
A Variant Macaque-Tropic Human Immunodeficiency Virus Type 1 Is
Resistant to Alpha Interferon-Induced Restriction in Pig-Tailed
Macaque CD4� T Cells

Rajesh Thippeshappa,a Hongmei Ruan,a Weiming Wang,b Paul Zhou,b Jason T. Kimataa

Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, Texas, USAa; Unit of Anti-Viral Immunity and Genetic Therapy, Key Laboratory
of Molecular Virology and Immunology, Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai, Chinab

Human immunodeficiency virus type 1 (HIV-1) antagonizes innate restriction factors in order to infect and persistently replicate
in a host. In a previous study, we demonstrated that HIV-1 NL4-3 with a simian immunodeficiency virus mne (SIVmne) vif gene
substitution (HSIV-vif-NL4-3) could infect and replicate in pig-tailed macaques (PTM), indicating that APOBEC3 proteins
are primary barriers to transmission. Because viral replication was persistent but low, we hypothesized that HSIV-vif-NL4-3 may
be suppressed by type I interferons (IFN-I), which are known to upregulate the expression of innate restriction factors. Here, we
demonstrate that IFN-� more potently suppresses HSIV-vif-NL4-3 in PTM CD4� T cells than it does pathogenic SIVmne027.
Importantly, we identify a variant (HSIV-vif-Yu2) that is resistant to IFN-�, indicating that the IFN-�-induced barrier can be
overcome by HSIV-vif chimeras in PTM CD4� T cells. Interestingly, HSIV-vif-Yu2 and HSIV-vif-NL4-3 are similarly restricted
by PTM BST2/Tetherin, and neither virus downregulates it from the surface of infected PTM CD4� T cells. Resistance to IFN-�-
induced restriction appears to be conferred by a determinant in HSIV-vif-Yu2 that includes env su. Finally, we show that the
Yu-2 env su allele may overcome an IFN-�-induced barrier to entry. Together, our data demonstrate that the prototype ma-
caque-tropic HIV-1 clones based on NL4-3 may not sufficiently antagonize innate restriction in PTM cells. However, variants
with resistance to IFN-�-induced restriction factors in PTM CD4� T cells may enhance viral replication by overcoming a barrier
early in the viral replication cycle.

Both human immunodeficiency virus type 1 (HIV-1) and sim-
ian immunodeficiency virus (SIV) trigger a type I interferon

(IFN-I) response during infection of the host (1–4). IFN-I is not
induced in productively infected cells. Instead, plasmacytoid den-
dritic cells (pDCs) release large amounts of IFN-� in part through
recognition of HIV-1 RNA by toll-like receptor 7 (TLR7) (5–7).
The significance of the IFN response for controlling HIV-1 or SIV
infection in vivo has remained unclear because IFN-I expression is
elevated during acute infection and high levels of IFN-� during
chronic infection typically correlate with high viral loads and
rapid disease progression, suggesting that it may hasten disease (1,
4, 8, 9). However, some clinical trials with HIV-1-infected indi-
viduals have reported decreases in viral load following treatment
with exogenous IFN-�, indicating that IFN-I responses may pres-
ent a barrier to HIV-1 replication (10–12). Thus, the role of IFN-I
responses in HIV-1 infection and disease remains poorly under-
stood.

IFN-I has been shown to interfere with HIV-1 replication at
multiple stages of the viral life cycle (13–18). Different interferon-
stimulated genes (ISGs) mediate these effects. For example, ISGs
have been shown to impede HIV-1 replication by interfering with
(i) the entry process (e.g., IFITM2 and IFITM3 [19]); (ii) posten-
try processes, including disruption of the reverse transcriptase
complex and synthesis of the viral cDNA (TRIM5�, APOBEC3G,
and SAMHD1) (20–28); (iii) viral gene expression and protein
synthesis (TRIM22 and protein kinase R [PKR]) (29–31); (iv)
degradation of viral RNA (RNase L) (32); (v) Gag protein produc-
tion (IFITM1) and assembly (TRIM22 and 2=,3=-cyclic-nucleotide
3=-phosphodiesterase) (19, 33, 34); (vi) virion release from cells
(ISG15 and Tetherin) (35–37); and (vii) hypermutation of the
viral cDNA (APOBEC3G) (38–40). The effectiveness of the IFN-I

response against HIV-1 may depend largely on the combinatorial
action of multiple ISGs and on the extent to which the infecting
virus can counteract and evade the effect of the individual ISGs, as
variant viruses may differ in their ability to antagonize targeted
ISGs such as Tetherin or APOBEC3G.

The extent to which IFN-I restricts viral replication in vitro
may also depend on the targeted host cell. Both HIV-1 and SIV are
inhibited by IFN-I in macrophages and CD4� T cells, but some
studies suggest that inhibition may occur to a lesser extent in
CD4� T cells (4, 9, 13, 15–18, 41–49). The inhibitory effect of
IFN-I suggests that HIV-1 and SIV have been under strong selec-
tive pressure by the host innate immune response to evolve mech-
anisms of evasion. Indeed, a gradual decrease in the number of
pDCs and their ability to produce interferon occurs during the
course of HIV-1 infection (50, 51). Viral infection also disrupts
innate antiviral signaling via IFN regulatory factor 3 (IRF-3) by
inducing its degradation (52, 53). Finally, viral regulatory proteins
actively antagonized innate restriction factors, which are effector
proteins of the IFN response. For example, the HIV-1 Vpu and
SIV Nef proteins downregulate surface expression of bone mar-
row stromal cell antigen 2 (BST2/Tetherin/CD317), which would
otherwise prevent release of virions from the cell surface (54–57).
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The importance of overcoming the restrictive activity of Tetherin
for replication is highlighted by studies demonstrating that a
SIVmac239 mutant with a nef deletion evolves novel compensa-
tory mutations in env, which can neutralize the blocking activity of
Tetherin (58). Additionally, Vif degrades the cellular deaminase
apolipoprotein B mRNA editing enzyme 3G (APOBEC3G) (59),
thereby preventing its incorporation into virions, in which it can
associate with the reverse transcription complex in newly infected
cells and inhibit viral replication by hypermutation and interfere
with reverse transcription.

Recent studies also demonstrate that at least some innate re-
striction factors (e.g., APOBEC3G, TRIM5�, and Tetherin) may
be significant barriers to cross-species transmission of primate
lentiviruses, including HIV-1 (reviewed in reference 60). For ex-
ample, HIV-1 is highly specific to replicating in human cells, and
the HIV-1 Vpu and Vif proteins are adapted to antagonizing hu-
man Tetherin and APOBEC3G, respectively (54, 61–69). How-
ever, they both fail to inhibit Tetherin and APOBEC3G proteins
from Old World monkeys. Additionally, TRIM5� from Old
World monkeys but not humans restricts HIV-1 infection, but
capsid mutations that introduce SIV capsid sequences enable the
virus to evade the inhibitory effects of rhesus TRIM5� (28, 70, 71).
Moreover, genetic studies of rhesus macaques demonstrate that
TRIM5� alleles influence SIV transmission, viral replication, and
the rate of progression to AIDS (72–75).

The potency by which these factors inhibit viral replication is
further demonstrated by attempts to develop a macaque model of
HIV-1 infection and disease. Early experiments showed that com-
monly used macaque species for AIDS studies are resistant to
HIV-1, including rhesus macaques (Macaca mulatta), cynomol-
gus monkeys (Macaca fascicularis), and pig-tailed macaques
(PTMs) (Macaca nemestrina) (76, 77). Of these three species,
PTMs are the most susceptible to HIV-1, which can be transiently
infected due to the absence of a postentry block to infection (78–
81). In contrast to rhesus macaques, PTMs do not express TRIM5
alleles that can inhibit HIV-1 infection (82–87). Recent studies
using HIV-1 derivatives with minimal SIV vif substitutions (PTM-
tropic HIV-1) further indicate that inhibition of APOBEC3 pro-
teins is central to robust replication in PTM CD4� T cells in vitro
and persistent infection of PTMs (85, 88–90). Other macaque-
tropic HIV-1 derivatives with SIV capsid and vif gene substitu-
tions are able to replicate in rhesus and cynomolgus monkey cells
in vitro but do not persistently replicate in vivo (90–92). The rea-
son why macaque-tropic HIV-1 clones replicate very well in PTM
T cells in vitro but only sustain a low but chronic infection that
resembles that of long-term survivors in vivo remains unclear.
Although there is some indication from CD8-depletion experi-
ments that cellular immune responses may contribute to control
of macaque-tropic HIV-1 in PTMs (88), it is possible that ma-
caque-tropic HIV-1 derivatives do not adequately escape suppres-
sion by IFN-I in macaque cells.

In the current study, we investigated the effect of IFN-� on
replication of PTM-tropic HIV-1 clones in PTM CD4� T cells in
order to further define the restrictive barriers to HIV-1 replication
in macaque cells. We demonstrate that in contrast to a pathogenic
SIVmne clone that is adapted to replicate in PTMs, PTM-tropic
HIV-1 clones based on NL4-3 (HSIV-vif-NL4-3 and HSIV-vif-
NLAD8) are highly restricted by IFN-� in PTM CD4� T cells,
suggesting that the inability of these clones to overcome the IFN-I
response may contribute to the attenuated phenotype in vivo. Fur-

thermore, we demonstrate that another variant PTM-tropic
HIV-1 based on Bru-Yu2 is able to replicate to high levels during
an IFN-�-induced restrictive state, and we show that its envelope
(Env) protein confers resistance to IFN-�, indicating the potential
for HIV-1 to evade the IFN-�-induced antiviral state in macaque
cells.

MATERIALS AND METHODS
Cell lines. 293T and HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (HI-FBS), 2 mM glutamine, and p/s (100 U of penicillin per
ml and 100 mg of streptomycin per ml) (DMEM complete). TZM-bl cells
were obtained from the NIH AIDS Reagent Program and grown in
DMEM complete (93, 94). The immortalized PTM CD4� T cells were
obtained from Hans-Peter Kiem (Fred Hutchinson Cancer Research Cen-
ter) and maintained in Iscove’s modified Dulbecco’s medium (IMDM)
containing 10% HI-FBS, 2 mM glutamine, p/s, and 100 U/ml human
interleukin 2 (IL-2) (Roche) (IMDM complete medium) (95).

Tetherin/BST2 constructs. The human and PTM BST2 cDNAs
(huBST2 and PTM BST2) were amplified by reverse transcription (RT)-
PCR from mRNA isolated from human and PTM peripheral blood mono-
nuclear cells (PBMCs), respectively, using primers that add the coding
sequence for a hemagglutinin (HA) epitope tag at the 5= end. The forward
and reverse primers for huBST2 amplification are 5=-ATTCGGATCCGC
CACCATGTACCCATACGACGTCCCAGACTACGCTATGGCATCTA
CTTCGTAT GAC-3= (BamHI) and 5=-TAATCTCGAGTCACTGCAGCA
GAGCGCTGAG-3= (XhoI), respectively. The forward and reverse prim-
ers for ptBST2 amplification are 5=-ACTCGGATCCGCCACCATG
TACCCATACGACGTCCCAGACTACGCTATGGCACCTATTTTGT
ATG-3= (BamHI) and 5=-TAATCTCGAGTCACAGCAGCAGAGCGCT
CAAG-3= (XhoI), respectively. The sequences of huBST2 and PTM BST2
were first cloned into TOPO vector pCR 2.1 (Invitrogen) for sequencing
and then subcloned into BamHI and XhoI sites of mammalian expression
vector pcDNA3.

Proviral clones and generation of virus stocks. The construction of
HIV-1/SIV vif (HSIV-vif) chimeras based on HIV-1 molecular clones
NL4-3, Bru-Yu2, and NL-AD8 has been previously described (85). Chi-
meric viruses of HSIV-vif-NL4-3 and HSIV-vif-Yu2 were generated by
using unique restriction enzyme sites in the genome. NL-Yu2 and Bru-NL
clones were generated by reciprocal exchange of a BssHII to BstBI gag-pol-
vif fragment between HSIV-vif-NL4-3 and HSIV-vif-Yu2. env chimeric
viruses were generated by cloning SalI-BamHI, SalI-BsaBI, and BsaBI-
BamHI fragments of HSIV-vif-Yu2 into the HSIV-vif-NL4-3 proviral
clone, separately. The resulting clones contain the HSIV-vif-Yu2 vpu-env
(Yu-envL), vpu-env su (Yu-envS), or env tm (Yu-envT) sequences in the
background of HSIV-vif-NL4-3. Bru-nef was generated by cloning
the BstBI to BamHI (vif to env tm) fragment of HSIV-vif-NL4-3 into the
NL-Yu2 proviral clone. This results in a clone with the nef-LTR sequences
of HSIV-vif-Yu2 in the background of HSIV-vif-NL4-3. To generate Env
mutant clones HSIV-vif and HSIV-vif-Yu2 and Vpu-corrected clone
HSIV-vif-Yu2, EcoRI to BamHI fragments of each of the proviral clones
were subcloned into pCR2.1 Topo vector. The start codon of env and vpu
were mutated using Quikchange mutagenesis (Agilent), and the mutated
SalI and BamHI fragments were cloned back into the respective proviral
clones. Virus stocks were generated by transfection of 293T cells. Infec-
tious titers were determined by limiting-dilution infection analysis using
TZM-bl indicator cells (93, 94), and the amount of virus in supernatants
was measured by HIV-1 p24gag antigen enzyme-linked immunosorbent
assay (ELISA) (Advanced Bioscience Laboratories).

Viral replication in PTM CD4� T cells and human PBMCs. For viral
replication assays, human PBMCs and PTM CD4� T cells were infected in
triplicate cultures using previously described methods (85, 118, 119). Ap-
proximately 1 � 106 costimulated human PBMCs in RPMI complete
medium were infected at a multiplicity of infection (MOI) of 0.01 in the
presence or absence of 200 U/ml IFN-� (Sigma). To compare viral repli-
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cation in PTM CD4� T cells, approximately 2.5 � 105 or 5 � 105 cells in
IMDM complete were infected with viruses at an MOI of 0.01. After 3 h of
incubation, the cells were washed once with phosphate-buffered saline
(PBS) and once with complete RPMI medium to remove unbound virus.
Infected cells were then resuspended in fresh medium in the presence or
absence of 200 U/ml IFN-�. To monitor the replication of HSIV-vif
clones or SIVmne027 (120), supernatants were harvested every 2 to 4 days
and the amounts of HIV-1 p24gag antigen or SIV p27gag antigen, respec-
tively, were determined using commercially available ELISAs (Advanced
Bioscience Laboratories).

Virion release restriction by BST2/Tetherin. 293T cells were seeded
in 24-well plates at a density of 2.5 � 105 per well in 0.5 ml medium. The
following day, cells were cotransfected with 100 ng of HSIV-vif clones and
expression vectors for huBST2 or PTM BST2 (0, 2, 50, 100, and 200 ng)
using X-tremeGENE 9 DNA transfection reagents (Roche). Differences in
the amount of plasmid DNA in each transfection were offset by the addi-
tion of empty Bluescript PKS� vector or pcDNA3 vector. At 48 after
transfection, the amount of virus released into the cell supernatant was
measured by HIV-1 p24 antigen ELISA.

BST2/Tetherin downregulation assay. PTM CD4� T cells (2.5 � 105

cells per well in 24-well plates) were infected with SIVmne027, HSIV-vif-
Yu2, or HSIV-vif-NL4-3 at an MOI of 0.01 or 0.05 in the absence or
presence of IFN-�. Every 3 days over a 2-week period, the medium was
replaced with new medium lacking or containing IFN-�. At the same
time, the cells were collected and stained with phycoerythrin (PE)-conju-
gated anti-human BST2 antibody (CloneRS38E; Biolegend for 30 min at
4°C. The cells were then washed, fixed in 1% paraformaldehyde PBS, and
analyzed on a BD CantoII flow cytometer, and the flow data were pro-
cessed using FlowJo software.

For 293T or HeLa cells, 2.5 � 105 or 5 � 104 cells, respectively, were
seeded into 24-well plates. The following day, 293T cells were cotrans-
fected with 500 ng of proviral plasmids and 50 ng of expression vectors for
either hBST2 or ptBST2. HeLa cells were transfected with 500 ng proviral
plasmids alone. At 48 h posttransfection, cells were trypsinized and
stained by anti-BST2-PE antibody and then analyzed by flow cytometry.

siRNA knockdown of BST2 in PTM CD4� T cells. Short interfering
RNA (siRNA) oligonucleotides were designed (Dharmacon siDESIGN
Center) to target ptBST2 327 to 345 nt (GGCCCAAGGACGAAAGAAA)
or a random control sequence. Short hairpin RNA (shRNA) oligonucle-
otides were then designed from siRNA oligonucleotides as previously de-
scribed (96). The shRNA oligonucleotide sequences were first cloned into
vector PBS-hU6-1 and then subcloned into lentivector FG12 (96).

Pseudotyped lentivirus particles were produced in 293T cells by
cotransfection of 293T cells with FG12/shRNA plasmids and a packaging
vector (pMDLg/pRRE), vesicular stomatitis virus glycoprotein expression
vector (CMV-VSV-G), and Rev expression vector (RSV-Rev). One day
before transfections, 8 � 106 293T cells in 10 ml of DMEM without anti-
biotics were plated in 10-cm culture dish so that the cells would be ap-
proximately 90% confluent at the time of transfection. One hour before
transfection, the cells were first pretreated by the medium containing 25
�M chloroquine, and then 10 �g of each of the plasmids was cotransfected
by a modified calcium phosphate procedure. After 8 h, the medium was
replaced with 8 ml of complete medium and cultured in an incubator at
32°C with 5% CO2. The supernatants were collected 48 h and 72 h after
transfection, filtered (0.45-�m cellulose acetate membrane filter; VWR),
and then used to transduce PTM CD4� T cells or stored at �80°C until
use. The GFP� cells were analyzed by flow cytometry, and then the cells
with the top 20% fluorescence intensity were sorted by flow cytometry
(EPICS-Altra; Beckman-Coulter). All postsorting PTM CD4� T cell pools
were approximately 99% GFP�. The levels of ptBST2 downregulation
were assessed by flow cytometry using anti-BST2-PE monoclonal anti-
body (MAb) staining.

Transmission electron microscopy. PTM CD4� T cells were infected
with SIVmne027, HSIV-vif-NL4-3, or HSIV-vif-Yu2 at an MOI 0.01. Af-
ter 11 days of infection, cells were treated with 200 U/ml IFN-�. Twenty-

four hours posttreatment, the infected cells were pelleted, washed twice in
1� Dulbecco’s PBS (DPBS), and fixed overnight in 0.1 M Millonig’s phos-
phate buffer (pH 7.4) containing 2% formaldehyde and 2.5% glutaralde-
hyde. The pelleted cells were then rinsed 3 times in 0.1 M Millonig’s
phosphate buffer and postfixed in 0.1 M Millonig’s phosphate buffer con-
taining 1% OsO4. Pellets were dislodged from tubes and minced into
1-mm blocks 30 min into the postfix and then allowed to fix another 30
min in the osmium solution. Cell pellets were dehydrated through a gra-
dient series of ethanols (50% to 100%), and en bloc stained with a satu-
rated uranyl acetate solution during the 50% ethanol step. After complete
dehydration, the cell pellets were infiltrated in progressively concentrated
mixtures of ethanol and Spurr’s Low Viscosity resin and left on a shaker in
1 part ethanol to 3 parts resin overnight. Gradual infiltration resumed the
following day until the tissue was finally placed in 3 changes of pure resin
for 2 h each. After embedding in freshly made resin, the pellet blocks were
polymerized at 68°C for 24 h.

Thin sections (65 to 70 nm) were obtained using a Diatome Ultra 45
diamond knife and an RMC MT-6000-XL ultramicrotome and were col-
lected on 150-hexagonal-mesh copper grids. The sections were counter-
stained with Reynold’s lead citrate for 4 min. Dry samples were examined
on a Hitachi H7500 transmission electron microscope, and images were
captured using a Gatan US1000 digital camera with Digital Micrograph
v1.82.366 software.

Virion fusion assay. The HIV-1 virion fusion assay was performed as
previously described (97). To generate HIV-1 particles containing �-lac-
tamase-Vpr (BlaM-Vpr) chimera proteins, 293T cells were cotransfected
with 12 �g of proviral DNA plasmids and 4 �g of pCMV-BlaM-Vpr DNA
using the calcium phosphate transfection method. Eight hours posttrans-
fection, cells were washed once and then replenished with DMEM com-
plete. After 48 h, the culture supernatants were collected, centrifuged at
low speed, clarified by passage through a 0.45-�m filter, and stored at
�80°C.

Approximately 2.5 � 105 PTM CD4� T cells treated with IFN-� for 24
h or untreated cells in 100 �l media (24- or 48-well plate) were infected
with equal amounts of virus in the presence of protamine sulfate salt (8
�g/ml). Three hours postinfection, cells were washed with CO2-indepen-
dent medium (Invitrogen) and loaded with 100 �l CCF2/AM substrate
(Invitrogen) for 1 h at room temperature in the dark. The loading solution
was prepared by mixing 2 �l of 1 nM CCF2/AM with 8 �l of 0.1% acetic
acid containing 100 mg/ml Pluronic-F127 surfactant (solution B, pro-
vided by Invitrogen with the CCF2/AM loading kit) and 1 ml of CO2-
independent medium. After 1 h, cells were washed with 200 �l of devel-
opment medium, and the BlaM reaction was developed in 200 �l
development medium for 16 h at room temperature in the dark. The
development medium was prepared by mixing 10 �l of 250 mM proben-
ecid (one vial in 1 ml Hanks balanced salt solution [HBSS] buffer) with 1
ml CO2-independent medium and 100 �l tetracycline-free FBS. Cells
were then washed once with cold 1� PBS containing 2% FBS and fixed
with 2% paraformaldehyde. The levels of CCF2/AM and its cleaved prod-
ucts were measured by flow cytometry.

Coreceptor expression on the cell surface of IFN-�-induced PTM
CD4� T cells. PTM CD4� T cells (2 � 105 cells per well) in 24-well plates
were cultured in the presence of absence of 200 U/ml of IFN-�. At 24 and
48 h, the cells were collected, stained with anti-human CD4-PE (clone
RPA-T4), anti-human-CXCR4-APC (Clone 12G5), or anti-human
CCR5-PE (clone 3A9), and analyzed by flow cytometry. Anti-human-
IG1-PE and anti-human IG1-APC (clone MOPC-21) were used as isotype
staining controls. All antibodies were purchased from BD Pharmingen.

IFN-� ELISA. The amount of IFN-� in the cell culture supernatant
collected from HSIV-vif-infected cells was determined using the high-
sensitivity VerikineTM IFN-� ELISA kit (PBL Interferon Source) accord-
ing to the manufacturer’s protocol.

Statistical analysis. One-way analysis of variance (ANOVA) models
with virus type as the fix factor were used to compare the mean IFN-�-
induced inhibition values among virus types. As the significant unequal
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variance among virus types, weighted analysis was used. The inverse of the
within-group variance is used as weight. After the overall test, the com-
parisons for each variant to the wild-type virus were made while adjusting
the multiple comparisons by Dunnett’s procedure. Calculations were per-
formed using SAS 9.3.

RESULTS
Inhibition of HIV-1 replication in PTM T cells by IFN-�. In pre-
vious studies, we showed that a PTM-tropic HIV-1, HSIV-vif-
NL4-3, could replicate in PTM PBMCs in vitro (85). While it also
persistently replicated in PTMs in vivo, viral loads were controlled
during the later stages of infection and remained low, with inter-
mittent blips. To determine if IFN-� may have a role in limiting
replication of a PTM-tropic HIV-1, we compared the replication
of HSIV-vif-NL4-3 with that of a pathogenic SIVmne variant,
SIVmne027 (120), in PTM CD4� T cells in the presence and ab-
sence of IFN-� (Fig. 1A and B). In the SIVmne027-infected cul-
tures, high levels of SIV p27gag antigen accumulated rapidly in the
supernatants through 7 days postinfection, demonstrating rapid
replication kinetics. The level of virus decreased thereafter in
association with virus-induced cell killing. IFN-� reduced repli-
cation of SIVmne027 by only approximately 25%. In contrast,
accumulation of HIV p24gag in HSIV-vif-NL4-3-infected cultures
was delayed, peaking at 20 days postinfection. Quite strikingly,
HSIV-vif-NL4-3 was significantly reduced by IFN-�. These data
suggest that a major phenotypic difference between pathogenic
SIVmne027 and the PTM-tropic HIV-1 clone, HSIV-vif-NL4-3, is
sensitivity to inhibition by IFN-�. Thus, the suppressive effects of
IFN-� may contribute to the control of HSIV-vif-NL4-3 in the
PTM host.

To determine if other HSIV-vif clones are potently restricted
by IFN-�, we also examined the effects of IFN-� on chimeric
viruses based on the CCR5-tropic HIV-1 Bru-Yu2 (HSIV-vif-
Yu2) and NL-AD8 (HSIV-vif-NLAD8) clones in PTM CD4� T
cells. Interestingly, the HSIV-vif-Yu2 clone replicated to higher
levels and with more rapid kinetics than HSIV-vif-NL4-3 in the
absence of IFN-� (Fig. 1C). Furthermore, it demonstrated resis-
tance to the inhibitory effects of IFN-�, achieving a level of repli-
cation that was about 65% of the level observed in the absence of
IFN-�. In contrast, HSIV-vif-NLAD8 demonstrated a phenotype
similar to that of HSIV-vif-NL4-3, showing slower replication ki-
netics and greater sensitivity to inhibition by IFN-� (Fig. 1D). The
data indicate that while IFN-� can potently inhibit HIV-1 repli-
cation in PTM CD4� T cells, variant viruses may have the capacity
to evade the effects of the IFN response. Additionally, the data also
indicate that CCR5 tropism is not sufficient for evasion of IFN-�-
induced restriction.

To determine if the slow replication kinetics of HSIV-vif-
NL4-3 compared to that of HSIV-vif-Yu2 in the absence of exog-
enously added IFN-� in PTM CD4 T cells was due to induction of
IFN-� by viral infection, we assayed culture supernatants by a
sensitive IFN-� ELISA that can detect IFN levels as low as 12.5
pg/ml. At both early and late time points postinfection, superna-
tants from cells infected with either virus were negative for IFN-�
(data not shown). Thus, any difference in the replication kinetics
of HSIV-vif and HSIV-vif-Yu2 viruses in PTM CD4 T cells is not
the result of induction of detectable levels of IFN-�.

Env of HIV-1 Yu-2 confers resistance to IFN-� in PTM CD4�

T cells. To map the IFN-� resistance determinant, we generated

FIG 1 Replication of HSIV-vif clones in PTM CD4� T cells in the presence or absence of IFN-�. PTM CD4� T cell cultures were infected with the indicated
viruses at an MOI of 0.01 and cultured in the presence or absence of 200 U/ml IFN-�. Viral replication was measured by assaying culture supernatants for SIV
p27 ELISA for SIVmne027 (A) or HIV p24 ELISA for HSIV-vif-NL4-3 (B), HSIV-vif-Yu2 (C), and HSIV-vif-NLAD8 (D). The average SIV p27 or HIV p24
values � standard deviations (SD) are shown. Similar results were observed in two additional experiments.
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FIG 2 Mapping the IFN-� resistance determinant. (A) Diagram of HSIV-vif chimeric clones. (B to I) Replication of each chimeric virus in PTM CD4� T cells
in the presence or absence of IFN-�. Infections were carried out as described for Fig. 1. Viral replication was measured by assaying culture supernatants for HIV
p24 by ELISA. The average HIV p24 values � SD are shown and are representative of three different experiments.
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chimeric viruses between the IFN-�-sensitive virus, HSIV-vif-
NL4-3, and the IFN-�-resistant virus, HSIV-vif-Yu2 (Fig. 2A) and
examined the replication of each chimera in the presence or ab-
sence of IFN-� in PTM CD4� T cells. Similar to what was ob-
served in the experiment illustrated in Fig. 1, replication of HSIV-
vif-NL4-3 (NL4-3) was inhibited by IFN-� (Fig. 2B) more than
HSIV-vif-Yu2 (Bru-Yu2) (Fig. 2C). Interestingly, the chimera that
included the gag-pol region of Bru-Yu2 in the background of
NL4-3 (Bru-NL) was strongly inhibited by IFN-� (Fig. 2D). In
contrast, the reciprocal chimera (NL-Yu2) was more resistant to
IFN-�, like the parental HSIV-vif-Yu2 clone (Fig. 2E), suggesting
that the IFN-� resistance determinant is located within the 3= half
of the genome.

As neither of the HSIV-vif clones used in these experiments
express the Vpr protein (data not shown) and the HSIV-vif-Yu2
clone contains the vpu allele from HIV-1 Yu2, which has a natural
mutation in the initiation codon, we examined whether the Yu2
env or nef genes play a role in conferring resistance to IFN-�.
When the complete env gene of Yu2 was inserted into the back-
ground of HSIV-vif-NL4-3, the virus (Yu-envL) showed a level of
resistance to IFN-� that was similar to that of the HSIV-vif-Yu2
parent virus (Fig. 2C and F). We therefore subdivided the Yu2 env,
inserting either the env su region or the env tm region alone into
the background of HSIV-vif-NL4-3 (Yu-envS or Yu-envT, respec-
tively), and tested the resulting chimeras for IFN-� resistance in
the PTM CD4� T-cell lines. Although there was a reduction in the
level of replication in the presence of IFN-� compared to either
the parental HSIV-vif-Yu2 or a chimera containing the full-length
Yu2 env gene, env su of Yu2 (Yu-envS chimera) was sufficient for
overcoming the inhibitory effects of IFN-� (Fig. 2G). On the other
hand, the chimera with just the env tm of Yu2 (Yu-envT) was
almost completely inhibited by the addition of IFN-� (Fig. 2H).
Replacement of the nef allele of the HSIV-vif NL4-3 chimera with
that from HIV-1 Bru-Yu2 (Bru-nef) also did not enhance replica-
tion in the presence of IFN-� (Fig. 2I). Interestingly, the Yu-2
env-containing determinant also enhanced virus production in
IFN-�-treated costimulated human PBMCs, suggesting that its
effect may not be species-specific (data not shown).

Because Env expression can be altered by mutations that affect
vpu translation (98, 99), we restored the vpu start codon in the

HSIV-vif-Yu2 clone to determine if it would affect IFN-� resis-
tance. However, replication of HSIV-vif-Yu2 was not affected by
the vpu mutation in either the presence or the absence of IFN-�
(Fig. 3). Passaging HSIV-vif-Yu2 in PTM CD4� T cells also did
not reverse the vpu start codon mutation (data not shown). Fi-
nally, restoring Vpr expression in either HSIV-vif parental clone
did not enhance viral replication in IFN-�-treated PTM CD4� T
cells (data not shown). Together, these data indicate that the Env
SU protein of HIV-1 Yu2 supports evasion of the IFN-� response
in PTM CD4� T cells.

HSIV-vif virions accumulate at the surface of IFN-�-treated
PTM CD4� T cells. Previous studies indicated that a major block
to HIV-1 replication induced by IFN-� occurred at the stage of
virion release and caused accumulation of virions at the surface of
cells (55). Additionally, studies indicated that the HIV-2Rod env
allele promotes virion release (100, 101). Thus, we examined
whether IFN-� differentially affected virion release of HSIV-vif-
NL4-3 and HSIV-vif-Yu2 by electron microscopy. Figure 4 shows
some accumulation of both HSIV-vif-NL4-3 and HSIV-vif-Yu2 at
the surface of infected PTM CD4� T cells after treatment with
IFN-� compared to the untreated control cells. In contrast, in-
creased tethering of virions was not observed on cells infected with
SIVmne027. These data suggest that enhanced replication of
HSIV-vif-Yu2 in the presence of IFN-� may not be due to escape
from virion-tethering mechanisms.

HSIV-vif clones are restricted by PTM BST2/Tetherin. As
BST2/Tetherin is known to mediate IFN-induced accumulation
of virions at the surface of cells (35, 56), we first examined the
effect of PTM BST2 on the release of both HSIV-vif-NL4-3 and
HSIV-vif-Yu2 in 293T cells. Each proviral clone was cotransfected
with increasing amounts of a PTM BST2 expression vector
(ptBST2), and the results were compared with those from inhibi-
tion by human BST2 (hBST2). As expected, HSIV-vif-NL4-3 was
more resistant to inhibition by hBST2 than was HSIV-vif-Yu2,
which has a natural mutation in the vpu start codon (Fig. 5A).
Interestingly, virion release of the two HSIV-vif clones was inhib-
ited to similar levels by ptBST2, which was approximately 100-
fold at the highest level of ptBST2 used in the assay compared to
the maximal release in the absence of ptBST2. Additionally, nei-

FIG 3 Replication of HSIV-vif-Yu2 and a vpu reversion mutant in pig-tailed
macaque CD4� T cells. PTM CD4� T cells were infected with the indicated
viruses at an MOI of 0.01 and cultured in the presence or absence of 200 U/ml
IFN-�. Viral replication was measured by assaying culture supernatants by
HIV p24 ELISA. The average HIV p24 values � SD are shown. Similar results
were observed in two additional experiments.

FIG 4 Accumulation of HSIV-vif and HSIV-vif-Yu2 virions at the surface of
PTM CD4� T cells. PTM CD4� T cells were infected with SIVmne027, HSIV-
vif-NL4-3, or HSIV-vif-Yu2 at an MOI of 0.01. At 11 days postinfection, in-
fected cells were treated with IFN-� for 24 h, collected, fixed, and analyzed by
transmission electron microscopy.
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ther virus downregulated BST2 surface expression in infected
PTM CD4� T cells (Fig. 5B) or when cotransfected with PTM
BST2 into 293T cells (data not shown). Thus, HSIV-vif-NL4-3
and HSIV-vif-Yu2 demonstrated similar susceptibilities to restric-
tion by ptBST2.

Because the HSIV-vif-Yu2 clone also escapes suppression by
IFN-� in human PBMCs even though it does not express Vpu, we
compared the ability of the different HSIV-vif clones to down-
regulate endogenous human BST2/Tetherin and enhance virion
release in HeLa cells. Cell surface downregulation of BST2 was
observed only with proviral clones that expressed Vpu (NL4-3,
HSIV-vif-NL4-3, HSIV-vif-NL4-3�Env, and HSIV-vif-Yu2-
Vpu) but not with proviral clones that did not express Vpu (NL4-3
�Vpu, HSIV-vif-Yu2, HSIV-vif-Yu2-�Env, and Yu-envL) (Fig.
6A). Importantly, we did not observe any notable difference in the
cell surface downregulation of BST2 or virion release between
wild-type HSIV-vif clones and their env deletion mutants (HSIV-
vif-NL4-3 versus HSIV-vif-NL4-3�Env, and HSIV-vif-Yu2 versus
HSIV-vif-Yu2-�Env), indicating that HIV-1 Env may not be play-
ing an appreciable role in antagonizing BST2/Tetherin activity for
enhanced virion release (Fig. 6A and B). Furthermore, virion re-
lease was enhanced only by Vpu and not by Env. Together, these
data indicate that the Env-mediated IFN-� resistance of HSIV-vif-
Yu2 is not due to an anti-BST2/Tetherin activity.

Finally, to further examine the role of BST2 on the replication
of HSIV-vif clones in PTM CD4� T cells, we compared viral rep-

lication in cells transduced with vectors expressing control or
PTM BST2-targeting shRNAs. Although the BST2 shRNA down-
regulated the surface expression of PTM BST2 compared to what
was seen in control transduced cells (Fig. 7A), we did not observe
a significant difference in the replication of HSIV-vif-NL4-3 or
HSIV-vif-Yu2 in the BST2 knockdown or control PTM CD4 T
cells in the presence or absence of IFN-� (Fig. 7B). These data
further suggest that the IFN-� resistance exhibited by HSIV-vif-
Yu2 virus in PTM CD4� T cells may not be due to inhibition of
BST2 function.

IFN-� does not affect coreceptor expression. Since HSIV-vif-
NL4-3 and HSIV-vif-Yu2 use CXCR4 and CCR5, respectively, as
coreceptors for entry, we asked whether IFN-� could be down-
regulating expression of CXCR4 but not CCR5. Both PTM CD4�

T cells and human PBMCs were incubated in the presence or
absence of IFN-� for 48 h, and surface expression of CXCR4 and
CCR5 was examined by flow cytometry. Consistent with previous
studies (16), we did not observe a decrease in expression of either
coreceptor on PTM CD4� T cells or human T cells following
incubation with IFN-� (Fig. 8 and data not shown), suggesting
that susceptibility or resistance to IFN-� treatment exhibited by
HSIV-vif clones is not due to altered coreceptor expression.

HSIV-vif-NL4-3 is restricted at entry by IFN-�. Because the
IFN-� resistance determinant mapped to a fragment containing
the env of Yu2, we next determined whether there was any differ-
ence in the relative IFN-�-induced inhibition of entry of PTM

FIG 5 Interactions of HSIV-vif clones and PTM BST2/Tetherin. (A) Suppression of HSIV-vif-NL4-3 and HSIV-vif-Yu2 release by PTM and human BST2. 293T
cells were cotransfected with either of the HSIV-vif proviral clones and increasing amounts of a human or PTM BST2 expression vector. Virus production was
measured by assaying supernatants by HIV p24 ELISA. (B) Surface expression of BST2 on infected PTM CD4� T cells was examined by flow cytometry at peak
virus production using an anti-BST2-PE MAb or isotypic control MAb.
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CD4� T cells between the parental and chimeric HSIV-vif clones
by using the Blam-Vpr fusion assay. Figure 9 shows the relative
decrease in infectivity induced by IFN-� in PTM CD4� T cells for
each virus. Compared to infection by HSIV-vif-NL4-3, which was
reduced by approximately 39%, infections by all the clones carry-
ing the Yu2 env su (HSIV-vif-Yu2, NL-Yu2, Yu-envL, and Yu-
envS) were inhibited by an average of 10% or less by IFN-� (Fig.
9A and B). These results were statistically highly significant.
Clones encoding the 3= half of NL4-3, the Yu2 env tm, or Bru-nef

were not significantly different from HSIV-vif-NL4-3. These data
are in agreement with the replication data in Fig. 2 and suggest that
the Yu-2 env determinant may enhance IFN-� resistance in PTM
CD4� T cells by overcoming a factor that limits entry.

To examine whether IFN-� might also suppress other early
stages of infection in PTM CD4� T cells in a manner that is inde-
pendent of the HIV-1 Env protein, we infected cells with VSV-G
pseudotyped NL4-3-luc either before or after treatment with
IFN-�. Treatment of the PTM CD4� T cells with IFN-� prior to

FIG 6 Downregulation of BST-2/Tetherin and release of HSIV-vif clones in HeLa cells. HeLa cells were transfected with the indicated proviral clones, and 48 h
posttransfection, cells and culture supernatants were collected and analyzed for surface expression of BST2 by flow cytometry (A) and HIV p24 by ELISA (B),
respectively.
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infection and at 3 h postinfection reduced luciferase expression by
74 and 79%, respectively (Fig. 9C), while addition of IFN-� at 48
h postinfection reduced luciferase activity by 47%. These data sug-
gest that in addition to inducing partial inhibition at entry of some
HIV-1 Env variants, IFN-� could be interfering with other early
postentry steps leading to and including integration and gene ex-
pression.

DISCUSSION

In recent studies, we and others have tested the hypothesis that
counteracting innate restriction barriers is necessary for cross-
species transmission of primate lentiviruses by engineering novel
HIV-1 chimeras with minimal SIV gene substitutions that enable
the virus to counteract or evade specific restriction factors and by
testing their replication capacity in macaque T cells (85, 88–91,
121). Some of these clones were designed to counteract macaque
APOBEC3 proteins with a SIV vif substitution and evade rhesus or
cynomolgus TRIM5�-mediated restriction with a CA mutation.
Alternatively, other clones included only the SIV vif substitution,
and pig-tailed macaque T cells were used because they do not
express TRIM5� protein or TRIM5-cyclophilin A (TRIM-cyp)
fusion protein, proteins that inhibit HIV-1. While each virus per-
sistently infects macaque T cells in vitro, when a macaque host is
infected, replication of these viruses is eventually controlled. Im-
portantly, none of these previous studies evaluated whether ma-
caque-tropic HIV-1 clones remain sensitive to restriction by
IFN-� in macaque cells. In the present study, we demonstrate that
our prototype PTM-tropic HIV-1 clone based on NL4-3, HSIV-
vif-NL4-3, is suppressed by IFN-�, in contrast to the pathogenic
SIVmne027, in PTM CD4� T cells, suggesting that HIV-1 may be
highly sensitive to IFN-� in a nonnatural host, and perhaps ex-
plaining why it is easily controlled in vivo. These data confirm a
recent study by Bitzegeio et al., which demonstrated that HIV-1
and SIVmac have become adapted to overcome the IFN response
in their natural host cells but are sensitive to IFN-induced restric-
tion factors in the nonnatural hosts (102). However, we also show
that a novel variant PTM-tropic HIV-1 is capable of overcoming
inhibition by IFN-� in PTM CD4� T cells. Furthermore, IFN-�
resistance of this virus is conferred by a determinant within the env
sequence, which may counteract a factor hindering an early stage
of the viral life cycle.

In our previous study, we had constructed HSIV-vif clones
based on HIV-1 Bru-Yu2 (HSIV-vif-Yu2) and NL-AD8 (HSIV-
vif-NLAD8) in addition to NL4-3 (HSIV-vif-NL4-3) (85). Here,
we present evidence that the HSIV-vif-Yu2 clone is resistant to the
IFN-�-induced antiviral state in PTM CD4� T cells compared to
HSIV-vif-NL4-3 or HSIV-vif-AD8. Because HSIV-vif-Yu2 does
not express either Vpu or Vpr, we could rule out a role for these
accessory proteins in enabling viral replication in IFN-�-treated
PTM CD4� T cells. Restoring Vpr expression in either HSIV-vif
clone did not increase viral replication, further indicating that Vpr
is not necessary for overcoming the suppressive activity of IFN-�.
Interestingly, HSIV-vif-Yu2 and the parental HIV-1 Bru-Yu2
clones are also resistant to the suppressive effects of IFN-� in
human PBMCs, indicating that Bru-Yu2 may encode unique de-
terminants for escaping the inhibitory effects of IFN-� indepen-
dent of Vpu.

In the HIV-1 genome, the 3= end of the vpu gene overlaps the
env gene, and both genes are expressed from a bicistronic mRNA
via leaky scanning by ribosomes (103, 104). It has been reported
that the mutations that disrupt Vpu expression result in increased
translation of env (98, 99), which can enhance viral infectivity.
Additionally, Vpu-defective viruses appear to spread more effi-
ciently in T cells via cell-to-cell transfer (105, 106). Interestingly,
we found that passaging HSIV-vif-Yu2 in either the presence or
the absence of IFN-� in PTM CD4� T cells did not correct for the
mutation in the vpu start codon. Furthermore, reversion of the

FIG 7 Knockdown of pig-tailed macaque BST2/Tetherin and replication of
HSIV-vif clones. (A) PTM CD4 T cells were transduced with lentiviral vectors
encoding BST2 shRNA, scrambled shRNA control, or control empty vector
and the GFP� cells enriched by cell sorting. The levels of PTM BST2 down-
regulation were assessed by flow cytometry and compared to those of untrans-
duced cells. (B) Transduced PTM CD4� T cells were infected with HSIV-vif-
NL4-3 and HSIV-vif-Yu2 viruses at an MOI of 0.01 in the presence and
absence of IFN. Viral supernatants collected at various days postinfection were
assayed by HIV-1 p24 ELISA.
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start codon mutation by site-directed mutagenesis did not have an
effect on viral replication. While we cannot rule out a potential
role for efficient cell-to-cell transfer of virus as a significant mech-
anism of replication of the HSIV-vif-Yu2 clone, these data suggest
that Vpu may be unnecessary for replication of HSIV-vif-Yu2 in
PTM CD4� T cells in vitro and that a Vpu-mediated effect on Env
probably does not play a role in IFN-� resistance.

It is possible that greater expression of Env could enhance pro-
duction, assembly, and budding of virions. The Env protein may
saturate the effect of a restriction factor that might block the re-
lease of progeny virions. However, we found that deletion of the
env gene from HSIV-vif-Yu2 did not reduce virion release from
HeLa cells and the addition of the Yu-2 env to HSIV-vif-NL4-3 did
not enhance its release.

An earlier study of SIVmac demonstrated that novel mutations
evolve in env to counteract BST2/Tetherin when its primary an-
tagonist, Nef, is deleted (58), indicating the importance of antag-
onizing Tetherin for viral replication and escaping the antiviral
effect of IFN-�. Another recent study showed that some HIV-1
vpu alleles may counteract macaque Tetherin and enhance repli-
cation and pathogenesis of SHIV chimeras in vivo (107). We show
that the resistance of HSIV-vif-Yu2 to IFN-� does not appear to be
due to antagonizing BST2/Tetherin. Several lines of evidence sup-
port this conclusion. First, IFN-� treatment increased the amount
of virions attached to the surface of PTM CD4� T cells infected
with either HSIV-vif-Yu2 or HSIV-vif-NL4-3. Second, similar to
HSIV-vif-NL4-3, release of HSIV-vif-Yu2 was restricted when
cotransfected with PTM Tetherin. Third, HSIV-vif-Yu2 did not
downregulate Tetherin from the surface of PTM or human cells.
Not surprisingly, given that it does not express Vpu, HSIV-vif-
Yu2 was also suppressed by human Tetherin to a greater extent
than HSIV-vif-NL4-3 and reversion of the vpu start codon was
required to downregulate human Tetherin and enhance virion
release from HeLa cells. Fourth, knockdown of Tetherin did not
increase replication of either HSIV-vif-NL4-3 or HSIV-vif-Yu2 in
PTM CD4� T cells. Interestingly, a recent report also showed that
deletion of nef, which is required for counteraction of PTM BST2,
does not increase sensitivity of SIVmac to IFN-� in PBMCs from

PTMs, suggesting that Tetherin may not be the major effector of
the IFN-induced antiviral state in PTM cells against simian-tropic
HIV-1 (102). Furthermore, incorporation of vpu alleles from
SIVden and SIVgsn71, which are known to antagonize macaque
Tetherin, did not reduce the sensitivity of simian-tropic HIV-1
clones to an IFN-induced antiviral state in PTM PBMCs. Thus,
our data imply that the increased capacity of HSIV-vif-Yu2 to
replicate in T cells during an IFN-� restrictive state may result
from greater capacity to complete another part of the viral life
cycle. Additionally, because HSIV-vif-Yu2 replicates to higher lev-
els than HSIV-vif-NL4-3, it may saturate the antiviral effect of
Tetherin, thereby facilitating particle release. This possibility is
consistent with a recent report showing that a high level of expres-
sion of HIV-1 virus-like particles overcomes Tetherin restriction
(108).

By creating chimeric viruses between the IFN-�-sensitive clone
HSIV-vif-NL4-3 and the IFN-�-resistant clone HSIV-vif-Yu2, we
narrowed the determinant of IFN-� resistance to a portion of the
3= half of the virus that includes env su. Although the env tm of
HSIV-vif-Yu2 alone was not sufficient to enhance viral replication
in the presence of IFN-�, our data suggest that it may contribute
to IFN-� resistance because the complete env conferred greater
replication than env su alone in IFN-�-treated PTM CD4� T cells.
Additionally, because HSIV-vif-Yu2 is partially restricted at the
stage of release by IFN-� and Tetherin and because the IFN-�
resistant env chimeric clones are isogenic with HSIV-vif-NL4-3,
the data also suggest that the Yu-2 env determinant may enable
progression through the early part of the viral life cycle. However,
because the fragment also encodes both exons of tat and rev, we
cannot rule out that the Yu2 alleles of either of these genes may
antagonize the activities of ISGs that inhibit HSIV-vif replication
in PTM CD4� T cells at other stages of the viral life cycle. Al-
though it seems unlikely that Rev could be involved in escape from
restriction by IFN-�, previous studies have shown that Tat can
downregulate protein kinase R (PKR) and prevent its induction by
IFN treatment, thereby limiting PKR’s ability to restrict HIV rep-
lication (109–111). Whether there are differences in the func-
tional activity of the Yu2 and NL4-3 Tat proteins is unknown.

FIG 8 IFN-� does not affect CD4 or coreceptor expression on pig-tailed macaque CD4� T cells. Cells were treated with IFN for 24 h, and then the cell surface
expression of CD4, CXCR4, and CCR5 was determined by flow cytometry.
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Additional studies should address the contribution of the Yu2 Tat
to HSIV-vif-Yu2 replication in PTM CD4� T cells during the IFN-
�-induced antiviral state.

We demonstrate that the env determinant enables HSIV-vif-
Yu2 to overcome an IFN-�-induced barrier to entry. Using the
Blam-Vpr fusion assay, we found that entry of each HSIV-vif
clone expressing the env determinant of Yu2 had a higher relative
infectivity in IFN-�-treated PTM CD4� T cells than the parent
virus HSIV-vif-NL4-3, indicating a differential effect of Env on
entry in the presence of IFN-�. These data are consistent with
earlier studies that demonstrated an IFN-�-induced block to
HIV-1 entry (19, 112–114). On the other hand, Goujon and Ma-
lim showed that IFN induces postentry blocks at the level of viral
cDNA synthesis with substantial decreases (sometimes 	99%) in
nascent cDNA accumulation (16). It is important to consider that
these other studies were done in human cells and there may be
species-specific effects of IFN-�. Indeed, it was demonstrated that
the sensitivity of simian-tropic HIV-1 viruses to IFN-� in PTM

PBMCs is not due to the restriction factors TRIM5, SAMHD1,
APOBEC3, or Tetherin and that other IFN-�-induced restriction
factors may inhibit replication at early stages of the life cycle in this
species (102). In agreement with these findings, we also found
early postentry blocks to VSV-G pseudotyped HIV-1 infection of
PTM CD4� T cells induced by IFN-�. Other studies have also
suggested the existence of HIV restriction factors in human and
rhesus macaque cells, termed LV2 and LV3, respectively, that im-
pede postentry events in replication in an Env-dependent manner
(115–117). Based on these data, it can be hypothesized that the
decrease in entry of HSIV-vif clones combined with a decrease in
cDNA synthesis and other unknown IFN-induced restriction fac-
tors could potentially have a significant effect on the replication of
HSIV-vif variants in PTM CD4� T cells and that escape from any
one of these factors could result in enhanced viral replication. We
propose that mutations in the Yu-2 Env may enable escape from
an IFN-�-induced factor that impedes an early step in viral repli-
cation.

FIG 9 Effects of IFN-� on early events in HSIV-vif infection of PTM CD4� T cells. (A and B) PTM CD4� T cells, treated with IFN-� for 24 h or mock treated,
were infected with Blam-Vpr fusion protein-containing viruses. After 3 h of infection, cells were incubated with the CCF2/AM substrate for 1 h, and the BlaM
reaction was developed for 16 h. The levels of CCF2/AM and its cleaved products were measured by flow cytometry to enumerate cells that virus had entered. (A)
Data from a representative infection of PTM CD4� T cells with Blam-Vpr-HSIV-vif-NL4-3 and Blam-Vpr-HSIV-vif-Yu2. (B) The decrease in viral infectivity of
each Blam-Vpr-HSIV-vif clone due to IFN-� is shown relative to its infectivity in the absence of IFN-�. The averages � standard deviations of three to five
independent experiments using the indicated Blam-Vpr-HSIV-vif clones are shown. (C) Inhibition of infection of VSV-G-NL4-3-luc by IFN-�. PTM CD4� T
cells were treated with IFN-� 24 h prior to infection or 3 h or 48 h postinfection. Infection was determined by luciferase expression. Averages of three independent
infections � standard deviations are shown.
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Finally, downregulation of CD4 and coreceptors’ expression
does not explain the early-stage interference in HSIV-vif-NL4-3
replication in PTM CD4� T cells. As reported in human T cells
(16), we did not observe a decrease in surface CD4, CCR5, or
CXCR4 by IFN-� in PTM CD4� T cells. Possible ISGs that might
reduce entry of HIV-1 have been recently reported. For example,
IFITM2 and IFITM3 have been shown to interfere with entry of
HIV-1 into human cells (19). We have recently found that IFN-�
induces high-level expression of IFITM3 in PTM CD4� T cells
(unpublished observations), and therefore, it would be interesting
to test whether IFITM3 differentially affects entry of HSIV-vif
clones expressing the NL4-3 or Yu-2 Env proteins.

It is possible that HIV-1 Yu-2 may have evolved an alternative
mechanism to overcome IFN-�-induced restriction in the ab-
sence of Vpu. From our findings, we hypothesize that the virus
compensated for the absence of Vpu with enhanced entry. Per-
haps by increasing viral infectivity and entry, the virus is able to
overcome not only the IFN-�-induced barrier to virion release
and entry but also restriction by saturating postentry blocks that
limit reverse transcription. The significance of this effect for per-
sistent replication in vivo is unknown but may be tested by infec-
tion of pig-tailed macaques with the HSIV-vif-Yu2 clone.
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