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Type I interferons induce a complex transcriptional program that leads to a generalized antiviral response against a large panel
of viruses, including human immunodeficiency virus type 1 (HIV-1). However, despite the fact that interferons negatively regu-
late HIV-1 ex vivo, a chronic interferon state is linked to the progression of AIDS and to robust viral replication, rather than pro-
tection, in vivo. To explain this apparent contradiction, we hypothesized that HIV-1 may have evolved a partial resistance to in-
terferon, and to test this hypothesis, we analyzed the effects of alpha interferon (IFN-a) on the infectivity of HIV-1, human
immunodeficiency virus type 2 (HIV-2), and rhesus monkey simian immunodeficiency virus (SIVmac). The results we obtained
indicate that HIV-1 is more resistant to an IFN-a-induced response than are HIV-2 and SIVmac. Our data indicate that the accu-
mulation of viral DNA is more compromised following the infection of IFN-a-treated cells with HIV-2 and SIVmac than with
HIV-1. This defect correlates with a faster destabilization of HIV-2 viral nucleoprotein complexes (VNCs), suggesting a link be-
tween VNC destabilization and impaired viral DNA (vDNA) accumulation. The differential susceptibilities to IFN-« of the pri-
mate lentiviruses tested here do not map to the capsid protein (CA), excluding de facto a role for human tripartite motif protein
isoform 5 alpha (Trim5a) in this restriction; this also suggests that an additional restriction mechanism differentially affects
primate lentivirus infection. The different behaviors of HIV-1 and HIV-2 with respect to IFN-« responses may account at least in

part for the differences in pathogenesis observed between these two virus types.

Ipha and beta interferons (IFN-a and IFN-), collectively

defined as type I interferons (IFN-I) (1), induce a complex
transcriptional program involving as many as 1,000 genes that are
referred to as interferon-stimulated genes (ISGs) (2). The activa-
tion of this program leads to a generalized antiviral state that, in
the vast majority of cases, inhibits viral spread.

In the case of human immunodeficiency virus type 1 (HIV-1),
multiple studies have clearly established that type I interferon re-
sponses inhibit its replication. The antiviral effects of interferon
on HIV-1 vary in magnitude according to the experimental con-
ditions and the cell types used, and they encompass both early and
late phases of the viral life cycle. Despite the fact that the roles of a
few ISGs have been clearly defined, the contributions of most ISGs
to this antiviral response remain to be characterized (3-37).

Although interferons exert an inhibitory effect against HIV-1
ex vivo, the relationship between virus replication and this antivi-
ral response appears instead to be far more complex in vivo.

The comparison of pathogenic and nonpathogenic animal
models of infection has surprisingly revealed that simian immu-
nodeficiency virus (SIV)-induced pathogenesis is markedly linked
to the presence of a chronic interferon response (38—40). These
findings have been confirmed in HIV-1-infected individuals,
where the molecular signature of a chronic IFN response has been
associated with the progression of AIDS and with the presence of
high viral loads (41-43).

These observations indicate that even though the interferon
response is capable of inhibiting viral replication ex vivo, a chronic
IEN response does not protect infected individuals from the virus
and may contribute to its pathogenesis.

Since HIV-1 replicates robustly despite strong IFN-I responses
in vivo, we set out to test the hypothesis that this virus may have
evolved a partial resistance to IFN-I in contrast to the responses of
other primate lentiviruses. To test this hypothesis, we compared
HIV-1 to the closely related and less-pathogenic human immuno-
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deficiency virus type 2 (HIV-2) and, when possible, to its simian
counterpart rhesus monkey SIV (SIVmac). HIV-2 is closely re-
lated to HIV-1, but in contrast to the latter, it is characterized by
poor transmission rates (HIV-2 infection remains concentrated
essentially in west Africa) and slower progression to AIDS in in-
fected individuals. Compared to data for HIV-1-infected individ-
uals, less data are available about the relationship between the
progression toward overt disease and the presence of an IFN state
in HIV-2-infected individuals at different stages of the disease.
However, in marked contrast to HIV-1-infected individuals, HIV-
2-infected individuals do generally display low viral loads (44-47).
The reasons for these differences are unknown at present.

The results we have obtained here indicate that HIV-1 is more
resistant than are members of the HIV-2/SIV from sooty mang-
abeys (SIVsm) lineage to the negative effects of IFN-a. The differ-
ential susceptibilities of HIV-1 and HIV-2/SIVsm toward IFN-«
map to the early phases of infection and, more specifically, to
reverse transcription. Our data indicate that the functional stabil-
ity of HIV-2 viral nucleoprotein complexes (VNCs) is compro-
mised more rapidly in the presence of IFN-a, suggesting a link
between VNC destabilization and the accrued defect in viral DNA
(VDNA) accumulation. This phenotype does not map to the cap-
sid protein (CA) and is not sensitive to saturation, excluding de
facto a role for human tripartite motif protein isoform 5 alpha
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(T5a) in this restriction and suggesting that an additional restric-
tion mechanism differentially affects primate lentiviruses in hu-
man cells that are treated with IFN-a.

MATERIALS AND METHODS

Cell culture, cytokines, and antibodies. Cells were maintained as follows:
293T and HeLa cells in Dulbecco’s modified Eagle medium (DMEM),
10% fetal calf serum (FCS), and 100 U/ml of penicillin/streptomycin;
THP-1 cells in RPMI 1640, 10% FCS, 10 mM HEPES, 0.05 mM (3-mer-
captoethanol, and 100 U/ml of penicillin/streptomycin; primary cells in
RPMI 1640, 10% FCS, 10 mM HEPES, 100 U/ml of penicillin/streptomy-
cin, and the cytokines specified below. Prior to use, THP-1 cells were
treated with 100 ng/ml of phorbol 12-myristate 13-acetate (PMA)
(Sigma) for 24 h to induce their differentiation into macrophage-like cells.
Monocytes and peripheral blood lymphocytes (PBLs) were purified from
the blood of healthy donors (Etablissement Frangais du Sang [EFS]-Lyon)
on Ficoll and Percoll gradients, followed by negative depletion (Miltenyi
Biotec). This procedure yields cell populations of >95% purity, as has
been described extensively (48). Monocytes were differentiated into mac-
rophages or immature dendritic cells (DCs) after incubation for 4 to 5
days in 100 ng/ml of monocyte colony-stimulating factor (MCSF) or 100
ng/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF)/
interleukin 4 (IL-4), respectively (AbCys). PBLs were stimulated with
phytohemagglutinin (PHA) (1 pg/ml; Sigma) and interleukin 2 (IL-2)
(150 U/ml; AIDS Reagents and Reference Program of the NIH) for 24 h
prior to infection. Unless otherwise indicated, IFN-a-2A (Tebu-Bio) was
used at the indicated concentration for 24 h prior to infection. Anti-Flag,
antihemagglutinin (HA), and antitubulin monoclonal antibodies were
purchased from Sigma. The anti-CA antibody was obtained from the
AIDS Reagent Program of the NIH (clone 183-H12-5C).

DNA constructs, viral production, and primary viral strains. Lenti-
viral vectors derived from HIV-1, HIV-2, and SIVmac251 have been de-
scribed previously (48—52). These vectors were originally engineered from
NL4-3, ROD, and SIVmac251 viral strains. They have an identical struc-
ture, bear an identical CMV-GFP expression cassette, and have been pseu-
dotyped with the pantropic envelope vesicular stomatitis virus G glyco-
protein (VSVg) to confer ample cellular tropism. The HIV-1 chimeric
vector containing the SIVmac CA has been described previously, while the
reciprocal SIVmac vector was constructed on the basis of previous studies
(53 and 54, respectively).

Vectors were produced by the cotransfection of 293T cells with 3 plas-
mids encoding the packaging proteins Gag-Pro-Pol and viral nonstruc-
tural proteins, a mini viral genome bearing a CMV-GFP expression cas-
sette, and the VSVg envelope (in a ratio of 8:8:4, for a total of 20 pg).
Virions were then purified through a 25% sucrose cushion and resus-
pended, and the titers of the virus were determined. The number of infec-
tious viral particles present in the vector preparations was determined by
infecting HeLa cells with different viral dilutions and by quantifying the
number of green fluorescent protein (GFP)-positive cells obtained 3 days
postinfection through flow cytometry. For the production of noninfec-
tious virion-like particles (VLPs), the same procedure was followed, ex-
cept that the viral genome was omitted in the transfection (55). VLPs were
quantified by exogenous-reverse transcriptase (exo-RT) activity against
standards of known infectivity. This assay measures the ability of RT mol-
ecules present in viral particles to incorporate radioactive dTTP in an
exogenous RNA-DNA substrate composed of a poly(rA) matrix and an
oligo(dT) primer.

Replication-competent R5-tropic HIV-1 and HIV-2 viruses (ADA
and GL-AN, respectively) were produced similarly through the transient
transfection of 293T cells and then were normalized either on the basis of
infectivity on HeLa P4/P5 cells (containing the CD4 receptor and the
CCR5 coreceptor, as well as a 3-galactosidase reporter under the control
of the HIV-1 long terminal repeat [LTR]) (56) or by exogenous RT assay
against standards of known infectivity. GL-AN is a chimeric virus between
the HIV-2 strains ROD and GH1 and has been described previously (57).
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Primary viral clones were obtained directly from the AIDS Reagents and
Reference Program of the NIH and were expanded for a maximum of 2
weeks on Jurkat cells to obtain sufficient material for use in our experi-
ments. Titration was carried out as described above.

Infections. Single-cycle infections of primary cells were carried out at
a multiplicity of infection (MOI) between 2 and 5 (or 10-fold less in
established cell lines) for 2 h on 10° cells that had been pretreated for 24 h
with IFN-q, unless otherwise specified. After infection, cells were washed
and IFN-a was replaced. The percentage of infected cells was monitored 3
to 4 days postinfection using flow cytometry.

When specified, infections were carried out in the presence of non-
infectious VLPs added at the moment of infection at MOIs between 1
and 10.

To determine the kinetics of functional vDNA accumulation, infec-
tions were carried out as described above and zidovudine (AZT)/dide-
oxyinosine (ddI) (obtained from the AIDS Reagents and Reference Pro-
gram of the NIH) was added at 20 g/ml at different times postinfection
to arrest reverse transcription. The percentage of GFP* cells obtained at
each time point (i.e., in which reverse transcription was completed prior
to the addition of the RT inhibitors) was then determined 3 days postin-
fection, as described previously (58).

To determine the kinetics of the loss of functionality of pre-RT viral
nucleoprotein complexes (VNCs), infections were carried out in the pres-
ence of a reversible RT inhibitor to freeze VNCs at their pre-RT states in a
reversible manner, as we described previously (58). At different times
postinfection, the inhibitor was removed, allowing for the resumption of
infection, prior to flow cytometry analysis 3 days postinfection. By plot-
ting the percentage of GFP-positive cells obtained at each time point
against the control infections that were performed in the absence of the
drug, we obtained a kinetic measurement of the loss of infectivity of
VNGCs. This loss of functionality reflects the negative effects of the cyto-
plasmic environment on VNC functionality (due to degradation, localiza-
tion, or other causes). Nevirapine was used for HIV-1, as described pre-
viously, while low concentrations of AZT were used instead for HIV-2
(0.56 g/ml, as nevirapine did not reversibly inhibit HIV-2).

Replicative infections were carried out as described above at MOIs
between 0.01 and 0.1. Viral spread throughout the culture was monitored
by exo-RT, and to this end, a fraction of the supernatant was stored and
replaced every 2 to 4 days with fresh medium containing IFN-c.

Quantitative real-time PCRs. The accumulation of vDNA produced
during infection was determined at 24 h postinfection, using primers
specific for minus-strand strong-stop (MSSS), full-length (FL), 2LTR, and
integrated proviral DNA. The oligonucleotide sequences specific to each
virus were as follows (listed as upstream and downstream sequences, from
the 5" end to the 3’ end): MSSS (HIV-1, TGGGAGCTCTCTGCTAACT
and ACCAGAGTCACACAACAGACG; HIV-2, TCTCTCCAGCACTA
GCAGG and GAATGACCAGGCGGCGACTAG; SIVmac CGCTTGCTT
GCTTAAAGACC and GCTTCGGTTTCTCAAAGCAG); 2LTR (HIV-1,
TCGTTGGGAGTGAATTAGCC and CCCACTGCTTAAGCCTCAAT;
HIV-2, GTGTTCACCTGAGTAACAAGAC and GATTTTATGTCTTCT
TTCACTG; SIVmac CATCCTCCTGTGCCTCATCT and GCCTGGTCA
ACTCGGTACTC). FL vDNA was measured with oligonucleotides spe-
cific to the gfp gene that was carried by all viruses (GAACGGCATCAAG
GTGAACT and TGCTCAGGTAGTGGTTGTCG). Integrated vDNA was
measured according to an already-established procedure (59). Briefly, an
initial PCR was carried out for 20 cycles using the GFP upstream oligonu-
cleotide mentioned above, along with an Alu-specific oligonucleotide (C
CTCCCAAAGTGCTGGGAT). Then, 1/50 of the first PCR was used as a
template for a second quantitative PCR (qPCR) using the FL primers
mentioned above. In this case, the controls were provided by PCRs in
which the Alul-specific primer had been omitted in the initial PCR. In
addition, the control infections were carried out in the presence of RT
inhibitors (AZT/ddI at 20 pg/ml). Values were first normalized for the
amount of cellular DNA (actin sequences, TTTTCACGGTTGGCCT
TAGG and AAGATCTGGCACCACACCTTCT) and then subtracted for
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FIG 1 HIV-1 and HIV-2 display different susceptibilities to IFN-a. (A)
Monocyte-derived macrophages were pretreated for 24 h with various concen-
trations of IFN-a (from 7 to 500 U/ml) and then infected with replication-
competent, macrophage-tropic HIV-1 (ADA), and HIV-2 (pGL-AN) viruses
in the continuous presence of IFN-a. Viral spread throughout the culture was
assessed by exogenous RT activity (exo-RT) on aliquots of cell supernatants
harvested at different times after infection. The graphs present data obtained
from 3 independent experiments with cells of 3 different donors. Each error
bar represents the standard error of the mean (SEM), and the asterisk indicates
a Pvalue of =0.05 according to an unpaired Student ¢ test between treated and
untreated cells.

the values obtained for each sample in control infections performed in the
presence of RT inhibitors. Experiments were discarded if these values
represented =10% of those obtained in the absence of RT inhibitors.
Quantitative PCRs were performed on a StepOnePlus real-time PCR sys-
tem (Applied Biosystems) using the FastStart universal SYBR green mas-
ter mix (Roche Diagnostics).

RESULTS

HIV-1 and HIV-2 display different susceptibilities to IFN-a
during replicative infection of primary human macrophages.
To determine whether primate lentivirus replication might be dif-
ferently affected by type I IFNs, we incubated primary human
macrophages with different concentrations of IFN-« prior to in-
fection, with the same MOIs (as estimated after a multinuclear
activation of a galactosidase indicator [MAGI] assay on HelLa
P4/P5 cells) of replication-competent HIV-1 and HIV-2 viruses.
After challenge, cells were washed, and viral replication was mea-
sured via the accumulation of virion-associated exogenous-RT
activity in the supernatant of infected cells over time. As reported
in a number of other studies, the replication of both HIV-1 and
HIV-2 was completely below the levels of detection at high IFN-a
concentrations (500 U/ml) (Fig. 1). However, in the presence of
lower IFN-a concentrations, infected macrophages supported
HIV-1 replication in a manner that was inversely proportional to
the IFN-a concentration used. On the contrary, HIV-2 replication
remained below the levels of detection even in the presence of very
low concentrations of IFN-a (7 U/ml). The more drastic pheno-
type observed in IFN-a-treated macrophages upon infection with
HIV-2 was not due to increased apoptosis, at least under the con-
ditions used here (data not shown).

IFN-a exerts a negative, but similar, effect during the late
phases of HIV-1 and HIV-2 infection. To pinpoint exactly the
phases that are differentially inhibited by IFN-a, we first exam-
ined the later steps of the viral life cycle in primary macrophages.
VSVg-pseudotyped replication-competent HIV-1 and HIV-2 vi-
ruses were produced through the transient transfection of 293T
cells, normalized, and used to infect primary macrophages. Two
days after infection, further viral spread was prevented by the ad-
dition of AZT/ddI to the macrophages. This setup allows for the
rapid recovery of a relevant proportion of primary macrophages
that are competent in the late phases of the viral life cycle in the
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FIG 2 IFN-« inhibits HIV-1 and HIV-2 in a similar manner during the late
phases of the viral life cycle in primary macrophages. (A) Schematic represen-
tation of the experimental setup used here. Macrophages were challenged for 2
h with replication-competent VSVg-pseudotyped HIV-1 and HIV-2 viruses
(ADA and GL-AN, respectively), and 2 days after infection, further viral spread
was arrested through the addition of AZT/ddI. The VSVg envelope allows for
an efficient entry across the first round of infection, thus resulting in the es-
tablishment of a consistent proportion of virus-producing macrophages.
These cells were then treated or not for 24 h with IFN-a prior to WB and
exo-RT analysis (B and C, respectively). (B) The WB panel represents one out
of 3 experiments. As a control, macrophages were infected in the continuous
presence of RT inhibitors to ensure that the signals obtained by WB were
mainly due to de novo protein synthesis from virus-producing macrophages,
rather than from a protein that was left over from the initial infection. (C) The
graph depicts the averages and SEMs obtained in 3 distinct experiments carried
out with the cells of 3 different donors. No statistically significant differences
were observed upon treatment with IFN-a between HIV-1- and HIV-2-pro-
ducing cells, according to a Student ¢ test.

absence of spreading infection, which may confound analysis of
the results (Fig. 2A). To ensure that the Western blot (WB) signals
were due to de novo protein synthesis, rather than from a carryover
of the initial input virus, a control was added in which VSVg-
pseudotyped virus infection was prevented by the addition of
AZT/ddI to the macrophages. Macrophages were extensively
washed and treated with up to 1,000 U/ml of IFN-« for 24 h prior
to analysis. Cells were lysed and analyzed by WB to pinpoint tran-
scriptional or posttranscriptional defects that may affect intracel-
lular Gag levels, and supernatants were analyzed by exo-RT to
determine the presence of more specific virion assembly defects.
When cells were examined, no major defects were observed in the
intracellular accumulation levels of HIV-1 and HIV-2 Gag pro-
teins (Fig. 2B). Instead, a modest, but detectable, decrease in the
amount of viral particles released in the cell supernatant was ob-
served upon treatment with IFN-a. However, this defect was sim-
ilar for both HIV-1 and HIV-2 (3-fold on average at the highest
IFN-a concentration used; see Fig. 2C).

The early phases of primate lentiviral infection are differ-
ently affected by IFN-a. To determine the effects of [IFN-« on the
early phases of infection, target cells were pretreated for 24 h with
IFN-q, challenged with VSVg-pseudotyped GFP-coding single-
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FIG 3 Primate lentiviruses exhibit distinct susceptibilities to IFN-a during the early phases of infection. (A) Schematic representation of the assay used here. (B)
Established cell lines were pretreated with IFN-a for 24 h then challenged with equal amounts of single-round infection-competent VSVg-pseudotyped
CMV-GFP bearing HIV-1, HIV-2, and SIVmac vectors (MOI between 0.2 and 0.5). The percentage of GFP-positive cells was determined 3 days afterward using
flow cytometry. (C) Macrophages, monocyte-derived dendritic cells (DCs), and PHA-activated PBLs were treated similarly (except that vectors were used at
MOIs between 2 and 5) and analyzed. The panels present averages and SEMs obtained in 3 to 10 independent experiments, each of which was carried out with
cells obtained from different donors. The asterisk indicates a P value of <0.05, according to an unpaired Student ¢ test, between the defects observed upon

treatment with IFN-« in HIV-1 versus HIV-2 (or SIVmac).

round infection-competent lentivectors, and then analyzed by
flow cytometry 3 days postinfection (Fig. 3A). VSVg pseudotyping
was used to bypass possible differences at the entry level and to
focus only on postentry events.

We first analyzed the effects of IFN-a on the infectivity of a
number of established cell lines (Fig. 3B). Treatment of 293T or
HeLa cells with IFN-a at the highest dose used (1,000 U/ml) did
not significantly modify the extent of infection for the lentiviruses
tested. In contrast, a marked and differential inhibition was ob-
served in THP-1 cells that differentiated into a macrophage-like
status upon incubation with PMA. In this case, IFN-« treatment
reduced HIV-1 infectivity by 8-fold and the infectivity of HIV-2
and SIVmac by 60-fold.

Next, primary macrophages, dendritic cells (DCs), and PHA/
IL-2-activated peripheral blood lymphocytes (PBLs) were ana-
lyzed using various concentrations of IFN-a (Fig. 3C). Infection
of primary macrophages was inhibited for all viruses upon treat-
ment with IFN-a in a dose-dependent manner. However, HIV-2
and SIVmac were inhibited more potently than HIV-1 (3 to 5
times more on average). The differential inhibition observed be-
tween HIV-1 and HIV-2/SIVmac was also present in IFN-a-
treated DCs and activated PBLs.

Of note, the effects of IFN-a were truly specific to the early
phases of infection, because the addition of IFN-a 24 to 36 h after
infection (i.e., after integration) did not modify the extent of in-
fection, in line with what was reported previously (reference 16
and data not shown).

Overall, our results indicate that the different susceptibilities of
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primate lentiviruses to IFN-a map to the early phases of infection
and are observed in multiple primary cell types, as well as in at least
one established cell line of myeloid origins. HIV-2 and SIVmac
exhibit very similar behaviors with respect to IFN-a, which is not
surprising in light of their close phylogeny. In replicative infec-
tion, the inhibitory effect of IFN-a becomes apparent at concen-
trations that are lower than those used in single-round infections.
We believe this is due to the fact that small defects that may be
undetectable in single-round infections are amplified exponen-
tially over multiple rounds of infection during viral replication,
which yields a more appreciable phenotype.

IFN-« differentially affects vVDNA accumulation during the
early phases of infection. IFN-a has been shown to inhibit reverse
transcription. To determine whether the differential inhibition
observed here mapped also at this step, primary macrophages
were treated or not with IFN-a and then challenged with the
above-mentioned vectors, prior to cell lysis and qPCR analysis of
vDNA 24 h postinfection (Fig. 4). Under these conditions, and in
agreement with previous results (5, 16, 32, 60, 61), the accumula-
tion of YDNA was inhibited for all 3 viruses upon treatment with
IFN-a. However, while the accumulation of MSSS vDNA was in-
hibited in a similar manner between HIV-1, HIV-2, and SIVmac,
the accumulation of FL, 2LTR, and ultimately, proviral DNA was
more severely impaired upon infection with HIV-2 and SIVmac
than with HIV-1. These results confirm previous findings that
treatment with IFN-a affects the accumulation of reverse tran-
scription products, and the findings extend these results by indi-
cating that the negative effects exerted by IFN-a become more
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challenged with VSVg-pseudotyped HIV-1, HIV-2, and SIVmac vectors prior to the addition of the RT inhibitors AZT/ddI at the indicated times postinfection.
The extent of GFP-positive cells at each time point was assessed 72 h afterward using flow cytometry (as described in reference 58) and is presented here after
normalization with the percentage of GFP™" cells obtained in the absence of inhibitors. (B) Macrophages were treated or not with 250 U/ml of IFN-a, which is
the maximal dose in this assay that allowed for a reliable measurement of viral infectivity in the case of HIV-2. Then, cells were challenged with VSVg-
pseudotyped HIV-1 and HIV-2 vectors in the presence of a reversible RT inhibitor that was removed at different times postinfection. The extent of infection was
determined for each time point 3 days postinfection, and the values are presented after normalization with the percentage of GFP™ cells obtained in the absence
of viral inhibitors. (C) Macrophages were incubated in the presence or absence of 1,000 U/ml of IFN-a for 24 h. Cells were challenged afterward with various viral
inputs of HIV-1 and SIVmac lentivectors prior to flow cytometry analysis 3 days postinfection. (D) Macrophages were treated as in (C) and then challenged with
a constant amount of GFP-coding HIV-1 or SIVmac lentivectors (MOI, 1) in the presence of increasing amounts of noninfectious virus-like particles (VLPs), as
indicated (MOI equivalents, 1 to 10). The extent of infection was determined 3 days afterward using flow cytometry. (E) GFP-coding chimeric vectors were used
to identify the viral determinant of the different susceptibilities of primate lentiviruses to IFN-a.. HIV-1-siv is a chimeric virus that contains an SIV-derived
genome in an HIV-1 particle. The remaining two chimeras contain an exchange of CA between HIV-1 and SIVmac, as indicated here. The graphs present averages
and SEMs obtained with 3 to 7 different experiments, each carried out with cells of different donors. One asterisk indicates a P value of =0.05 according to an
unpaired Student ¢ test between treated and untreated cells (B, C, and E), or between HIV-1 infection carried out in IFN-treated cells in the absence or presence
of SIVmac VLPs (D).
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ruses encode Vpx, a protein that has been shown to speed up
reverse transcription (48, 62, 63). However, no differences were
observed in each virus between IFN-a-treated and -untreated
samples, suggesting that the kinetics of functional vDNA accumu-
lation are not affected by IFN-a.

Given that the overall efficiency of reverse transcription is in-
fluenced by the stability of viral nucleoprotein complexes (VNCs),
we used a technique we developed previously to determine the
speed at which functional viral complexes that are kept at their
pre-RT state lose their functionality upon entry into target cells
(see Fig. 3 and 5B). In this setup, infections are carried out in the
presence of a reversible RT inhibitor that is removed at different
times postinfection to allow for resumption of the infection pro-
cess (i.e., functional viral genomes again will yield a GFP-positive
cell). In the presence of the drug, VNCs are forcibly maintained at
their pre-RT states for prolonged periods of time, during which
they are submitted to various effects of the cellular environment.
A negative effect on VNCs (degradation, mislocalization, etc.) is
measured as a loss of infectivity (i.e., of GFP™ cells) compared to
infections carried out in the absence of the drug. We have already
determined that these kinetics are cell type specific and are heavily
influenced by the cellular activation state. To determine whether
IFN-a affected the kinetics of viral complex stability, macro-
phages were treated with IFN-a and then were challenged accord-
ing to the experimental setup explained above. The analysis was
restricted to HIV-1 and HIV-2, as we were not able to identify a
reliable reversible RT inhibitor for SIVmac, and assays were per-
formed at 250 U/ml, a concentration that allowed for a reliable
measurement of infectivity in the presence of the differential phe-
notype. Under these conditions, no significant changes in viral
complex stability were observed for HIV-1. However, a more
rapid loss of functionality was observed when IFN-a-treated mac-
rophages were challenged with HIV-2. These results indicate that
IFN-a treatment results in a more rapid destabilization of func-
tional viral complexes.

IFN-a restriction cannot be saturated and does not map to
CA. To determine whether the viral input dose can affect the dif-
ferential phenotype displayed by primate lentiviruses, IFN-a-
treated macrophages were challenged with different amounts of
HIV-1 and SIVmac vectors, prior to flow cytometry analysis that
occurred 3 days later (Fig. 5C). Similarly to what was observed
before, both viruses were inhibited by IFN-« treatment, and the
inhibition observed for SIVmac was consistently higher than that
of HIV-1; this indicates that the phenotype observed here was
largely independent of the viral dose. To further support this ar-
gument, [FN-«-treated macrophages were challenged with GFP-
coding HIV-1 and SIVmac in the presence of increasing amounts
of noninfectious virion-like particles derived from one of the two
viruses (MOI of 1 for GFP-coding viruses; MOI equivalents rang-
ing from 1 to 10 for the VLPs) (Fig. 5D). Under these conditions,
the infectivity defect of HIV-1 was not rescued by the addition of
HIV-1 VLPs; however, it was rescued by the addition of STVmac
VLPs. This rescue is not surprising and has been described previ-
ously by Luban’s laboratory to be due to the activity of Vpx (64).
In agreement with this result, SIVmac VLPs devoid of Vpx lost
their positive effect on HIV-1 infectivity. On the contrary, neither
HIV-1 nor SIVmac VLPs were able to rescue the infectivity defect
of SIVmac.

Overall, these results indicate that the restriction induced by
IFN-a may be bypassed in an artificial setup (as in the case of
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FIG 6 Kinetics of the induction of the differential antiviral effect of IFN-a
during the early phases of infection. Macrophages were treated with 1,000
U/ml of IFN-« at the indicated times pre- and postinfection. The extent of
infection was assessed by flow cytometry 3 days afterward. The graph presents
data normalized to data from non-IFN-treated infections set to 100% (from 4
independent experiments and with cells of 4 different donors). The asterisk
indicates a P value of =0.05 according to an unpaired Student # test between
HIV-1-infected and HIV-2- or SIVmac-infected cells after IFN-« stimulation.

HIV-1 plus Vpx), but cannot be saturated in wild-type (WT) in-
fection, at least under the conditions studied here.

Lastly, we attempted to define the viral elements that might be
responsible for the higher susceptibility of HIV-2/SIVmac to
IFN-a (Fig. 5E). To this end, we analyzed three chimeras: HIV-1
viruses packaging an STVmac genome (HIV-1-siv), an HIV-1 chi-
mera in which CA had been replaced with the SIVmac chimera
(HIV-1-sCA [32]), and the reciprocal SIVmac chimera (SIVmac-
hCA]). We reported previously that the HIV-1-siv chimera dis-
plays a specific infectivity defect in myeloid cells that is not dis-
played by WT HIV-1. This defect is particularly strong in DCs but
is more moderate in macrophages; therefore, by increasing the
viral input to an MOI of 10, we can easily use this chimera on
IFN-a-treated macrophages (65). The loss of infectivity of HIV-
1-sivwas similar to that of HIV-1, indicating that the viral genome
of SIVmac does not specify a cis element that is more susceptible to
IFN-a. Similarly, swapping CA between HIV-1 and SIVmac did
not modify the susceptibilities of chimeric viruses to IFN-a com-
pared to those of the parental viruses.

Opverall, these results indicate that CA is not the main viral
target of the differential inhibition observed between HIV-1 and
HIV-2/SIVmac viruses upon treatment with IFN-a. These results
also indicate that human T5a, whose only known target is CA, is
unlikely to be the key determinant in the phenotype observed here
(66).

Kinetics of induction of the restrictive phenotype observed
upon IFN-a treatment. To characterize more precisely the defect
induced by IFN-a, we sought to determine the delay that exists
between the initial IFN-a stimulus and the appearance of an ef-
fective antiviral response. To this end, the times for the addition of
IFN-a were between 24 h prior to infection and 72 h postinfec-
tion, and the extent of infection was determined using flow cy-
tometry 3 days after the infection (Fig. 6). As described above,
pretreatment of target macrophages for 24 h resulted in higher
inhibitions of HIV-2 and SIVmac, and this phenotype was ob-
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FIG 7 Susceptibility of primary viral strain replication to IFN-a. Several viral strains retrieved from the AIDS Reagents Program of the NIH were used to infect
IFN-a-treated macrophages as described in the legend to Fig. 1. Viral spread throughout the culture was monitored by exo-RT. The graphs depict averages

obtained from 2 independent experiments for each virus.

served up to 6 h pretreatment. However, the differential inhibi-
tions of HIV-1 and HIV-2/SIVmac were lost when cells were pre-
treated for shorter time periods prior to infection. IFN-« ceased to
exert an antiviral effect when added =24 h postinfection, in agree-
ment with a specific role during the early phases of infection.

Opverall, these results indicate that the restriction mechanism
that more potently targets HIV-2 and SIVmac in IFN-a-treated
macrophages requires a minimum of 6 h prior to infection to be
functionally established. This delay may reflect the time required
for the transcription of novel antiviral factors or for their post-
transcriptional modification.

Evaluation of the sensitivities of different primary viral
strains to IFN-a inhibition. To determine the behaviors of dif-
ferent viral strains with respect to IFN-q, a limited number of
experiments were carried out with a few viral strains available in
the laboratory and that were able to grow on macrophages. To this
end, we used 3 primary HIV-1 strains belonging to group M or O,
as well as two HIV-2 strains. The two group O viruses were tested
because, despite having the same genetic structure, they are phy-
logenetically distinct from group M viruses and their infection is
concentrated essentially in west central Africa. When we assessed
the ability of these viruses to replicate in macrophages treated with
different amounts of IFN-a (Fig. 7), we found that even though all
were inhibited at high concentrations of IFN-a, they displayed
various degrees of resistance to low concentrations of IFN-a. In
particular, the single group M HIV-1 strain analyzed here was the
only one that replicated robustly under conditions of IFN stimu-
lation.

Opverall, these results suggest, albeit within the limited analysis
conducted here, that group M HIV-1 strains may replicate more
robustly in the presence of IFN-a than do group O HIV-1 and
HIV-2 strains.

DISCUSSION

In the present study, we determined that even though the primate
lentiviruses we tested are all susceptible to a type I interferon re-
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sponse, HIV-1 displays a higher resistance to its negative effects
than do HIV-2 and SIVmac. The increased susceptibilities dis-
played by HIV-2 and SIVmac toward IFN-a are exerted during the
early phases of infection and, more specifically, during reverse
transcription. Our data suggest that this inhibition may involve
faster viral nucleoprotein complex destabilization in a manner
that appears to be independent from the capsid protein. In this
respect, the results presented here are in agreement with those of
previous studies that reported a negative effect of IFN-a on the
early phases of HIV infection, and our results extend those find-
ings by providing an explanation as to how HIV-1 may continue
to replicate in vivo in spite of the continuous presence of a persis-
tent antiviral IFN state.

IFN-a has pleiotropic effects on the viral life cycle and, not
surprisingly, we have found that IFN-« inhibits the late phases of
infection and, in particular, virion release. This inhibition is mod-
erate (2- to 3-fold, although one can speculate that it might in-
crease at later time points) and not differential, so it hardly ex-
plains the replication differences observed between HIV-1 and
HIV-2. Although we have not investigated this further, we believe
it to be likely that tetherin mediates this inhibition by partially
overcoming HIV-1 Vpu or HIV-2 Env upon IFN-a stimulation
(26, 33; for a recent review see reference 67).

On the contrary, IFN-« affects differentially the early phases of
infection, in that both the accumulation of the late products of
reverse transcription and viral capsid stability are more severely
diminished following HIV-2/SIVmac infection. These two defects
lead us to propose a model in which the more rapid loss of func-
tionality of HIV-2 viral capsids may be responsible for the more
drastic defects observed in reverse transcription; this is in line with
multiple evidence that links correct viral complex stability to the
process of reverse transcription (68, 69).

These distinct behaviors cannot be accounted for by differ-
ences in the viral genomes, because genome swapping did not
affect the outcome of infection in the presence of IFN-a. Similarly,
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nonstructural viral proteins are largely dispensable for completion
of the early phases of infection under interferon stimulation (data
not shown). Vpx may represent an exception. However, Vpx ex-
erts a protective effect on HIV-1 infection (43), but it fails to
protect its cognate virus, indicating that even this protein does not
play a major role in determining resistance to IFN-a in its natural
setting.

Therefore, our results indicate that the main viral determinant
for the differential inhibition observed here maps to Gag-Pro-Pol.
At present, we are ignoring its identity, but the use of CA-chimeric
viruses seemingly exclude CA, and by extension, hT5a; this indi-
cates the presence of additional restrictions targeting viral com-
plexes in IFN-a-treated human cells.

One of the major differences that exists between HIV-1 and
HIV-2 infections in vivo is that while the former is characterized
by high viral loads in the majority of untreated patients, a high
proportion of HIV-2-infected patients present with relatively low
viral loads for decades (44—47). In light of the results presented
here, it would be tempting to speculate that the higher suscepti-
bility of HIV-2 to IFN-a is at least in part responsible for the
presence of lower viral loads, while the partial resistance displayed
by HIV-1 allows the virus to replicate despite the presence of
chronic type I interferon responses. In turn, the ongoing viral
replication observed in this case may entertain a persistent stim-
ulation of interferon responses, as is observed in the case of HIV-1
patients. Multiple studies have shown that deregulated interferon
production is deleterious to the functionality of the immune sys-
tem and is detrimental to cell physiology (70, 71). Therefore, the
ability of HIV-1 to replicate in the presence of interferon may be a
key factor in the maintenance of a chronic IFN state that becomes
detrimental to the functionality and homeostasis of the immune
system (70, 71).

Since even in the case of HIV-1, resistance to IFN-« is partial
and not total, interferon is likely to exert a negative selective pres-
sure on the virus. We can speculate that the susceptibilities of
primary viral strains to IFN-a may be highly dynamic and are
possibly distinct between lineages (as shown here for HIV-1 and
HIV-2), between groups (as group M or O), or even over time
within a given patient (for example, between acute and chronic
infection, as suggested by at least two previous studies [72, 73]).
The analysis that we have carried out here is reassuring in that the
two HIV-2 viruses, as well as the single HIV-1 group M isolate,
reproduce the phenotype that is observed with laboratory-
adapted viruses. In addition, the higher susceptibility to IFN-a
displayed by group O HIV-1 strains is intriguing, as the presence
of group O viruses is limited to west central Africa, indicating its
suboptimal adaptation to spread among humans worldwide (74).
A clear inability of group O viruses to counteract the block im-
posed by IFN during the late phases of infection via tetherin has
been established recently (75), and it is possible that further re-
strictions exist also across the early phases of infection, although
this remains to be established. However, it is clear that these re-
sults have been obtained with a small number of viral isolates,
which warrants further studies with primary viral strains obtained
from larger cohorts of HIV-1- and HIV-2-infected patients.
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