA sequencing. Amplicons were directly sequenced by cycle se-
quencing using BigDye Terminator chemistry (Applied Biosystems). Se-
quencing reaction products were analyzed using an ABI 3730xl genetic
analyzer (Applied Biosystems). Both DNA strands were sequenced using
overlapping fragments. Individual sequence fragments for each amplicon
were assembled and edited using the Sequencher 4.8 software program
(Gene Codes; Ann Arbor, MI). Chromatograms containing mixed bases
(double peaks) indicative of multiple templates were excluded.

Sequence alignments and diversity estimates. All sequences were
aligned manually or using the software tool CLUSTALW (43) and aligned
in the program MacClade 4.08 (44) to optimize alignments. The T/F env
sequences and some of the isolate env sequences were previously pub-
lished (27). To illustrate the array of uncorrected pairwise distances
among the SIVsmE660 viruses, a neighbor-joining tree (45) was con-
structed using mean pairwise distances for nucleotide sequences using the
software program PAUP* version 4.0b10 (46). To illustrate the relation-
ships of the SIVsmE660 and SIVmac251 strains, along with other SIVsmm
lineages, in comparison to HIV-1 group M subtype reference sequences
(47), phylogenetic trees based on Env amino acid sequences were con-
structed using the program PhyML version 3 (48) with HIVb�I�G (49),
with the best-fit model of protein amino acid replacement chosen using
the ProtTest version 2.4 software program (50) based on the Akaike in-
formation criterion (51). Regions that could not be unambiguously
aligned were removed from the analysis. Sequence data sets include pub-
lished SIVsmE660 and SIVmac251 sequences (32, 52, 53), published
SIVsmm sequences (5, 45–47, 54–64), and HIV-1 group M sequences
from the Los Alamos National Laboratories Subtype Reference set (47,
65, 66).

Antibodies and sera. The antibodies 3.11H, 6.10F, 1.10A, 1.9c, 1.7A,
1.4B, 6.10B, and 1.4H were provided by J. Robinson (Tulane University
Medical Center, New Orleans, LA), and their neutralization properties
and target epitopes have been reported (39, 40). The SIV sera were pro-
vided by N. Letvin (Harvard University, Boston, MA) and by D. Watkins
(University of Wisconsin, Madison, WI) from chronically infected rhesus
macaques that were intrarectally challenged and productively infected
with SIVsmE660 or SIVmac251.

Env gene cloning. SGA-derived isolate env sequences and T/F env
sequences identified previously (30) were molecularly cloned for the pro-
duction of pseudovirus and phenotypic analyses. The primers used to
amplify these genes had been designed such that the DNA amplicon
would contain a complete rev/env cassette. To reduce the probability of
generating molecular env clones with Taq polymerase errors, we reampli-
fied from the first-round PCR product under the same nested PCR con-
ditions but used only 35 cycles. Correctly sized amplicons identified by gel
electrophoresis were gel purified by using the QIAquick gel purification
kit according to the recommendations of the manufacturer (Qiagen), li-
gated into the pcDNA3.1 Directional Topo vector (Invitrogen Life Tech-
nologies), and transformed into TOP10 competent bacteria. Bacteria
were plated on LB agar plates supplemented with 100 �g/ml ampicillin
and cultured overnight at 30°C. Single colonies were selected and grown
overnight in liquid LB broth at 30°C with 225-rpm shaking followed by
plasmid isolation. Finally, each molecular clone was sequence confirmed
to be identical to the previously determined env sequence of the T/F env or
isolate env amplicon.

Pseudovirus preparation and titration. Pseudovirus was prepared by
transfecting 3 � 106overnight-cultured 293T cells in 10-cm2 tissue culture
dishes with 4 �g of rev/env expression plasmid and 4 �g of the HIV-2
backbone construct pJK7312A�Env using Fugene 6 (Roche Applied Sci-
ence, Indianapolis, IN). Pseudovirus-containing culture supernatants
were harvested 2 days after transfection, cleared of cellular debris by low-
speed centrifugation, and stored in aliquots at �80°C. Viruses were
titrated on TZM-bl reporter cells (8129; NIH AIDS Research and Refer-
ence Reagent Program), which contain a Tat-inducible luciferase and a
	-galactosidase gene expression cassette. Infectious titers were measured
on 24-well plates based on 	-galactosidase production, representing the
number of infection events per �l of virus stock (IU/�l), as described
previously (67, 68). Viruses determined to have low IU/�l were subse-
quently produced in the presence of 10 mM sodium butyrate (TCI Amer-
ica, Portland, OR) at the time of transfection. Viruses with infectious titers
below 25 IU/�l were not used.

IMC generation. The full-length T/F IMCs, pE660.CG7G.ir1 and
pE660.CG7V.ir1, were constructed from five overlapping pieces amplified from
PBMC DNA isolated during peak infection following low-dose rectal transmis-
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sion (27) using the primers SIVsmE660-1F (5=-TGGAAGGGATTTATTACA
ATGAGAAAAGAC-3=), SIVsmE660-1R (5=-GTATTGGATCAGGGTCA
CATC-3=), SIVsmE660-2F (5=-GGAAGCCCCTCCAACCAATCC-3=),
SIVsmE660-2R (5=-CCCAGGACCTTCGCCAAACC-3=), SIVsmE660-3F
(5=-CATGTCAGATCCCAGGGAGAGG-3=), SIVsmE660-3R (5=-CCTT
CTTACACTTGTGGGGGCC-3=), SIVsmE660-4F (5=-GAGACCAATAT
CACCATGAGTGC-3=), SIVsmE660-4R (5=-GCTGAATAGCCAAGTCA
AGAGGCG-3=), SIVsmE660-5F (5=-CCCCTCCCGCTTATGTTCAGC-
3=), and SIVsmE660-5R (5=-TGCTAGGGATTTTCCTGCYTCGG-3=).
Each segment was designed around a unique restriction site, amplified
separately using the Phusion high-fidelity DNA polymerase (Finnzymes,
Vantaa, Finland) and subcloned into pCR-XL-TOPO. Individual seg-
ments were sequenced to ensure an identical match to the T/F virus se-
quence, as previously identified (M. Lopker and G. M. Shaw, unpub-
lished). Full-length IMCs were assembled in pBR-322-MCS (69) and
sequenced again to confirm a match to the T/F sequence.

IMC virus stocks. 293T-derived virus was produced by transfecting
3 � 106 293T cells cultured overnight in 10-cm2 tissue culture dishes with
6 �g of pE660.CG7G.ir1 and pE660.CG7V.ir1 DNA. Culture superna-
tants were harvested 2 days after transfection, cleared of cellular debris by
low-speed centrifugation, and stored in aliquots at �80°C. Viruses were
titrated on TZM-bl reporter cells. CD4� T cell stocks were derived by
isolating rhesus PBMCs from whole blood by gradient centrifugation over
Ficoll-Hypaque Plus medium (GE Healthcare, Piscataway, NJ). CD4� T
cells were positively selected using magnetic nonhuman primate CD4�

microbeads (Miltenyi Biotec, Auburn, CA) and an autoMACS cell sepa-
rator (Miltenyi Biotec, Auburn, CA). CD4� T lymphocytes were activated
in RPMI 1640 medium supplemented with 15% fetal bovine serum (FBS)
and 3 �g/ml of staphylococcal enterotoxin B (SEB) (Sigma-Aldrich) and
30 U/ml interleukin-2 (IL-2) (Roche Diagnostics) for 48 h at 37°C. Acti-
vated CD4� cells were infected in a small volume (�2 ml) at a multiplicity
of infection (MOI) of 0.1, washed 3 times, and then suspended at a con-
centration of 1 � 106/ml in RPMI 1640 medium, 15% FBS, and 30 U/ml
of IL-2. On day four postinfection and every 2 days thereafter, cells were
collected by low-speed centrifugation, and a complete medium exchange
was performed and saved. Viral replication was assessed retrospectively by
SIV p27 antigen enzyme-linked immunosorbent assay (ELISA) (Zep-
tometrix Corporation, Buffalo, NY), and a final stock was created by com-
bining the three time points with the highest viral load: days 6, 8, and 10.

Neutralization assays. Virus neutralization by sera and MAbs was
assessed on TZM-bl cells as described previously (68, 70). TZM-bl cells
were seeded and cultured in 96-well plates for 24 h. Virus stocks dilutions
were made to final concentrations of Dulbecco’s modified Eagle medium
(DMEM) containing 6% FBS and 40 �g/ml DEAE-dextran (Sigma-Al-
drich, St. Louis, MO) to achieve 2,000 IU/well. Viruses with low numbers
of IU/�l were added at no less than 1,500 IU/well. Validation experiments
showed no difference in neutralization results for viruses at 1,500 IU/well
or 2,000 IU/well. Equal-volume virus dilutions and 5-fold serially diluted
sera or MAbs were mixed and incubated at 37°C for 1 h. Supernatants
were then removed, and 100 �l of these mixtures were added. Medium-
only and virus-only control wells were included as background and 100%
infectivity, respectively. Luciferase activity was measured after 48 h of
incubation in 37°C. Neutralization of SIVsmE660 virus grown in rhesus
CD4� T cells and tested on rhesus CD4� T cells in a multi-replication-
cycle assay format was performed as described by Montefiore and col-
leagues for HIV-1 in human CD4� T cells (71, 72). Rhesus macaque
PBMCs were isolated from blood of 5 animals by gradient centrifugation
over Ficoll-Hypaque Plus medium, and CD4� T cells were positively se-
lected, combined, and activated using staphylococcal enterotoxin B (50
ng/ml) for 3 days. Cells were then cultured for 3 days in 15% FBS-RPMI
and 30 U/ml IL-2 to allow for expansion. Five hundred 50% tissue culture
infective doses (TCID50) of CD4� T cell-derived virus and test or control
plasma (1 � 10�4 dilution) or MAbs (0.1 �g/ml) were combined and
incubated for 1 h before the addition of 3 � 105 PBMCs per well in a total
volume of 154 �l. All plasma dilutions were tested in triplicate in a 96-well

plate format, and on the next day, three complete medium exchanges were
performed. Thirty microliters of medium was removed daily from day 2
through day 7 and replaced with fresh medium each day. Virus replication
was measured by RT assay (reverse transcriptase assay, colorimetric;
Roche Applied Science, Indianapolis, IN). Virus neutralization was as-
sessed during exponential virus growth, generally at 4 days postinocula-
tion.

Nucleotide sequence accession numbers. Sequences determined in
this work have been deposited in GenBank (accession numbers KC595632
to KC595664).

RESULTS
Genetic diversity of the SIVsmE660 isolate. We performed SGS
of vRNA extracted from the SIVsmE660 isolate to obtain 75 gp160
env sequences. These sequences exhibited 1.61% maximum with-
in-env diversity, which is similar to previous determinations of
SIVsmE660 diversity and similar to HIV-1 diversity in humans
infected for 1 to 2 years (27, 30, 73, 74). Figure 1 illustrates the
genetic relationship of the SIVsmE660 Env amino acid sequences
compared with SIVmac251 and other SIVsmm lineages (32, 52–
54). In addition to SIVsmE660 isolate env sequences, we also an-
alyzed env sequences of SIVsmE660 viruses that were transmitted
by low-dose intrarectal inoculation of the SIVsmE660 isolate in
Indian rhesus macaques (27). Eleven of these T/F env genes are
depicted in a phylogenetic tree containing the SIVsmE660 isolate
env sequences (Fig. 2). As shown here and elsewhere (27), the T/F
sequences are relatively evenly distributed throughout the tree,
indicating that no particular sublineage of SIVsmE660 was pref-
erentially transmitted mucosally from the isolate to naive mon-
keys. In addition, the isolate clones that we generated for pheno-
typic analysis are randomly dispersed throughout the tree,
highlighting the genetic heterogeneity and lack of phylogenetic
clustering of the envelope glycoprotein sequences.

The SIVsmE660 isolate is neutralization sensitive. The
SIVsmE660 isolate was expanded on rhesus CD4� T cells and
tested in the TZM-bl infectivity assay (68, 75, 76) for neutraliza-
tion sensitivity to SIV-infected rhesus macaque plasma samples.
As shown in Fig. 3A, the SIVsmE660 isolate was highly neutraliza-
tion sensitive to SIVsmE660-infected macaque plasmas, with typ-
ical sigmoidal neutralization curves asymptotically approaching

90% neutralization. The neutralization sensitivities of the
SIVsmE660 isolate to plasma specimens from SIVsmE660-in-
fected macaques from two different primate centers were compa-
rable (P 
 0.8, Wilcoxon test), with a median reciprocal 50%
inhibitory concentration (IC50) of 1.8 � 105 (range, 3.7 �104 to
3.9 � 106) (Fig. 3B). The SIVsmE660 isolate was also sensitive to
heterologous neutralization by SIVmac251-infected macaque
plasmas (median reciprocal IC50 of 5.2 � 104), although
SIVmac251 plasma titers were lower than those for plasma of
SIVsmE660-infected animals (P � 0.016, Mann-Whitney).

SIVsmE660 isolate cloned Envs and T/F Envs are variable in
their neutralization sensitivity to macaque plasma samples. We
next considered the neutralization sensitivities of the individual
viruses comprising the isolate. Thirteen env sequences distributed
throughout the phylogenetic tree (Fig. 2) were molecularly
cloned, expressed in 293T cells, and pseudotyped with an Env-
minus HIV-2 backbone (pJK7312A�Env). As expected, not all
cloned Envs were biologically functional: only 10 of 13 could con-
fer efficient entry into the TZM-bl target cells. This finding is
consistent with those of previous studies (77) and can be ex-
plained by lethal mutations that occur in the most recent replica-
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tion cycle but which still allow for viral gene expression and virion
production and release in vivo. This is not the case for env genes
and full-length genomes of T/F viruses, which by definition are
biologically functional and capable of establishing productive
clinical infection (27, 30, 42, 78, 79). We studied 11 T/F Envs
identified and molecularly cloned from 7 rhesus macaques that
were productively infected with between one and five T/F viruses
through low-dose mucosal inoculation (27, 41). All 11 T/F Envs
were functional in the TZM-bl assay. When tested for neutraliza-
tion sensitivity to SIV-infected macaque plasma samples, most of
the isolate-derived Env clones and T/F Env clones were highly
neutralization sensitive, displaying mean IC50s similar to that of
the uncloned isolate (Fig. 4). A minority of isolate-derived Env
clones and T/F Envs exhibited significantly greater resistance to
neutralization; one isolate-derived Env (300-16) and one T/F Env
(CR54-PK-2A5) were highly resistant to the panel of macaque
plasma samples, and additional Envs (CG7V-RU-A1 and 400-6)
exhibited intermediate IC50s to the macaque plasma samples. The
differences in IC50s of rhesus polyclonal anti-SIV antibodies be-
tween sensitive and resistant Envs spanned more than 4 orders of
magnitude, from 3.8 � 106 for the isolate-derived Env clone B12
to 1.5 � 102 for T/F Env clone CR54-PK-2A5 (Fig. 4).

SIVsmE660 isolate cloned Envs and T/F Envs vary in their
neutralization sensitivities to V3, CD4i, CD4bs, and V4-target-
ing MAbs. To further assess the neutralization properties of the
uncloned SIVsmE660 isolate, isolate-derived Env clones, and T/F

virus-derived Env clones, we tested each for sensitivity to neutral-
ization by a panel of well-characterized neutralizing MAbs. The
MAbs were obtained from Epstein-Barr virus (EBV)-transformed
B lymphocytes from HIV-2-infected humans and SIV-infected
macaques. The MAb neutralization specificities were defined by
peptide binding, site-directed mutagenesis, and antibody compe-
tition. They targeted a range of gp120 epitopes, including V3
(3.11H, 6.10F), V4 (1.10A, 1.9c, 1.7A), the CD4 binding site
(CD4bs) (6.10B), a CD4-induced epitope (CD4i) (1.4H), or other
gp120 epitopes (1.4B) (18, 40, 80, 81). Each of the MAbs, with the
exception of 1.4H, demonstrated binding to SIVmac239 and other
SIV Env monomers by ELISA; 1.4H bound some Envs alone, while
other virus strains required gp120 to be complexed with CD4 for
efficient binding, as has been described for CD4-induced epitopes
(18, 80, 81). As a control, we tested the MAb panel’s capacity to
neutralize a T/F Env clone derived from low-dose mucosal inoc-
ulation with SIVmac251 (27) and the SIVmac239 clone. Consis-
tent with previous reports describing these viruses as resistant to
neutralization by polyclonal plasma IgG and neutralizing MAbs,
we found the SIVmac251 T/F Env and SIVmac239 isolate to be
resistant to neutralization by the entire MAb panel, even at 10-
�g/ml concentrations (Fig. 5A and B). The SIVsmE660 isolate, in
contrast, demonstrated sensitivity to neutralization by most of the
MAbs (Fig. 5C). The MAbs targeting V3 (3.11H and 6.10F) and
CD4i (1.4H) neutralized the SIVsmE660 isolate potently with
IC50s below 0.1 �g/ml. In addition, the isolate was moderately

FIG 1 Maximum-likelihood (ML) phylogenetic trees inferred from representative SIVsmm and HIV-1 group M Env amino acid sequences. The computed ML
genetic distances include correction for multiple substitutions and thus show greater genetic distance between divergent clades than does the uncorrected
pairwise sequence difference. There is less overall diversity among naturally occurring SIVsmm lineages than among HIV group M subtypes at an amino acid level
but not at a nucleotide level, a finding that may reflect the more ancient origin of SIVsmm (54). Sequence data sets were derived from published SIVsmm and
HIV-1 sequences, and SIVsmm lineages were designated according to the method of Apetrei et al. (103), as described in Materials and Methods. The scale bars
represent 5% diversity.
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sensitive to MAbs targeting the CD4 binding site (6.10B) and V4
(1.10A and 1.7A) but was resistant to two other MAbs targeting
gp120 (1.9C and 1.4B). As with the uncloned isolate, the majority
of the individual isolate Envs and T/F cloned Envs displayed ex-
quisite sensitivity to neutralization by the V3- and CD4i-targeting

MAbs, with IC50s of �0.1 �g/ml for one or more of these MAbs
(Fig. 5B). As was seen with plasma neutralization, two of the Env
clones, a single T/F Env (CR54-PK-2A5) and a single isolate Env
(300-16), were outright resistant to neutralization by the panel of
MAbs. Additionally, Envs that displayed intermediate IC50s to

FIG 2 Neighbor-joining phylogeny of SIVsmE660 uncloned isolate-derived env genes, cloned isolate env genes, and T/F env genes. Uncloned isolate env
sequences are represented in black, cloned isolate env sequences in blue, and T/F env sequences in red. The isolate clones with asterisks were nonfunctional in cell
entry assays. The SIVsmE660 isolate env sequences displayed 1.61% maximum within-env diversity. The scale bar represents 0.1% diversity.
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plasma (CG7V-RU-A1 and 400-6) also displayed intermediate
IC50s to the V3 and CD4i MAbs (Fig. 5D). Similar to the uncloned
isolate, the isolate-derived Env clones and T/F Env clones were
neutralized by CD4bs and V4 MAbs at higher concentrations (Fig.
5D).

Neutralization sensitivity to V3 MAbs correlates with sensi-
tivity to plasma polyclonal antibodies. Figure 6 depicts the virus
neutralization curves for plasma and MAbs, grouped based on the
percent infectivities remaining at high concentrations of MAb.
The top two rows show responses to the two V3 MAbs (6.10F and
3.11H), and the bottom row shows neutralization by a represen-
tative SIVsmE660-infected macaque plasma sample. The majority
(66%) of the Envs demonstrated the highly sensitive phenotype
shown in the left column, with typical sigmoidal curves with less
than 25% retained infectivity with both MAbs and plasma anti-
body (Fig. 6A, D, and G). In the right column, the two resistant
viruses (CR54-PK-2A5 and 300-16) retained 
50% baseline in-
fectivity at high concentrations of both MAb and plasma antibody
(Fig. 6C, F, and I). In between these two phenotypes, there were
five Envs with flattened neutralization curves and plateaus of re-
tained infectivity between 25% and 50% for the V3 MAbs (Fig. 6B
and E). Four of these five Envs also displayed similar plateaus of
retained infectivity with plasma (Fig. 6H). Thus, for the uncloned
isolate and each of the Env clones, the sensitivity to neutralization

by V3-targeting MAbs closely paralleled their neutralization sen-
sitivity to polyclonal macaque plasma. In addition, the frequencies
of sensitive, intermediate, and resistant Envs between the isolate
Envs and T/F Envs were similar (P 
 0.8 by the Wilcoxon test),
with 70% versus 64% sensitive, 20% versus 27% intermediate, and
10% versus 9% resistant in the isolate versus T/F Envs, respec-
tively. By inspecting the primary sequences of neutralization-re-
sistant, -intermediate, and -sensitive viruses, we could identify no
salient differences in number or position of potential N-linked
glycosylation sites, variable loop length, or sequence motifs that
could distinguish them.

Neutralization sensitivity is only modestly influenced by the
source of virus production. Previous studies have demon-
strated differences in neutralization sensitivity based on the cell
type of virus derivation and the use of pseudotyped virus com-
pared with full-length IMCs (39, 82–84). To assess differences
in SIVsmE660 neutralization sensitivity based on the cell type
from which the Envs were derived, we utilized the T/F Env
pseudoviruses CG7G-P-A7-A and CG7V-RU-A1 and their iso-
genic full-length IMCs pE660.CG7G.ir1 and pE660.CG7V.ir1.
CG7G-P-A7-A is a neutralization-sensitive virus, representa-
tive of the majority of the SIVsmE660 clones tested, whereas
CG7V-RU-A1 has a more intermediate sensitivity to neutral-
ization, with higher IC50s and a 40 to 50% plateau of retained

FIG 3 Neutralization sensitivity of the uncloned SIVsmE660 isolate. (A) Neutralization sensitivity of the uncloned SIVsmE660 isolate, expanded on rhesus
CD4� T cells and tested with three SIV-infected macaque plasmas (ZB42, A5V020, and DC1K) on TZM-bl cells. Values represent means � SD for three separately
performed experiments. (B) Mean IC50s of isolate tested with SIVsmE660- and SIVmac251-infected macaque plasma samples on TZM-bl cells. Horizontal lines
indicate median values. Titers from SIVsmE660-infected rhesus macaques from New England (shown in open circles) and Wisconsin (shown in filled circles)
primate centers were statistically similar; P 
 0.8 by Wilcoxon test. Titers from SIVsmE660-infected macaques were statistically greater than those from
SIVmac251-infected macaques; P � 0.016 (Mann-Whitney).
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FIG 4 Mean reciprocal IC50 titers for three SIV-infected macaque plasmas (ZB42, A5V020, and DC1K) for the uncloned SIVsmE660 isolate, Env clones derived
from the isolate, and T/F Env clones tested on TZM-bl cells. Clone designation (x axis) and color coding correspond to Fig. 2.
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infectivity with V3 MAbs and plasma (Fig. 6). Importantly, the
IMCs and Env clones contained identical gp160 nucleotide se-
quences. The IMC viruses were generated in two ways, trans-
fection of IMC DNA into 293T cells or short-term expansion in
rhesus macaque CD4� T cells. The Env pseudoviruses were
generated by transfection of 293T cells. Compared with the
293T-derived Env neutralization pattern, the 293T-derived
IMC viruses displayed similarly shaped neutralization curves
and a modest increase in neutralization sensitivity as deter-
mined by IC50. With the exception of neutralization of CG7G
by the MAb 6.10F, the relative order of MAb sensitivities was
consistent, with V3 MAbs the most potent, followed by CD4i-,
CD4bs-, and V4-specific MAbs. For CG7G, generating the
IMCs in rhesus macaque CD4� T cells shifted the neutraliza-
tion curves slightly to the right, increasing the IC50s of the V3
and CD4i MAbs by approximately 10-fold. CD4� T cell-gen-

erated virus also rendered additional MAbs targeting V4 inca-
pable of neutralization at any concentration; however, the or-
der of MAb specificities remained intact. For CG7V, the order
of specificity was also unchanged, while the neutralization pla-
teau was raised such that some MAbs no longer reached 50%
neutralization at high antibody concentrations (Fig. 7). Thus,
the phenotypes of neutralization-sensitive (CG7G) and -resis-
tant (CG7V) viruses were retained regardless of the Env expres-
sion system (Env-pseudotype versus IMC) or cell of derivation
(293T versus rhesus CD4 T cell).

SIVsmE660 is neutralization sensitive when grown and
tested in primary rhesus CD4� T cells. HIV-1 and SIV isolates,
including SIVsmE660, when grown and tested in primary PBMCs
or isolated CD4� T cells, have been reported to be modestly less
sensitive to neutralization than when tested in immortalized hu-
man cells, including 293T and TZM-bl cells. Such differences,

clone

FIG 5 Neutralization sensitivity to monoclonal antibodies. Neutralization sensitivity of the SIVmac251 T/F Env clone PBE (27, 41) (A), the SIVmac239 clone
(B), or the uncloned SIVsmE660 isolate (C). IC50 titers for the uncloned SIVsmE660 isolate, isolate Env clones, and T/F Env clones of selected MAbs (D). Clone
designation (x axis) and color coding correspond to Fig. 2. Results represent the means (A, B, and D) or mean � SD (C) for at least three independent
neutralization experiments in the TZM-bl assay.
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however, have been variable (24, 39). To determine whether the
exquisite neutralization sensitivity of the SIVsmE660 isolate
(and T/F viruses derived from it) that we observed in the
TZM-bl system would also be seen with virus grown and tested
in primary rhesus CD4� T cells, we employed a conventional
multi-replication-cycle virus neutralization assay described by
Montefiore and colleagues (71, 72). The SIVsmE660 isolate and
pE660.CG7V.ir1 virus stocks grown on primary rhesus ma-
caque CD4� T cells were preincubated with low concentrations
of polyclonal immune or control nonimmune rhesus plasmas
(1 � 10�4 dilution) or low concentrations (0.1 �g/ml) of neu-
tralizing (6.10F and 3.11H) or nonneutralizing control (1.4B)

MAbs. These concentrations of plasma and MAbs effectively
neutralized the uncloned isolate, isolate- and T/F-derived
Envs, and T/F IMCs in the TZM-bl assay (Fig. 2, 6, and 7 and
data not shown). As shown in Fig. 8A, the polyclonal immune
plasmas A5V020 and ZB42, but not the nonimmune control
plasma, effectively mediated virus neutralization (P � 0.05 for
both; Student’s t test) for the SIVsmE660 isolate. Similarly, low
concentrations (0.1 �g/ml) of the V3-targeting neutralizing
MAbs 6.10F and 3.11H but not the nonneutralizing control
MAb 1.4B effectively neutralized the SIVsmE660 isolate (P �
0.005 for both). The findings were similar for the pE660.
CG7V.ir1 IMC (Fig. 8B); the virus strain was potently neutral-

FIG 6 Neutralization curve of the isolate and Env clones for V3-targeting MAbs and immune plasma. Three distinct profiles are depicted: sensitive (infectivity �
25% at a high MAb concentration), intermediate (infectivity 25 to 50% at a high MAb concentration), and resistant (infectivity 
 50% at a high MAb
concentration). Antibody concentrations are expressed as concentrations (�g/ml) or plasma dilutions (x axis). Experimental values depicted represent means �
SD for at least three independently performed experiments with TZM-bl cells.
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ized by immune plasma samples and neutralizing MAbs but
not by control antibodies (P � 0.005 for all comparisons).

DISCUSSION

Optimizing a rational design and development strategy for HIV
vaccines requires critical evaluation of all components of the NHP
model of HIV infection, including challenge viruses. In this study,
we explored the neutralization profiles of viruses comprising the
SIVsmE660 isolate and vaccine challenge stock. We show that the
uncloned SIVsmE660 isolate, a major proportion of viruses com-
prising the isolate, and the majority of T/F viruses arising from
low-dose mucosal inoculation of the SIVsmE660 isolate are all
remarkably sensitive to antibody-mediated neutralization by an-
tibodies that result from infection of rhesus macaques by
SIVsmE660 or SIVmac251 or by humans infected by HIV-2. The
exquisite neutralization sensitivity of SIVsmE660 was evident re-

gardless of the cell derivation of the virus or viral Envs, including
pseudotyped Envs and full-length IMCs, whether viruses were de-
rived from 293T or primary rhesus CD4� T cells or tested in
TZM-bl or primary rhesus CD4� T lymphocytes.

Compared with primary HIV-1 strains, SIVsmE660 differs
substantially in neutralization sensitivities to polyclonal and
monoclonal antibodies. The SIVsmE660 isolate was susceptible to
high-titer neutralization by homologous and heterologous SIV�

plasmas: SIVsmE660-infected macaque plasma samples generated
median NAb titers greater than 1:100,000, while SIVmac251-in-
fected plasma samples induced median titers greater than
1:10,000. Primary HIV-1 isolates, in contrast, are generally resis-
tant to neutralization by the majority of heterologous plasmas,
with most having tier 2 or tier 3 neutralization phenotypes that
generally correspond to NAb titers of �1:100 (36, 85–87). Cross-
reactive neutralizing antibodies capable of generating substantial
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FIG 7 Effect of virus cell source on neutralization profile of SIVsmE660. Neutralization sensitivity of SIVsmE660 T/F Env pseudotyped virus versus full-length
infectious molecular clone-derived virus by cell of derivation. Isogenic Env clones and IMCs were generated by transfection of 293T cells (top and middle rows)
or infection of primary rhesus CD4� T cells (bottom row). The left column is T/F virus CG7G, and the right column is T/F virus CG7V, both tested with a panel
of MAbs in TZM-bl cells. Results represent the means � SD for at least three independent experiments.
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neutralization titers against diverse HIV-1 strains arise in only a
small fraction (�10%) of HIV-1-infected individuals after years
of infection (88–91).

Surprisingly, we found SIVsmE660 to be highly sensitive to
neutralization by V3-, CD4i-, CD4bs-, and V4-specific MAbs. The
accessibility of V3, CD4i, CD4bs, and V4 epitopes to neutralizing
antibodies is quite different from the accessibility of these regions
to antibody binding in functional HIV-1 Env trimers. In natural
HIV-1 infection, V3 and CD4i regions are highly immunogenic
and elicit early potentially neutralizing antibody responses (70, 75,
92); however, both V3 and CD4i epitope regions are well shielded
on HIV-1 Env trimers. Studies of primary HIV-1 viruses, includ-
ing T/F viruses, demonstrate resistance to V3 and CD4i MAbs (30,
36, 75, 93), corroborating structural data indicating that CD4i
epitopes and the V3 loop region are not well exposed on the HIV-1
glycoprotein (93, 94). It is interesting, though not entirely unex-
pected given their common origin and degree of genetic homol-
ogy (9, 13, 14, 16), to note the extent to which the SIVsmE660 and
HIV-2 neutralization profiles overlap. Three recent studies of the
antibody response to HIV-2 infection independently demon-
strated that HIV-2-infected individuals mount high-titer, broadly
reactive NAb responses (39, 95, 96). Similar to the uncloned
SIVsmE660 isolate and Envs described here, the majority of pri-
mary HIV-2 strains, including SGA-derived Envs, were highly
sensitive to antibody-mediated neutralization through multiple
exposed epitopes (V3, CD4i, CD4bs, and V4), suggesting that
SIVsmE660 and HIV-2 have more open, flexible Env conforma-
tions, akin to those of lab-adapted HIV-1 strains and distinct from
those of primary HIV-1 isolates and T/F viruses (39). Thus, high-
titer V3 and CD4i NAbs are present in SIV infection of macaques
and HIV-1 and HIV-2 infection of humans, but such antibodies
are able to neutralize virus only in the SIVsmE660/macaque
model and HIV-2-infected humans. These data raise the possibil-
ity that misleading correlates of antibody-mediated protection
could be derived from SIVsmE660 challenge studies, especially
following low-dose mucosal challenge. For example, a vaccine
strategy that elicits neutralizing antibodies targeting V3 or CD4i
epitopes could have a substantial protective effect against most
transmitted viruses in the SIVsmE660/macaque model but would

be expected to be largely ineffective in HIV-1 infection. The ex-
quisite neutralization sensitivity and lack of conformational
masking of most viruses comprising the uncloned SIVsmE660
isolate may thus hamper the ability of SIVsmE660 challenge mod-
els to predict antibody responses to HIV-1 vaccine candidates.

A second principal finding from this study is the demonstra-
tion of striking heterogeneity in neutralization sensitivity within
the SIVsmE660 isolate. Of the 21 Env clones we tested, the major-
ity were exquisitely neutralization sensitive. Approximately 10%,
however, were outright neutralization resistant, and an additional
10 to 25% exhibited an intermediate phenotype. These resistant
and intermediate Envs did not cluster within the phylogeny of the
overall SIVsmE660 tree (Fig. 2), and we could not identify within
the sequences characteristic genetic signatures that were necessary
and sufficient for neutralization resistance. We speculate that con-
formational changes in structure resulting from multiple or dif-
ferent sequence polymorphisms are responsible for the substantial
differences that we observed in neutralization sensitivities. The 10
SIVsmE660 isolate-derived Env clones and the 11 T/F Env clones
demonstrated a similar degree of neutralization heterogeneity,
with comparable ratios of sensitive, intermediate, and resistant
Envs (Fig. 6). The similar proportions further support the exis-
tence of a small population of resistant virus among a largely neu-
tralization-sensitive virus quasispecies. These data also suggest
that there is no significant transmission bottleneck based on
neutralization sensitivity in the nonimmunized low-dose mucosal
transmission model. The minority population of more neutraliza-
tion-resistant viruses could have greater significance, however,
depending on whether animals are inoculated with large or small
(limiting-dilution) amounts of virus, where a minor population
of NAb-resistant variants could prevail over sensitive variants in
animals vaccinated with Env-based immunogens.

Within the minority population of more resistant SIVsmE660
viruses, we identified 5 of 21 (24%) with an intermediate neutral-
ization phenotype. The neutralization curves from these viruses
all displayed plateaus of retained infectivity at high antibody con-
centrations (Fig. 6, center column), with a 100-fold range of IC50s
for plasma and MAbs. The plateau phenomenon has been seen in
other studies of SIV and HIV-2 neutralization by several research

FIG 8 Neutralization sensitivity of the SIVsmE660 isolate and pE660.CG7G.ir1 grown in primary rhesus CD4� T lymphocytes and tested with the same target
cells. Neutralization was assessed at low concentrations (1 � 10�4) of the chronic immune plasmas A5V020 and ZB42 and uninfected control rhesus plasma and
at low concentrations (0.1 �g/ml) of the V3-specific MAbs 6.10F and 3.11H and a control nonneutralizing gp120 binding MAb, 1.4B. Both the SIVsmE660 isolate
(A) and pE660.CG7G.ir1 (B) were sensitive to neutralization by polyclonal immune plasma (P � 0.05 for each virus) and V3 MAbs (P � 0.005 for each virus)
compared with results for mock-treated virus or virus incubated with control plasma or MAb. Values depicted represent means � SD.
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groups (39, 97) and rarely if ever occurs with HIV-1 viruses tested
with the same TZM-bl methodology. Given the range of IC50s and
the potential that this phenomenon may be unique to SIV/HIV-2
viruses, it is unclear whether these viruses act in vivo as interme-
diate, tier 2-like viruses or as neutralization-sensitive viruses. This
question merits further investigation in relation to SIVsmm vi-
ruses as vaccine challenge stocks and mechanistic explanations of
virus neutralization. Depending on the in vivo properties of these
plateau viruses, SIVsmE660 is comprised of 65 to 90% highly neu-
tralization-sensitive viruses with a minority population of more
resistant viruses. Of note, two of the HIV-2 studies described
above also identified heterogeneity within the HIV-2 Env clones
they studied; the vast majority were highly sensitive tier 1-like
Envs, while a minority were highly resistant tier-3 like Envs (39,
95). This dichotomy of neutralization sensitivity, without repre-
sentation of the intermediate-sensitivity tier 2-like Envs that pre-
dominate in HIV-1 infection, highlights still-unexplained differ-
ences in Env biology and Env-antibody interactions between
HIV-2 and HIV-1.

To assess the neutralization sensitivity of SIVsmE660 as it re-
lates to primary HIV-1 strains and other challenge viruses, we
utilized pseudotyped Envs and the sensitive and standardized
TZM-bl single-round infectivity assay (76, 98) to generate neu-
tralization titers that translate directly to clinical and preclinical
studies of HIV-1 and other SIV viruses. Neutralization assays us-
ing multiple rounds of virus infection in CD4� T target cells may
better reflect certain biologically relevant virus-cell interactions in
vivo, but they are still only an approximation and are less stan-
dardized, less precise, and less widely implemented. Of relevance
to the present study, an earlier report by Letvin et al. demonstrated
incomplete neutralization of the SIVsmE660 isolate by immune
plasma samples when tested in a PBMC target cell assay; these data
suggested an intermediate or tier 2-like neutralization profile for
the SIVsmE660 virus swarm (24). Our findings were different: we
found that both the SIVsmE660 isolate and the T/F IMC
pE660.CG7V.ir1 IMC-derived virus were highly neutralization
sensitive to dilute immune plasma (1 � 10�4 dilution) and low
concentrations (0.1 �g/ml) of V3-targeting MAbs in the primary
rhesus CD4� T cell assay. Our results also corroborate other pub-
lished comparisons of neutralization differences between the
TZM-bl and PBMC target cell assays (39), which demonstrated
only modest differences in neutralization sensitivities of primary
viruses between the two assay systems. To assess the influence of
pseudotyped Envs versus that of full-length viruses and the role of
the cellular source of these viruses, we compared isogenic Envs
and IMCs generated in 293T cells and primary rhesus CD4� T
cells. Utilizing one highly neutralization-sensitive virus (CG7G)
and one intermediate virus (CG7V), we found only modest differ-
ences in the neutralization profiles of the viruses for MAb and
polyclonal plasma antibodies based on the cell of derivation and
the Env pseudotype versus IMC. The general phenotypic proper-
ties and order of neutralization sensitivities were relatively consis-
tent (Fig. 7 and data not shown). The changes in neutralization
sensitivity between pseudoviruses and IMCs and by the cell of
derivation compare favorably with previous reports of similar
studies conducted with HIV-1 and HIV-2 (39, 82–84) and likely
are due to the same proposed mechanisms of differential Env in-
corporation, glycosylation pattern, or host cell protein incorpora-
tion. It remains unclear, however, how in vitro NAb titers assayed
by the TZM-bl system compare with in vivo effective NAb titers.

Recent studies suggest that low titers of NAbs in vivo can substan-
tially affect HIV-1 infectivity and replication efficiency in vivo
(99).

In summary, we have demonstrated that the SIVsmE660 iso-
late quasispecies is highly sensitive to neutralization by a broad
range of human (HIV-2), homologous rhesus (SIVsmE660), and
heterologous rhesus (SIVmac251) antibodies, by a mechanism
that involves antibody access to V3, CD4i, CD4bs, and V4
epitopes. We also demonstrated that the uncloned isolate pos-
sesses a minor fraction of substantially more resistant viruses, and
this dichotomy could have unanticipated effects on the outcome
of low-dose SIVsmE660 challenge studies in terms of both disease
natural history and vaccine-elicited immune protection by Env
antibodies. While these features of the SIVsmE660-rhesus infec-
tion model distinguish it from HIV-1 infection in humans, they
have interesting and still-unexplained parallels with HIV-2 infec-
tion of humans (39, 95, 96). The converse of these features of
SIVsmE660 and HIV-2 neutralization sensitivity is the property of
pan-neutralization resistance of SIVmac251 and SIVmac239,
which mechanistically remains largely unexplained (17–19, 100).
Thus, much more needs to be understood about structure-func-
tion-antigen relationships of HIV-1, HIV-2, and the SIV strains
that are used to model these important human pathogens. In the
meantime, the exquisite neutralization sensitivity and heteroge-
neity in the SIVsmE660 isolate are relevant to the interpretation of
recent NHP vaccine challenge studies demonstrating significant,
but incomplete, vaccine-induced protection from repeated low-
dose mucosal challenge with SIVsmE660 (24, 101, 102). Indeed,
our data suggest the possibility that the variable protection af-
forded by heterologous immunization in animals challenged mu-
cosally with SIVsmE660 may be due to vaccine-induced protec-
tion only against the majority population of highly sensitive
viruses, with breakthrough infections arising from the minority
population of resistant viruses. Characterization of the neutraliza-
tion sensitivities of these breakthrough T/F viruses to test this
hypothesis may be informative. In contrast, and despite its wide-
spread use in vaccine challenge studies, we are aware of only a
single report of an 80% reduction in per-challenge risk against
mucosal challenge with SIVmac251 (35). For these and other re-
ports of vaccine-induced protection from heterologous challenge,
the improved understanding of the relative neutralization sensi-
tivities of SIVsmE660 and SIVmac251 in comparison with that of
HIV-1 will facilitate interpretation of NHP vaccine challenge tri-
als, as well as the design of future vaccine challenge studies using
the NHP model.
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