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ABSTRACT

Currently available simian immunodeficiency virus (SIV) infectious molecular clones (IMCs) and isolates used in nonhuman primate
(NHP) models of AIDS were originally derived from infected macaques during chronic infection or end stage disease and may not au-
thentically recapitulate features of transmitted/founder (T/F) genomes that are of particular interest in transmission, pathogenesis,
prevention, and treatment studies. We therefore generated and characterized T/F IMCs from genetically and biologically heteroge-
neous challenge stocks of SIVmac251 and SIVsmE660. Single-genome amplification (SGA) was used to identify full-length T/F ge-
nomes present in plasma during acute infection resulting from atraumatic rectal inoculation of Indian rhesus macaques with low doses
of SIVmac251 or SIVsmE660. All 8 T/F clones yielded viruses that were infectious and replication competent in vitro, with replication
kinetics similar to those of the widely used chronic-infection-derived IMCs SIVmac239 and SIVsmE543. Phenotypically, the new T/F
virus strains exhibited a range of neutralization sensitivity profiles. Four T/F virus strains were inoculated into rhesus macaques, and
each exhibited typical SIV replication kinetics. The SIVsm T/F viruses were sensitive to TRIM5� restriction. All T/F viruses were patho-
genic in rhesus macaques, resulting in progressive CD4� T cell loss in gastrointestinal tissues, peripheral blood, and lymphatic tissues.
The animals developed pathological immune activation; lymphoid tissue damage, including fibrosis; and clinically significant immu-
nodeficiency leading to AIDS-defining clinical endpoints. These T/F clones represent a new molecular platform for the analysis of virus
transmission and immunopathogenesis and for the generation of novel “bar-coded” challenge viruses and next-generation simian-
human immunodeficiency viruses that may advance the HIV/AIDS vaccine agenda.

IMPORTANCE

Nonhuman primate research has relied on only a few infectious molecular clones for a myriad of diverse research projects, including
pathogenesis, preclinical vaccine evaluations, transmission, and host-versus-pathogen interactions. With new data suggesting a se-
lected phenotype of the virus that causes infection (i.e., the transmitted/founder virus), we sought to generate and characterize infec-
tious molecular clones from two widely used simian immunodeficiency virus lineages (SIVmac251 and SIVsmE660). Although the
exact requirements necessary to be a T/F virus are not yet fully understood, we generated cloned viruses with all the necessary charac-
teristic of a successful T/F virus. The cloned viruses revealed typical acute and set point viral-load dynamics with pathological immune
activation, lymphoid tissue damage progressing to significant immunodeficiency, and AIDS-defining clinical endpoints in some ani-
mals. These T/F clones represent a new molecular platform for studies requiring authentic T/F viruses.

Recent studies have found that, compared with viruses that cir-
culate during chronic infection, transmitted/founder (T/F)

human immunodeficiency virus type 1 (HIV-1) has unique prop-
erties that may help establish systemic infection (1–8). However,
to date, all nonhuman primate (NHP) models of AIDS employing
simian immunodeficiency viruses (SIV), including vaccine evalu-
ation and virus transmission studies, have relied on a limited
number of viruses derived from infected animals during chronic
or clinical endpoint stages of infection and cloned following ex
vivo expansion in human cell lines. For many studies involving
viral transmission and pathogenesis, or their prevention or treat-
ment, it would be desirable to have viruses representative of those
that are involved in transmission, particularly in light of data sug-
gesting that the viruses that establish initial infection may differ
from those present in the chronic phase of infection (2–4). Here,
we utilized mucosal infection and the attendant genetic bottleneck
to identify viral genomes that are able to cross a mucosal epithelial

barrier; replicate to sufficiently high titers to evade innate and
early adaptive immunity; and establish persistent, systemic, path-
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ological infection. A priori, these viruses embody the properties
required for successful transmission and establishment of initial
infection, and the molecular clones representing such T/F viruses
described here may serve as a useful alternative to the late-stage-
infection-derived viral clones currently used in NHP studies.

Single-genome amplification (SGA), followed by direct se-
quencing and mathematical modeling, is now a well-established
method to infer the identities and number of distinct viral ge-
nomes establishing systemic infection and to define the precise
nucleotide composition of each T/F genome (9–13). We and oth-
ers have used this technique to show in geographically distinct
populations that productive HIV-1 infection is due to transmis-
sion of a single viral genome in �40% of intravenous drug users,
�60% of men who have sex with men, and at least 80% of hetero-
sexual transmissions (9, 12, 14–17). We have additionally used
SGA analysis of viral envelope sequences to show that the titer of
mucosal inoculation of SIV in rhesus macaques (Macaca mulatta)
can be determined in order to recapitulate the number of T/F
genomes observed in mucosal transmission of HIV-1 (18–21).
Mucosal challenges whose titers have been determined and sub-
sequent SGA-based T/F variant quantification have more recently
been used to examine vaccine efficacy in preclinical NHP vaccine
trials, where a reduction in the number of T/F viruses in vacci-
nated macaques mucosally inoculated with SIV has been pro-
posed as a parameter to help evaluate partial vaccine efficacy in
preclinical studies (22–28). Although sequencing the Env gene is
typically sufficient for quantifying the T/F viruses and analyzing
Env-based phenotypes, the same approach can also be used to
identify and clone full-length T/F genome sequences for biological
analyses (3, 29, 30). Cloning full-length T/F viral genomes directly
from peripheral blood mononuclear cells (PBMCs) during acute
infection allows one to capture and analyze in a reproducible fash-
ion the genetic and biological properties of viruses that are re-
sponsible for a given clinical transmission event in a way that
subsequent virus isolations do not. Here, we utilized this approach
to infer and analyze the env genes and the full-length viral ge-
nomes of T/F viruses derived from SIVmac251 and SIVsmE660
swarm infections.

Compared to control HIV-1 infectious molecular clones
(IMCs) derived from the chronic-phase infection, full-length T/F
HIV-1 IMCs have greater infectivity and contain more envelope
glycoprotein per particle; however, T/F viruses appear to replicate
with kinetics comparable to those of chronic viruses in vitro (3).
Importantly, in the presence of alpha interferon (IFN-�), which is
present at high concentrations during primary infection, T/F
HIV-1 subtype B replicated to higher titers than chronic viruses,
suggesting an inherent resistance to interferon-stimulated gene
products that might otherwise inhibit or prevent systemic infec-
tion (2). Recently, it was reported that although all T/F viruses
replicate sufficiently to establish systemic infection, differences in
the replication rates of different T/F viruses can affect immune
activation and eventual disease progression (31). Here, we gener-
ated several T/F SIV IMCs and characterized their properties in
vitro and in vivo.

Nonhuman primates provide unique advantages in studying
virus transmission and pathogenesis, including precise manipula-
tion of the challenge stock and the route of exposure with early
and frequent blood and tissue sampling. This, combined with the
ability to infect many animals with exactly the same virus, allows
greater understanding of complex biological processes. Adding to

the repertoire of functional SIV clones used in NHP research may
be useful in assessing the differences between T/F viruses and
chronic viruses in vivo. These clones also provide authentic trans-
mitted virus clones to study the transmission process in molecular
detail and to accurately model preclinical intervention studies.

Two SIV molecular clones, SIVmac239 and SIVsmE543, are
widely used in nonhuman primate models of HIV-1 infection.
SIVmac239 is a pathogenic, highly neutralization-resistant virus
closely related to but distinct from the SIVmac251 isolate.
SIVmac239 was originally derived by lambda phage cloning from
DNA isolated following coculture of macaque plasma obtained
during late-stage simian AIDS with the human cell line HUT-78
(32). The original SIVmac239 clone contained a premature stop
codon in the nef gene and at least four additional suboptimal nu-
cleotides (33–35). The nef mutation was subsequently corrected
through site-directed mutagenesis prior to widespread use (36),
but a clone with the 4 additional suboptimal mutations corrected
has only recently been made available (37). Despite this,
SIVmac239 has been used extensively because it was the first IMC
available and it uniformly causes infection and pathogenesis in a
time frame appropriate for NHP research. SIVsmE543, which is
also pathogenic and neutralization resistant, is a molecular clone
closely related to but distinct from the SIVsmE660 isolate (38).
Similar to SIVmac239, SIVsmE543 was cloned from DNA follow-
ing virus isolation on a human cell line, when PBMCs from a
macaque with AIDS were cocultured with the human cell line
CEMx174. For this clone, 106 clones were originally screened, but
only 1, SIVsmE543, was infectious (38). This clone and the
SIVsmE660 isolate were shown to be sensitive to rhesus macaque
TRIM5� inhibition (39), likely reflecting the limited passage his-
tory of SIVsm in rhesus macaques. Both of the clones and their
respective viral isolates originated during late-stage infection
and contained nonfunctional or suboptimal mutations that
were subsequently identified as or presumed to be either PCR/
cloning errors, naturally occurring but rare due to the lack of
effective purifying selection during clinical AIDS, or mutations
that arose during ex vivo coculture. In addition, expansion in hu-
man cells prior to cloning might have altered the viral genome.
Therefore, although mucosally transmissible, the SIVmac239 and
SIVsmE543 clones represent chronic/AIDS-like viruses rather
than viruses associated with transmission.

Here, we used a stringent mucosal-infection strategy to
limit the number of genomes establishing systemic infection to
identify authentic T/F viruses from the chronic SIVmac251 and
SIVsmE660 isolates. We utilized the principles of SGA and iden-
tification of T/F viruses to generate genetically defined T/F molec-
ular clones following this mucosal bottleneck. In total, eight T/F
IMCs were generated, and all were fully functional in vitro. Four
clones (2 from each lineage) were further characterized in vivo,
where they demonstrated high replication capacity and authentic
pathogenesis, as indicated by high plasma viral loads during acute
and chronic infection, with CD4� T cell decline in lymph nodes
and gut, chronic immune activation, lymphoid and gut tissue
damage, and clinical immunodeficiency with AIDS-defining dis-
ease endpoints. This study represents the first description of
SIV-based T/F IMCs and highlights their potential utility to more
clearly elucidate any unique characteristics of T/F viruses in rele-
vant NHP models. We anticipate that these T/F IMCs will be par-
ticularly useful for transmission, natural history, and preclinical
preventive-intervention studies.

Lopker et al.

8436 jvi.asm.org October 2016 Volume 90 Number 19Journal of Virology

http://jvi.asm.org


MATERIALS AND METHODS
SIVmac251 and SIVsmE660 isolates used to generate T/F IMCs. We
utilized two SIVmac251 isolate stocks following mucosal infection to de-
rive T/F IMCs. The passage history of each SIVmac251 isolate and the
phylogenetic comparisons of each lineage have been described previously
(40, 41). One isolate used was previously described (42) and was used to
generate the SIVmacPBE and SIVmacCR53 clones. The other was a recent
reexpansion in primary rhesus PBMCs from the original SIVmac251 iso-
late (33) and contained 64.7 ng/ml of p27 and 6.56 � 104 50% tissue
culture infective doses (TCID50)/ml assayed on rhesus PBMCs. This un-
published isolate was used to derive SIVmac746 and SIVmac766 following
intrarectal challenge. The SIVsmE660 isolate was initially reported (38),
and infectious molecular clones were derived, from mucosally infected
animals previously described (18, 43).

Viral-RNA extraction and cDNA synthesis. At least 20,000 copies of
viral RNA (vRNA) were extracted from plasma and virus inocula using the
EZ1 Virus minikit v2.0 with the EZ1 Advanced XL robotic workstation
(Qiagen) or manually using the QIAamp Viral RNA minikit (Qiagen).
RNA was eluted and was immediately subjected to cDNA synthesis. Viral
RNA, 0.5 mM each deoxynucleoside triphosphate, and 0.25 �M antisense
primer were incubated at 65°C for 5 min and then moved to ice for 1 min.
Then, 1� reverse transcriptase (RT) buffer, 5 mM dithiothreitol, 2 U/�l
RNaseOut, and 10 U/�l of SuperScript III reverse transcription mixture
(Thermo Fisher Scientific) were incubated at 50°C for 60 min, followed by
an increase in temperature to 55°C for an additional 60 min. The samples
were then heat inactivated at 70°C for 15 min, and 2 U of RNase H was
added and incubated at 37°C for 20 min. cDNA was used immediately or
frozen at �80°C.

Single-genome amplification. For maximum sensitivity, nested-PCR
amplification was performed using Platinum Taq DNA High Fidelity
polymerase (Thermo Fisher Scientific) for both reactions according to the
manufacturer’s protocol. Briefly, 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 polymerase were
combined in a 20-�l reaction mixture. cDNA was serially diluted until a
concentration was found at which PCR-positive wells constituted less
than 30% of the total number of reactions, as previously described (9, 18).
First-round PCR mixtures were denatured at 94°C for 1 min, followed by
35 cycles of 94°C for 20 s, 55°C for 30 s, and 68°C for 1 min per kilobase
and terminated with a single 10-min 68°C extension. Next, 1 �l of each
reaction mixture was transferred to a second-round reaction, which was
amplified under the same PCR conditions for 45 cycles. PCRs were scored
as positive following gel electrophoresis. Positive wells were directly se-
quenced on an ABI 3730xl genetic analyzer using BigDye Terminator
chemistry (Applied Biosystems). Both DNA strands were sequenced, and
overlapping sequence fragments for each amplicon were assembled and
edited using the Sequencher 5.0 program (Gene Codes). Chromatograms
were inspected at every position for mixed bases (double peaks), which
would be indicative of a Taq polymerase error in an early cycle or PCR
priming from more than one template. Sequences with mixed bases were
excluded from further analysis.

Sequence analysis. All the sequences were aligned using ClustalW and
then manually inspected and optimized in MacClade 4.08. Phylogenetic
trees were based on nucleotide sequences and constructed using the
neighbor-joining method.

IMC generation. The generation and general description of
SIVsmCG7V and SIVsmCG7G clones were reported previously (44)
(accession numbers JX648291 and JX648292). SIVsmR02012 and
SIVsmR95117 IMCs were constructed in two halves around a unique
BstBI site. The 5= half was amplified, using Phusion high-fidelity DNA
polymerase (Invitrogen), from DNA isolated from peak infection PBMCs
and subcloned into pCR-XL-TOPO (Invitrogen). To aid in the final con-
struction, the sense primer contained a 5= XhoI site and the antisense
primer overlapped the BstB1 site. The 3= half was de novo synthesized
using the SGA sequence as the template (Blue Heron), starting at the

BstB1 site, and contained a NotI site at the 3= end. Both fragments were
combined in the low-copy-number plasmid pBR-322-MCS (45) using the
XhoI, BstBI, and NotI sites. SIVmacCR53 and SIVmacPBE were also con-
structed in halves around the same internal viral BstBI site from DNA
isolated from acute-infection PBMCs. For these clones, each half was
cloned into pCR-XL-TOPO, and then, the 3= half was combined with the
5= half using the BstBI and NotI sites. SIVmac746 and SIVmac766 were
generated with a MluI site at the 5= end, an SphI site joining the two halves,
and an XhoI site at the 3= end, again cloned into pCR-XL-TOPO. All
full-length IMCs were sequenced after construction to compare them to
the inferred T/F genome sequence. In one clone (SIVmac746), there was a
single-nucleotide mutation from the T/F sequence, causing a G172R mu-
tation in the RT gene.

IMC virus stocks. Virus stocks were generated in HEK-293T cells
using either Fugene 6 (Roche) or TransIt (Mirus Bio) according to the
manufacturer’s instructions. The culture medium was changed 24 to 48 h
posttransfection. At 72 h posttransfection, virus-containing supernatant
was clarified by centrifugation, sterile filtered through a 0.45-�m filter,
aliquoted, and stored at �80°C. Virus titers were determined using
TZM-bl reporter cells (reference no. 8129; NIH AIDS Research and Ref-
erence Reagent Program), which contain a Tat-inducible luciferase and a
beta-galactosidase gene expression cassette. Infectious titers were mea-
sured by counting individual �-galactosidase-expressing cells per well in
cultures infected with serial 3-fold dilutions of virus (46). Wells contain-
ing dilution-corrected blue-cell counts within the linear range of the virus
dilution series were averaged to generate an infectious titer in infectious
units (IU) per milliliter. Additional infection-derived stocks were gener-
ated for SIVsmCG7V and SIVsmCG7G by isolating rhesus PBMCs from
whole blood by gradient centrifugation over Ficoll-Hypaque Plus (GE
Healthcare). CD4� T cells were then positively selected using magnetic
nonhuman primate CD4� microbeads with the autoMACS (Miltenyi).
CD4� T lymphocytes were activated in RPMI 1640 medium supple-
mented with 15% fetal bovine serum (FBS) and 3 �g/ml of staphylococcal
enterotoxin B (SEB) (Sigma-Aldrich) for 48 h at 37°C. Activated 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 concentration of
1 � 106/ml in RPMI 1640 medium, 15% FBS, and 30 U/ml of interleu-
kin-2 (IL-2) (Roche). On day 4 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 retro-
spectively by SIV p27 antigen enzyme-linked immunosorbent assay (Zep-
tometrix), and a final stock was created by combining the three time
points with the highest viral loads: days 6, 8, and 10.

In vitro replication. To evaluate the viral replication capacity of each
of the newly described IMCs, CD8-depleted PBMCs were isolated from
naive rhesus macaque donors. The CD8� depletion was performed using
a nonhuman primate CD8 microbead kit (Miltenyi Biotec) according to
the manufacturer’s recommendation. The remaining mononuclear cells
were stimulated with plate-bound anti-CD3 antibody and IL-2 (100
U/ml) in RPMI-Complete (RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100
�g/ml streptomycin) for 3 days. The stimulated cells were then removed
from anti-CD3-coated plates, washed once in RPMI-Complete, and then
infected with each virus in independent cultures at a nominal MOI of 0.01,
with cells subsequently cultured in RPMI-Complete containing IL-2 (100
U/ml). Following an overnight incubation at 37°C, the cells were washed
twice with phosphate-buffered saline (PBS) and once with RPMI-Com-
plete to remove excess virus. Viral replication was monitored using re-
verse transcriptase activity measured in a colorimetric detection kit
(Roche). The TRIM5� genotype of each animal was determined as previ-
ously reported and indicated for each animal used (39).

Neutralization assay. The monoclonal antibodies (MAbs) 3.11H
(V3) and 1.4H (CD4i) and the newly generated SIV MAb panel have been
reported previously (47, 48). SIV sera were provided by N. Letvin (Har-
vard University, Boston, MA) from chronically infected rhesus macaques
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intrarectally infected with SIVsmE660 or SIVmac251. Before use, the
sera were heat inactivated at 56°C for 30 min and clarified by spinning
at 3,000 � g for 5 min. Virus neutralization was assessed on TZM-bl cells
as described previously (48, 49). Briefly, either the day before or the day of
the experiment, TZM-bl cells were seeded and cultured in 96-well plates.
Virus stock dilutions were made in Dulbecco’s modified Eagle’s medium
(DMEM) containing 6 to 10% FBS and 40 �g/ml DEAE-dextran (Sigma-
Aldrich, St. Louis, MO) to achieve 2,000 IU/well. Equal-volume virus
dilutions and 5-fold serially diluted sera or MAbs were combined and
incubated at 37°C for 30 to 60 min. Then, 100 �l of these mixtures was
added to the TZM-bl cells in 96-well plates. All antibody dilutions were tested
in triplicate. After a 48-h incubation at 37°C, the cells were lysed, and lucifer-
ase activity was recorded as a measure of residual infectivity. To prevent ad-
ditional rounds of replication, the integrase inhibitor indinavir (1 �M) was
added after infection. Medium-only and virus-only control wells were in-
cluded as background and 100% infectivity, respectively.

Rhesus macaque infection. Two male, Indian-origin rhesus ma-
caques were intrarectally inoculated with 1 ml of diluted viral stock for
each T/F IMC. For the transfection-produced viral clones, intrarectal
challenge was performed with 2.0 � 104 IU (SIVmac746) and 2.2 � 104 IU
(SIVmac766). For the infection-produced viral clones, intrarectal chal-
lenge was performed with 1.25 � 105 IU (SIVsmCG7G) and 6.8 � 104

IU (SIVsmCG7V). Following the first challenge, 4 animals, p096
(SIVmac746), p097 and p106 (SIVmac766), and p140 (SIVsmCG7V),
were not productively infected. For animals p096, p097, and p106, rechal-
lenge was performed with 100-fold more virus intravenously. For p140,
rechallenge was repeated intrarectally with 10-fold more virus (6.8 � 105

IU in 2 ml). Following rechallenge, all the animals became productively
infected. Animal care was provided in accordance with the procedures
outlined in the Guide for Care and Use of Laboratory Animals (63). For
this study, the animals were maintained at the Advanced Bioscience Lab-
oratory, an American Association for the Accreditation of Laboratory
Animal Care (AAALAC)-accredited institution, with the approval of the
Animal Care and Use Committees of the National Institutes of Health.

Plasma viral load and peripheral CD4� T cell quantification. Quan-
titative plasma SIV RNA loads were determined as previously described
(50). Briefly, viral RNA was extracted from blood plasma by pelleting,
guanidine HCl/proteinase K lysis, and isopropanol precipitation. Follow-
ing cDNA synthesis, quantitative real-time PCR of the gag gene was per-
formed, with an overall assay sensitivity of 30 copies/ml. Peripheral blood
CD4� T cells were monitored throughout the course of infection in all
eight infected animals using TruCount (BD Biosciences).

Immunohistochemical staining. Immunohistochemistry (IHC) for
CD4� T cells, collagen 1, Ki67, and myeloperoxidase (MPO) was per-
formed as previously described (51) from rectal and peripheral lymph
node biopsy and necropsy specimens. Briefly, IHC was performed using a
biotin-free polymer approach (Golden Bridge International, Inc.) on
5-�m tissue sections mounted on glass slides, which were dewaxed and
rehydrated with graded alcohols (70 to 100% ethanol) to double-distilled
H2O. Heat-induced epitope retrieval was performed by heating sections
in 0.01% citraconic anhydride containing 0.05% Tween 20 or 1� Diva
buffer (Biocare Medical) in a pressure cooker set at 122 to 125°C for 30 s.
Slides were incubated with blocking buffer (Tris-buffered saline [TBS]
with 0.05% Tween 20 and 0.25% casein) for 10 min. For IHC of myeloid
cells, slides were loaded on an IntelliPath autostainer (Biocare Medical),
stained under optimal conditions determined empirically (consisting of a
blocking step using blocking buffer for 10 min; an endogenous peroxidase
block using 1.5% [vol/vol] H2O2 in TBS [pH 7.4] for 10 min; incubation
with mouse anti-CD68 [1:400; clone KP1; Dako], mouse anti-CD163 [1:
400; clone 10D6; Novocastra/Leica], and rabbit monoclonal anti-CD4
[1:200; clone EPR6855; Epitomics, Inc.] diluted in blocking buffer for 1 h
at room temperature), washed with TBS containing 0.05% Tween 20
(TBS-Tw), and detected using a biotin-free polymer approach consisting
of Mouse Polink-1 AP (Golden Bridge International, Inc.) for 30 min at
room temperature followed by Rabbit Polink-1 horseradish peroxidase

(HRP) (Golden Bridge International, Inc.) for 30 min at room tempera-
ture. Sections were washed and first incubated with Impact DAB (3,3=-
diaminobenzidine; Vector Laboratories) to develop the CD4, washed, and
developed with Warp Red (Biocare Medical, Inc.) to develop macro-
phage/myeloid cells and to mask the faint CD4 expressed on antigen-
presenting cells (APCs) to distinctly distinguish CD4� T cells from my-
eloid cells.

Accession number(s). All the sequences used in the study were depos-
ited in GenBank. The accession numbers are divided into 6 groups repre-
senting the Env sequence analysis: the SIVmac251 stock (KX089355 to
KX089585), the acute-infection sequences for 5= (KX089586 to KX089693)
and 3= (KX089794 to KX089925), the terminal sequence analysis for 5=
(KX089694 to KX089793) and 3= (KX089926 to KX090026), and the IMC
sequences (KU955513 to KU955518).

RESULTS
T/F Env analysis to identify candidate viruses for cloning. We
sought to generate and fully characterize T/F IMCs following
mucosal infection with the two most widely used SIV isolates
(SIVmac251 and SIVsmE660). We obtained T/F IMCs from these
isolates by characterizing and selecting T/F viruses representative
of each lineage in different starting experiments. We recently re-
ported that viral sequences within individual laboratory expan-
sions derived from the original SIVmac251 isolate are genetically
distinct and clustered (40). Although we have identified the T/F
env genes in several studies using multiple stocks of both
SIVmac251 and SIVsmE660 isolates (18–25, 43, 52–54), until
now, the original isolate of SIVmac251 had not yet been used in a
study where T/F viruses were identified. While the original isolate
itself is no longer available, we were able to analyze a 10-animal
intrarectal titration study of a new expansion of the original SIV-
mac251 isolate that closely mirrors the diversity in the original
isolate (40), with 2 animals challenged at each dilution (1:10, 1:25,
1:50, 1:100, and 1:500). Plasma vRNA was measured by real-time
PCR to confirm infection. All but one animal became infected
after a single challenge. At peak viremia (2 weeks postchallenge),
plasma vRNA was isolated for single-genome amplification and
sequence analysis to infer the number and sequence of each T/F
env genome. A total of 264 sequences were obtained, with an av-
erage of 29 sequences per animal. Each animal’s viral sequences
were examined phylogenetically to identity low-diversity lineages
containing less than 2 non-APOBEC mutated nucleotide poly-
morphisms from the consensus sequence across the entire env
gene. For individuals with only a single T/F lineage, the inferred
T/F env sequence represents the consensus of all the sequences
from that animal (Fig. 1A and B). For individuals with additional
low-diversity lineages, each lineage was examined independently
with an inferred T/F genome for each lineage. Importantly, due to
very early sampling, most sequences within each low-diversity lin-
eage were either identical to the consensus sequence (i.e., the in-
ferred T/F sequence) or differed by only a few nucleotides (ran-
dom errors likely introduced by reverse transcription). For all the
animals tested, the total number of low-diversity lineages was 33.
Phylogenetic analyses of the stock and each variant identified both
T/F variants that were unique to a single animal and T/F variants
that were common to multiple animals (Fig. 1C). In one dominant
cluster, 6 of the 33 total T/F variants can be found, representing
nearly 20% of all the transmitted variants in this study. Impor-
tantly, this cluster also contains 21 of the 64 stock sequences, rep-
resenting 32% of all stock sequences (Fig. 1C, red box). In addi-
tion to this overall dominant lineage, there were 6 other clusters
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representing selection of these variants within the stock (Fig. 1C,
green boxes) or selection as transmitted/founder variants (Fig. 1C,
blue boxes).

From this SIVmac251 titration study, we identified two ani-
mals represented in Fig. 1 (M766 and M746) that were selected for
IMC generation, as both animals had single-variant infections
representing T/F-enriched clusters on the phylogenetic tree. Two
additional animals (PBE and CR53) infected with a genetically
distinct stock of SIVmac251 were also selected for full-genome
analysis and IMC generation based on previously published env
analysis (18). These animals were selected because each animal
was infected by a single T/F variant that represented a phyloge-
netically distinct virus.

For the SIVsmE660 lineage, four SIVsmE660-infected animals,
the envelope analyses of which were previously reported (R02012
and R95117 [43] and CG7V and CG7G [18]), were also included
for full-genome analysis and IMC generation. Only one of these
animals (R95117) was infected with a single variant, while R02012
was infected with two variants and CG7G and CG7V were each
infected with five variants, based on env analyses.

Full-genome analysis. While the viral envelope gene pro-

vides sufficient diversity for variant enumeration, the sequence
of the entire genome was needed to generate IMCs that repre-
sented the exact transmitted/founder viral genome. We per-
formed SGA and direct sequencing of vRNA obtained at peak
viremia, amplifying overlapping 5= and 3= half-genomes for all
8 animals. Importantly, sequencing vRNA is sufficient to infer
the entire proviral form of the SIV genome because both halves
of the repeated region (R) are contained within these se-
quences, as well as the untranslated-5 (U5) region from the 5=
half-sequence and the untranslated-3 (U3) region from the 3=
sequence. These overlapping sequences were then concate-
nated in combination with the inferred Env T/F sequence to
identify the full-length T/F viral genome (Fig. 2; see Fig. S1 in
the supplemental material). Although three animals were in-
fected with more than one variant (R02012, CG7G, and
CG7V), only the dominant lineage was selected for viral clon-
ing. As expected, in each case, the env-only T/F consensus was
confirmed in the larger 3= half-amplicons. For all 8 viral ge-
nomes examined, each inferred T/F viral genome contained
intact open reading frames and standard start codons for all 9
SIV genes.
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Generation of full-length T/F SIV molecular clones. Al-
though SGA was utilized to infer T/F genomes, SGA amplicons
themselves are not amenable to direct cloning due to the lack of
intact 5= and 3= long terminal repeats (LTRs) and the accumulated
mutations of multiple PCR cycles necessary to amplify from a
single-copy template. To overcome these challenges, we utilized a
methodology originally developed for HIV-1 T/F IMC cloning
(29) and SIVagm cloning (55). Two half-genome fragments were
amplified from integrated PBMC DNA (or synthesized directly)
to encompass the entire 5= and 3= LTRs and an internal unique
restriction site. Each half-genome amplicon was independently
cloned. Individual clones were screened by sequence analysis to
match the inferred T/F genome. Final assembly was performed by
combining sequence-confirmed 5= and 3= half-clones into one
IMC using a unique internal restriction site. In total, 4 clones were
generated from the SIVmac251 lineage (SIVmac766, SIVmac746,
SIVmacPBE, and SIVmacCR53) and 4 from the SIVsmE660
lineage (SIVsmR02012, SIVsmR95117, SIVsmCG7V, and
SIVsmCG7G).

In vitro infectivity and replication kinetics. Viral stocks from
each of the T/F IMCs were tested for infectivity on TZM-bl cells.
All 8 clones were infectious, with titers for each clone greater than
1.2 � 105 IU/ml (data not shown). The viral replication capacity
was then evaluated in primary rhesus macaque PBMCs depleted
of CD8� T cells and infected with equivalent numbers of infec-
tious units of virus. To evaluate viral replication in the absence of
any potential TRIM5�-mediated restriction of SIVsmE660-de-
rived viruses, we selected PBMC donor animals with a permissive
TRIM5� genotype (Q/Q) (39). As shown in Fig. 3, all 8 T/F viruses
were replication competent, with high titers detected by day 3,
which peaked on day 7 with titers comparable to those of
SIVmac239 and SIVsmE543 controls (range, 7 � 104 to 6 � 105

pg/ml RT activity).
Neutralization sensitivity of T/F IMCs. The vast majority of

viruses from the SIVsmE660 lineage have been shown to be exqui-
sitely sensitive to neutralizing antibodies (44), while viruses from
the SIVmac251 lineage (including SIVmac239) are highly neutral-
ization resistant (44, 56). Interestingly, the SIVsmE543 clone de-
rived from the SIVsmE660 lineage is relatively neutralization re-
sistant, while the SIVmac239 clone is completely resistant. To
determine the neutralization sensitivity of these 8 new T/F IMCs,
we examined each clone against 12 newly developed and charac-
terized MAbs that target critical determinants on the viral enve-
lope, including the CD4 binding site and variable loops 1, 2, and 3
(48). As expected, we found wide variation in neutralization sen-
sitivities for each MAb, with the SIVmac lineage clones being over-
all more resistant than the SIVsm clones (Fig. 4). Importantly,
none of the clones were as resistant as SIVmac239, which has a
50% inhibitory concentration (IC50) of 
50 �g/ml for each MAb.
We then selected 4 clones (SIVmac746, SIVmac766, SIVsmCG7G,
and SIVsmCG7V), 2 from each viral lineage, and tested neutral-
ization sensitivities using sera from chronically SIVmac251- and
SIVsmE660-infected rhesus macaques. Consistent with our pub-
lished results (44), the SIVsm clones were neutralization sensitive,
with 50% reciprocal inhibitory dilution (ID50) titers ranging from
5 � 10�5 to 2 � 10�6 for SIVsmCG7G and 2 � 10�4 to 2 � 10�5

for SIVsmCG7V (Fig. 5A and B). The SIVmac clones again were
more resistant overall to neutralization. For the SIVmac766 clone,
7 of 8 different sera from SIVmac-infected macaques (lineage au-
tologous) were able to reach an ID50 titer ranging from 5 � 10�5 to
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5 � 10�6, while only 3 of 6 SIVsm-infected macaque sera (lineage
heterologous) reached an ID50 (Fig. 5C). For the SIVmac746
clone, neither autologous nor heterologous sera were able to neu-
tralize the virus by greater than 50% at the most concentrated
plasma value tested (1:500) (Fig. 5D). Two additional monoclonal
antibodies recognizing a V3 epitope (3.11H) and a CD4-induced
epitope (1.4H) were also utilized to test general neutralization
sensitivity (Fig. 5E and F) (47). As expected, SIVmac239 was re-
sistant even at the highest concentration (10 �g/ml) tested, while
the remaining T/F clones revealed 4 distinct neutralization pro-
files. These neutralization data highlight the wide breadth of neu-
tralization sensitivities of these T/F molecular clones, with evi-
dence of several-log-unit differences in neutralization, allowing a
rank order of sensitivity from the most sensitive to the most resis-
tant: SIVsmCG7G, SIVsmCG7V, SIVmac766, and SIVmac746.

In vivo replication. Large infectious stocks of these four clones
(SIVmac746, SIVmac766, SIVsmCG7G, and SIVsmCG7V) were
generated and used to characterize the clones in vivo. For each
clone, two naive Indian-origin rhesus macaques were intrarectally
or intravenously infected, and disease progression was monitored
by viral-load quantification and CD4� T cell depletion in periph-
eral blood. For SIVmac251 clonal infection, plasma viral-load
analysis showed acute replication kinetics similar to those typi-
cally seen following SIVmac251 isolate infection, with peak viral
loads ranging from 2.1 � 107 to 7.4 � 107 vRNA copies/ml by days
11 to 17 postchallenge (Fig. 6A). These animals were monitored at
frequent intervals for more than 600 days to assess the chronic set
point viral load, peripheral blood CD4� T cell decline, pathogen-
esis, and viral adaptation. The 4 macaques infected with SIVmac

clones established similar viral set points irrespective of the host
TRIM5� genotype (Fig. 6A). These four animals had progressive
declines in peripheral blood CD4� T cells over the study period
corresponding to high plasma viral loads (Fig. 6C). Using immu-
nohistochemistry, we evaluated the extent of acute CD4� T cell
depletion in the gastrointestinal tract—a hallmark of pathogenic
SIV infection. We found substantial CD4� T cell depletion in the
gut as early as 28 days postinfection that is typical of pathogenic
SIV infection (Fig. 6E). Animals p096 (SIVmac746 infected) and
p097 (SIVmac766 infected) were euthanized due to simian-AIDS-
defining illnesses at 1.1 and 1.3 years postinfection, respectively
(see below).

Animals infected with SIVsm clones (SIVsmCG7G and
SIVsmCG7V) had similar peak viral loads ranging from 2.1 � 106

to 5.0 � 107 by days 11 to 19 postchallenge but with highly variable
chronic-phase viral loads. For each SIVsm, one animal controlled
viremia during the chronic phase of infection to less than 103

vRNA copies/ml (p114 and p142), while the other animal main-
tained viral loads of �105 (p140) or �107 (p116) through the
chronic stage (Fig. 6B). The peripheral blood CD4� T cell levels
were also variable for SIVsm-infected animals but showed an
overall decline during infection inversely proportional to the
plasma viral load (Fig. 6D). We found substantial CD4� T cell
depletion in the gut as early as 28 days postinfection that is typical
of pathogenic SIV infection (Fig. 6E). Animal p116 (SIVsmCG7G)
required euthanasia at 1.1 years postinfection due to AIDS-defin-
ing illness with a sustained elevated viral load (see below).

Viral restriction. There were two possible, but not mutually
exclusive, explanations for the disparate chronic viral load out-
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comes following SIVsm infection: cytotoxic T lymphocyte (CTL)-
or TRIM5�-mediated control. Three of the four SIVsm-infected
macaques (including the two controlling animals) had a known
controlling major histocompatibility complex (MHC) allele
(Mamu-B*17), which has been associated with elite control in
�20% of SIVmac239-infected animals (57). However, this seems
unlikely to be the primary mechanism for viral control in these
animals because both SIVsm lineage clones already contained the
dominant CTL escape allele (TW9) in Nef, which has been shown
to abrogate epitope processing and presentation (58). Further-
more, p106 also had the Mamu-B*017 allele, but sequence analysis
revealed viral escape to PW9. To determine if differential sensitiv-
ity to TRIM5� alleles might explain the low viral load in the SIVsm
infections, we sequenced the CypA binding site in gag for evidence
of viral escape from the effects of TRIM5�. It has been shown that
mutations in this site confer resistance to TRIM restriction (59).
For SIVsmCG7V, no CypA binding site mutations were detected
in the animal that controlled viral replication (p142). In contrast,

in animal p140, which also had a restrictive TRIM5� genotype but
high viral loads, the circulating virus contained three fixed amino
acid mutations in the CypA binding site (R97S, T107N, and
D109E) (Table 1). Intriguingly, for both SIVsmCG7G-infected
animals, we found a V91A mutation in gag irrespective of the
TRIM� genotype. For p114, an animal with a restrictive genotype
(TFP/TFP), this mutation occurred very rapidly and was present
in 29% of sequences by week 2 and completely fixed by week 6,
whereas for p116, an animal with a permissive genotype (Q/Q),
the mutation was not detected through week 12 but then was fixed
by week 26. We conclude that 91A is the optimal amino acid in
rhesus macaques regardless of TRIM5� genotype and that escape
from TRIM5� restriction occurred in only 1 of 3 SIVsm-infected
macaques (p140).

In contrast, for animals infected with SIVmac766, there were
no mutations detectable within the CypA binding site, despite
restrictive (TFP/TFP) and intermediate (TFP/Q) genotypes. Of
SIVmac746-infected animals, p096, with the permissive genotype

FIG 4 Summary of neutralization profiles of the T/F clones against 12 SIV-specific MAbs. The antibodies were specific for CD4 binding site; CD4 induced;
variable loops 1, 2, and 3; and sites outside the variable loops (�V1V2V3). Color coding indicates the ranges of IC50s, as indicated. For MAbs that did not
completely neutralize, a half-maximum IC50 (Half Max) was determined based on the concentration that caused a 50% reduction of the maximal neutralization
(Vmax) achieved for that antibody. Values of 
50 indicate that no neutralization was detected.
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(Q/Q), showed no CypA binding site mutations, but the interme-
diate and rare rhesus genotype (Q/CypA) in p094 revealed selec-
tive pressure and nearly complete fixation of a Q85R mutation
with or without a D109E mutation, which might indicate a lack of
complete adaptation of SIVmac251 to some uncommon rhesus
TRIM5� alleles. Although not all of these specific mutations have
been previously identified as TRIM5� escape mutations, the sig-

nificant positive selection only within this region of gag in the
presence of known restrictive genotypes suggests substantial selec-
tive pressure exerted by TRIM5�.

Given the fixed mutations in the CypA binding site of Gag, we
sought to confirm TRIM5� restriction of SIVsm in vitro. The rep-
lication competence of each clone was tested in CD4� T cells from
animals with a known TRIM5�-restrictive genotype. Again, all of
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the T/F clones replicated equally well and as well as or better than
the control viruses in cells with a permissive genotype (Fig. 7A),
but SIVsm lineage clones replicated to levels 1 to 2 log units lower
in TFP/TFP restrictive cells (Fig. 7B). Thus, we conclude that all
T/F IMCs are fully functional in vivo and in vitro, but as is the case
with SIVsmE543 and other SIVsmE660 lineage members,
SIVsmCG7G and SIVsmCG7V are sensitive to rhesus TRIM5�
restriction.

Sequence analysis of acute infection. The underlying princi-

ple in using sequence analysis to identify the actual transmitted/
founder virus rests on the premise that early mutations are ran-
domly generated without selection and that the consensus
genome of these early sequences represents the virus that was
transmitted and became the founder of the virus population. In-
fection with clonal viruses allowed us to formally test this principle
by examining the accumulated changes during acute infection
compared to the clonal stock. We used SGA at peak viremia (2
weeks postinfection) in each infected macaque and sequenced the

0 100 200 300 400 500 600

p094
p096

p097
p106

P
la

sm
a 

vR
N

A 
co

pi
es

/m
l

Days post infection

0

500

1000

1500

2000

2500

Ab
so

lu
te

 b
lo

od
 C

D
4 

ce
lls

/m
m

3

Days post infection

(Q/CypA)
(Q/Q)

(TFP/TFP)
(TFP/Q)

SIVmac251.746

SIVmac251.766

0 100 200 300 400 500 600

p114
p116

p140
p142

0

500

1000

1500

2000

2500

(TFP/TFP)
(Q/Q)

(TFP/TFP)
(Q/CypA)

SIVsmE660.CG7G

SIVsmE660.CG7V

A.

101

102

103

104

105

106

107

108

101

102

103

104

105

106

107

108

C.

0 100 200 300 400 500 600 0 100 200 300 400 500 600

Days post infectionDays post infection

B.

D.

E.

p106

p097

Pre-infection Day 28 post infection

Pre-infection Day 28 post infection

p114

p116

Pre-infection Day 28 post infection

Pre-infection Day 28 post infection

P
la

sm
a 

vR
N

A 
co

pi
es

/m
l

Ab
so

lu
te

 b
lo

od
 C

D
4 

ce
lls

/m
m

3

SIVmac-lineage clones SIVsm-lineage clones

FIG 6 In vivo replication kinetics and peripheral CD4 depletion. (A and B) Plasma viral loads from animals infected with SIVmac clones (A) or SIVsm clones (B)
highlight the consistency of SIVmac infections and the variable viral loads following SIVsm infection. The legend (right) indicates the infecting virus and TRIM5�
genotype for each animal. †, euthanasia due to simian-AIDS-defining conditions. (C and D) Longitudinal absolute peripheral blood CD4� T cell counts for
SIVmac-infected animals (C) and SIVsm-infected animals (D). (E) Early gut CD4� T cell depletion shown by immunohistochemistry in SIVmac766-infected
animals (p106 and p097) and SIVsmCG7G-infected animals (p114 and p116) from preinfection and acute infection (day 28 postinfection). The brown stain is
for CD4� cells, and pink staining for myeloperoxidase identifies myeloid cells. Scale bars, 100 �m.

Lopker et al.

8444 jvi.asm.org October 2016 Volume 90 Number 19Journal of Virology

http://jvi.asm.org


entire genome in overlapping 5= and 3= amplicons. These se-
quences were then compared to the T/F clonal sequence (Fig. 8).
In each case, the accumulated mutations either were randomly
distributed and represent unselected RT errors or were G-to-A
mutations, consistent with generation by the innate restriction
factor APOBEC (Fig. 8). Interestingly, there was significant vari-
ation in the numbers of APOBEC-mediated mutations seen both
between animals infected with the same virus and between ani-
mals infected with different viruses. In all cases, the consensus
sequence at peak viremia exactly matched the clonal viral se-
quence, whether or not the APOBEC mutations were included.

Sequence analysis of viral adaptation. Since viruses adapt to
their hosts over time, we sought to fully characterize these new
clones using full-genome sequence analysis to determine the fre-
quencies of accumulated mutations at the time of necropsy. For
the two animals that controlled their infections (p114 and p142),
plasma viral loads were insufficient for analysis. For the three an-
imals necropsied due to AIDS (p116, p097, and p096), phyloge-
netic analysis occurred at �425 days postinfection, while the re-
maining 3 animals (p094, p140, and p106) were analyzed at �600
days postinfection (Fig. 9). Phylogenetic analysis of the 5= half-
genome (including gag and pol) revealed limited fixed mutations

TABLE 1 Proportions of CypA binding sitemutations over time

Virus Clone Animal ID 
(TRIM) 

1wpi  Cyclophilin A Binding Site Sequence Percent 

SIVsmCG7V  

 IINEE AADWD LQHPQ PGPLP AGQLR EPRGS DIAGT TSTVD   

p140 (TFP/TFP)  

2 
----- ----- ----- ----- ----- ----- ----- -----  73%  
----- ----- ----- ----- ----- --S-- ----- -----  27%  

24  ----- ----- ----- ----- ----- --S-- ----- --N--  100%  

80  
----- ----- ----- ----- ----- --S-- ----- --N--  6%  
----- ----- ----- Q---- ----- --S-- ----- --N-E  6%  
----- ----- ----- ----- ----- --S-- ----- --N-E  88%  

 

p142 (Q/CypA) 
2 ----- ----- ----- ----- ----- ----- ----- -----  100%  
6 ----- ----- ----- ----- ----- ----- ----- -----  100%  

26  ----- ----- ----- ----- ----- ----- ----- -----  100%  
 

SIVsmCG7G  

 IINEE AADWD LQHPQ PGPLP VGQLR EPRGS DIAGT TSTVD   
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FIG 7 In vitro replication curves of 4 T/F IMCs (SIVsmCG7G, SIVsmCG7V, SIVmac746, and SIVmac766) and the control clones SIVmac239 and SIVsmE543.
Viruses from these clones were used to infect CD8-depleted PBMCs collected from 2 naive rhesus macaques. One macaque (A) possessed a permissive TRIM5�
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for either SIVmac-infected (Fig. 9A) or SIVsm-infected (Fig. 9C)
macaques. The average overall pairwise nucleotide diversity of the
5= half-genome for all the animals was 0.005 (range, 0.004 to
0.007), while the average nucleotide divergence from the viral
clonal sequence was 0.004 (range, 0.003 to 0.005). Overall, outside
the CypA binding site, the 5= half of the genome had limited sites
with fixed mutations but had accumulated modest levels of ran-
dom diversity (seen as star-like pattern at the tips of the tree). This
was in stark contrast to the 3= half-genome (including Vif, Vpr,
Vpx, Tat, Rev, Env, and Nef genes), where long internal branches
common to all the sequences from each animal revealed signifi-
cant viral adaptation and positive selection in both SIVmac-in-
fected (Fig. 9B) and SIVsm-infected (Fig. 9D) animals. Overall,
the 3= half-genome had twice as much diversity (average diversity,
0.01; range, 0.006 to 0.012) as the 5= half (P � 0.004). Further-
more, the 3= half-genome had significantly higher divergence
from the T/F genome (average divergence, 0.01; range, 0.007 to
0.013) than the 5= half (P � 0.0002). Additionally, like the 5=
half-genome, the tips of the 3= half-genome were also star-like,
with a large accumulation of unique mutations. Together, these
data reveal significant adaptation in the 3= half-genome, leading to
multiple fixed mutations.

We next examined the individual mutations under positive
selection. For SIVsm-infected animals, the few selected muta-
tions identified in the 5= half-genome included the TRIM5�
escape mutations described above and a mutation in Pol found
in two animals, leading to an S753G substitution in animal
p140 and an S753N substitution in animal p116. In the 5= half-
genome in animals infected with SIVmac766, there was a single

common mutation in both animals in Gag (K404R), while
SIVmac746-infected animals had no common mutations. The
only other fixed mutations within Gag or Pol were single polymor-
phisms within individual animals, likely representing animal-spe-
cific adaptations.

The 3= half-genome contained the most fixed mutations, with
the most pronounced changes occurring within the envelope gene
clustered within the V1/V2 and V4 regions, including single-nu-
cleotide polymorphisms and potential N-linked glycosylation
(PNG) mutations (see Fig. S2 in the supplemental material).
Within the V1/V2 and V4 loops, we also observed substantial
length variation due to insertions and deletions. One notable fixed
mutation in 5 of 6 animals was the addition of a PNG near the tip
of V4. In SIVmac-infected animals, the mutation was D415N,
while for SIVsm-infected animals, the change was K420N. We
identified several additional mutations in the 3=half of the genome
common to both animals infected with the same virus or viral
lineage. We identified 4 Env mutations (I215V, W345R, D415N,
and H831Q/L/N) and 2 Nef mutations (S161L and Q196H) in
SIVmac766-infected animals. For SIVmac746-infected animals,
there were 4 total shared mutations, including a Vif mutation
(H74N), an Env mutation (T628S), and 2 Nef mutations (M144I/V
and Q196H). Furthermore, we identified 7 mutations common to
SIVsmCG7G- and SIVsmCG7V-infected animals, including a
Vpx mutation (R50Q); a Vpr mutation (R63K), which also in-
cludes an overlapping Tat1 mutation (E13K); an Env mutation
(T473I); a Rev2 mutation (N62D); and 3 Nef mutations (V4A,
K7R, and Y170F/C/H). Overall, the frequent changes in V1/V2
and V4, with length polymorphisms and important glycosylation
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FIG 9 Unrooted phylogenetic trees of sequences from 6 of the 8 infected animals from plasma taken at necropsy. (A and B) SIVmac-infected animals, with trees
representing the 5= half-genome (A) and the 3= half-genome (B). (C and D) SIVsm-infected animals, with trees representing the 5= half-genome (C) and the 3=
half-genome (D). The scale bars represent 0.01-nucleotide changes. Sequences from each animal are color coded. Each TF IMC sequence is labeled in black.
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changes, are indicative of antibody-mediated selective pressure
with additional virus-specific polymorphisms.

Viral pathogenesis. All infected animals showed typical signs
of progressive immunodeficiency associated with SIV infection,
including acute and sustained gut CD4� T cell depletion (Fig. 6E)
and progressive declines in circulating CD4� T cells (Fig. 6C and
D). Macaques p096 (SIVmac746) and p097 (SIVmac766) reached
simian-AIDS-defining clinical endpoints at 1.1 and 1.3 years
postinfection, with peripheral blood CD4� T cell counts of 	200
cells/mm3, severe chronic nonresponsive diarrhea with inappe-
tence, cachexia, and pneumonia. Animal p116 (SIVsmCG7G) was
also euthanized after reaching a clinical endpoint at 1.1 years
postinfection, with cachexia and a large abdominal mass. At nec-
ropsy, a 12-cm expansile, mesenteric, multifocal, extranodal B cell
lymphoma characterized by random mitotic figures and large,
random areas of necrosis was found, representing a classic end
stage, AIDS-defining pathology.

To further characterize immunopathology, lymph nodes were
collected prior to infection, throughout the study, and at necropsy
for all of the animals. Representative longitudinally sampled
lymph node sections from p096 and p116 showed a substantial
population of CD4� cells in the paracortical region (T cell zone)
prior to infection that were severely depleted at the time of nec-
ropsy (Fig. 10A, brown). Myeloid lineage cells (pink) were largely
unchanged over the course of infection. Immune activation (Ki67
staining) was largely confined to germinal centers in preinfection
section lymph nodes but had progressed to generalized, diffuse
activation, beginning with primary infection, that was sustained
through to AIDS (Fig. 10B). In addition, collagen deposition led to
extensive remodeling of the cortical lymph node architecture, a
characteristic response to chronic inflammation in pathogenic
lentiviral infection (Fig. 10C). Therefore, in animals in which viral
replication was not substantially restricted by TRIM5�, we iden-
tified typical signs of SIV-associated immunopathology in early
and late tissue samples, consistent with a progressive lentiviral
infection typical of SIVmac or SIVsm infection of rhesus ma-
caques.

DISCUSSION

Nonhuman primate models of HIV have been instrumental in
studying viral transmission, pathogenesis, and intervention strat-
egies. Virtually all of the numerous HIV/AIDS-related studies in-
volving SIV infection in NHP models that have been published
have been conducted using a limited number of viral-swarm
stocks or related molecular clones derived from late stages of in-
fection. Here, we sought to generate and provide to the field well-
characterized, infectious molecular clones representing authentic
transmitted/founder viruses that a priori possess all the properties
necessary and sufficient to establish systemic infection and cause
classical AIDS-defining pathology. In addition to being sequence-
confirmed transmitted/founder viruses, the clones were selected
based on good replicative dynamics in the parental animals from
which they were derived, their genetic relatedness to other clones,
and a greater than average representation among transmitted vari-
ants (Fig. 1). The average intralineage diversity for the T/F IMCs
was 0.5% for SIVsm clones and 1% for SIVmac clones, while the
average interlineage diversity was 15%, approximating within-
and between-individual diversities for HIV-infected subjects (22),
making these clones ideal for use in vaccine studies testing homol-
ogous versus heterologous protection.

As predicted by our model of early T/F replication and evolu-
tion, the analysis of the envelope gene only was confirmed, when
using full-length genome sequencing, in both the number of iden-
tifiable T/F variants and the inferred sequence. These data confirm
that there is not a primer bias toward any particular variant and
suggest that any region of the genome can be used to infer the
number of T/F variants as long as there is sufficient diversity
within that region. As expected from our model, all 8 T/F clones
contained intact reading frames and were infectious and replica-
tion competent. Furthermore, it is clear that these T/F viruses
replicated in vitro at least as well as the SIVmac239 and the
SIVsmE543 clones. In fact, all the clones replicated more robustly
than SIVmac239 as long as the cells were derived from a TRIM5�-
permissive donor. This may be due to the suboptimal nucleotides
still present in the parental SIVmac239 (35, 37). Consistent with
this idea, we recently reported that correcting these suboptimal
changes increased in vitro replication (37). Regardless of the rea-
son for the poorer performance of SIVmac239, these new clones
behaved precisely as hypothesized for authentic T/F viruses.

Downselection of clones for detailed characterization in vivo
was in part based on neutralization sensitivity. We sought to de-
velop IMCs representing the extensive range of neutralization sen-
sitivities found in SIV. Based on serum neutralization assays, the
SIVmac746 clone was highly neutralization resistant and similar
to SIVmac239. However, there are indications that SIVmac766
has some sensitivity to neutralization and might provide a much
needed alternative to the extremely neutralization-resistant
SIVmac239 clone. While SIVsm clones in general are more sensi-
tive to neutralization, the SIVsmCG7G clone is more resistant
than SIVsmCG7V, providing both a highly sensitive and modestly
resistant virus.

The T/F IMCs from the SIVsmE660 and SIVmac251 lineages
were replication competent in vitro and in vivo but showed mark-
edly different lineage-specific susceptibilities to TRIM5� restric-
tion. Upon initiation of infection, plasma viremia results showed a
rapid and robust primary infection with high peak viral loads,
indicating a fully functional genome and excellent replicative ca-
pacity. For animals infected with SIVmac251-derived IMCs, acute
and set point viral loads were consistent between animals infected
with the same virus and remarkably similar to results for animals
M766 and M746, from which the IMCs were derived (data not
shown). Importantly, replication of the SIVsm clones was not
consistent between animals infected with the same virus but var-
ied with the TRIM5� genotype. For this study, animals were not
partitioned into TRIM5� genotypes prior to infection. Of the four
animals infected with SIVsm lineage viruses, only one expressed
the permissive genotype Q/Q (p116). Of the remaining three an-
imals, two were able to control viremia and the third showed ev-
idence of viral escape from TRIM5�-mediated restriction. Inter-
estingly, SIVsmCG7G contains a valine in a capsid at position 91
instead of the more common alanine found in SIVsmE660 lineage
viruses (60), which corresponds to the virus most sensitive to
TRIM5� restriction in vitro. Interestingly, this 91V also mutated
to 91A by week 26 in animal p116 with a putatively nonrestrictive
genotype (Q/Q), suggesting TRIM5�-mediated restriction. For
consistency, in experiments other than those studying TRIM5�
restriction, the use of these SIVsm lineage viruses should be re-
stricted to TRIM5�-permissive animals or the viruses should be
generated with CypA binding site modifications, as described in
Table 1. Consistent with previous reports (52), TRIM5�-re-
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strictive alleles appeared to have limited or no negative impact
on viruses derived from the SIVmac251 lineage. The one pos-
sible exception to this accepted view was the selection of a
Q85R mutation in capsids with or without a D109E mutation
in animal p094, which possessed the rare Q/CypA genotype and
was infected with SIVmac746. Although this mutation was not

detected until 92 weeks postinfection, it raises the possibility
that SIVmac lineage viruses are not fully resistant to minor
TRIM5� genotypes due to limited exposure during their pas-
sage history prior to isolation.

While the premise of our approach of using sequence analysis
to infer the identities of T/F viruses in clonally initiated infections
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FIG 10 Immunopathology in the lymph nodes for 2 representative animals, p096 (SIVmac746) and p116 (SIVsmCG7G). Biopsy specimens obtained preinfec-
tion (Pre.) are compared to samples obtained postinfection, with the animal manifesting an AIDS-defining condition (AIDS). (A) Decrease in CD4� T cells
(brown) with unchanged myeloid lineage cells (pink) at AIDS. (B and C) Increased immune activation at AIDS as measured by Ki67 staining (brown), largely
restricted to B cell follicles prior to infection but generalized throughout the lymph node when simian AIDS was diagnosed (B), and increased collagen deposition
(brown) (C).
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is widely accepted (9, 12, 14–17), the model has not been subjected
to direct experimental testing in rhesus macaques. We amplified
the entire viral genome (in halves) at peak viremia and determined
that the consensus sequence exactly matched that of the clonal T/F
virus inoculum. This conclusion confirms our hypothesis that lo-
cal replication prior to systemic dissemination with measurable
plasma viremia is not sufficiently long or error prone to alter the
clonal sequence of the incoming viral genome from the infecting
inoculum. This result held for both intrarectal and intravenous
infections. The approach to generating functional clones de-
scribed here is a significant improvement over the original meth-
ods for isolating biologically active clones (SIVmac239 and
SIVsmE543).

While at peak viremia the consensus genome matched the T/F
sequence, at all later times, random mutations and selection gen-
erated a more diverse viral population. While some of the muta-
tions seen over time were known to be associated with overcoming
immune- or TRIM5�-mediated restriction, other mutations
might be undefined immune selection or simply polymorphisms
within a quasispecies. The frequent and clear changes in the V1/V2
and V4 regions of envelope highlight the plasticity of those do-
mains in the face of dynamic host-specific autologous antibody
responses. One other possible reason for accumulated mutations
is that a particular viral clone may have suboptimal mutations that
reduce overall fitness, leading to reversion in any host or in vitro.
Although we generated our clones using a methodology to limit
such mutations, it is possible that some fixed changes are the result
of correction of suboptimal nucleotides, as has been well de-
scribed for SIVmac239 (35, 37). Although we detected fewer than
7 common mutations between infected animals, additional in-
fected animals will be needed to assess if any of these mutations are
suboptimal overall or if they reflect naturally occurring polymor-
phisms. It is important to note that all 8 T/F IMCs have the canon-
ical primer binding site sequence, as well as the optimal version
of the other 3 mutations found in the Pol and Env genes of
SIVmac239 (37). Additionally, we recently described a viral geno-
type in SIVsmE660 that is enriched in neutralization-sensitive
clones (22, 61). In 6 of 8 new clones reported here, there is an A/K
at positions 45/47 of envelope, which has been reported as a neu-
tralization-resistant genotype in SIVsmE660 lineage viruses (22).
In two clones not tested in vivo (SIVsmR02012 and
SIVsmR95117), the more neutralization-sensitive genotype (T/R)
was found.

All the macaques infected with the new T/F virus clones yielded
characteristic signs of pathogenic SIV infection. We found de-
clines in CD4� T cells in peripheral blood, lymph nodes, and the
gut; inflammatory polymorphonuclear leukocyte (PMN) infil-
trates; chronic immune activation; and pathological collagen de-
position in lymphoid tissues, with some animals progressing to
AIDS-defining clinical endpoints during the study follow-up pe-
riod, with disease progression associated with the degree of viral
replication. Chronic-phase viremia levels and time to AIDS were
consistent with pathogenic SIV infections using other clonal or
swarm challenge viruses. Overall, these new IMCs representing
T/F viruses from within the widely used SIVmac251 and
SIVsmE660 swarms recapitulate key features of these viruses and,
a priori, are also representative of the properties of transmitted
viruses that represent the most authentic targets for studies of
preventive interventions and viral transmission, arguably making
them challenge viruses of choice for studies employing a clonal

virus challenge. The ability to generate isogenic, biologically
equivalent, but sequence-tagged variants of these viruses (62) and
to generate similar T/F IMCs from other SIV or simian/human
immunodeficiency virus (SHIV) swarms of interest should pro-
vide improved options for selecting more optimal challenge vi-
ruses for various AIDS-related studies in NHP models.
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