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The antiviral potency of the cytokine IFN-α has been long appreci-
ated but remains poorly understood. A number of studies have sug-
gested that induction of the apolipoprotein B mRNA editing
enzyme, catalytic polypeptide 3 (APOBEC3) and bone marrow stro-
mal cell antigen 2 (BST-2/tetherin/CD317) retroviral restriction fac-
tors underlies the IFN-α–mediated suppression of HIV-1 replication
invitro.Wesought tocharacterize theas-yet-undefinedrelationship
between IFN-α treatment, retroviral restriction factors, and HIV-1
in vivo. APOBEC3G, APOBEC3F, and BST-2 expression levels were
measured in HIV/hepatitis C virus (HCV)-coinfected, antiretroviral
therapy-naïve individuals before, during, and after pegylated IFN-
α/ribavirin (IFN-α/riba) combination therapy. IFN-α/riba therapy de-
creased HIV-1 viral load by −0.921 (±0.858) log10 copies/mL in HIV/
HCV-coinfectedpatients.APOBEC3G/3FandBST-2mRNAexpression
was significantly elevated during IFN-α/riba treatment in patient-
derived CD4+ T cells (P < 0.04 and P < 0.008, paired Wilcoxon), and
extent of BST-2 induction was correlated with reduction in HIV-1
viral load during treatment (P < 0.05, Pearson’s r). APOBEC3 induc-
tion during treatment was correlated with degree of viral hyper-
mutation (P < 0.03, Spearman’s ρ), and evolution of the HIV-1
accessory protein viral protein U (Vpu) during IFN-α/riba treatment
was suggestive of increased BST-2–mediated selection pressure.
These data suggest that host restriction factors play a critical role
in the antiretroviral capacity of IFN-α in vivo, andwarrant investiga-
tion into therapeutic strategies that specifically enhance the expres-
sion of these intrinsic immune factors in HIV-1–infected individuals.

Despite nearly three decades of focused research since the
discovery of HIV-1, to date, there is no cure or effective

prophylactic vaccine for HIV-1 infection. Although the advent of
highly active antiretroviral therapy has dramatically decreased the
morbidity and mortality associated with HIV-1 infection, there is a
pronounced demand for alternative clinical management strate-
gies due to frequent evolution of antiretroviral resistance, toxicity,
and access constraints in resource-limited settings (1). Recently,
a number of innate immune factors have been identified in pri-
mates that suppress retroviral replication in vitro and therefore
may constitute new avenues for therapeutic intervention (2–4).
Three of these innate retroviral restriction factors—apolipopro-
tein B mRNA editing enzyme, catalytic polypeptide 3 (APO-
BEC3) (5), bone marrow stromal cell antigen 2 (BST-2/tetherin/
CD317) (6, 7), and TRIM5α (8, 9)—have garnered substantial
attention, since they specifically inhibit HIV-1 replication in vitro,
and their patterns of diversification across primate lineages are
suggestive of historical coevolutionary conflicts with retroviral
pathogens (10–12). However, unlike variants found in nonhuman
primates such as the rhesus macaque, the human allelic variant of
Trim5α confers little, if any, inhibitory activity against HIV-1 and

may, in fact, underlie our unique susceptibility to HIV-1 infection
(13). The humanAPOBEC3 and BST-2 variants potently suppress
HIV-1 replication in vitro and therefore represent promising
candidates for innate immune-based therapeutic strategies (14).
Several members of the human APOBEC3 family of cytidine

deaminases are capable of inhibiting HIV-1 replication to some
degree (15), although evidence supporting an antiretroviral role of
multiple members is often controversial and conflicting. Two family
members, APOBEC3G (5) and APOBEC3F (16), are widely be-
lieved to exert strong inhibitory activity against HIV-1 (17). The
human cytidine deaminasesAPOBEC3G andAPOBEC3F serve as
innate antiviral defense mechanisms by introducing C to U changes
in theminus strandDNAof retroviruses and hepadnaviruses during
replication (resulting in G to A mutations in the genomic sense
strand sequence) (18). The HIV-1 genome, however, encodes the
23-kDa protein virion infectivity factor (Vif), which specifically
counteracts this defense by promoting the proteolytic degradation
of APOBEC3 in the host cell (19). In the absence of Vif expression,
APOBEC3 is incorporated into virions, and the viral genome
undergoes extensive G to A hypermutation in the coding strand,
typically rendering it nonviable within a single replicative cycle (20).
BST-2 is a type 2 integral membrane protein that inhibits retrovirus
infection by restricting the release of fully formed progeny virions
from infected cells (6, 7). Similar to the neutralization of APO-
BEC3 by HIV-1 Vif, BST-2 restriction is counteracted by an HIV-1
gene product, the 16-kDa viral protein U (Vpu). Vpu depletes
BST-2 from the plasma membrane, allowing virions to detach from
the cell and infect new targets (7). Consequently, the Vif-APO-
BEC3 and Vpu-BST-2 axes are emerging as attractive targets for
therapeutic intervention (14).
The Vif-APOBEC3 and Vpu-BST-2 axes may be manipulated

to increase cellular concentrations of these restriction factors and
control HIV-1 infection in two basic fashions. The viral antagonist
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proteins Vif and Vpu could be targeted pharmacologically in host
cells, abrogating their neutralization of APOBEC3 and BST-2,
respectively (21, 22). Alternatively, the expression of these re-
striction factors may be induced to supraphysiologic levels,
overriding the antagonistic activity of Vif and Vpu proteins in the
producer cell (7, 23). In relation to the latter strategy, the cytokine
IFN-α may hold important clues about the regulation and in-
duction of these restriction factors in vivo.
Induction of IFN-α expression is a critical first step in the de-

fense against a range of viral infections (24, 25). The antiretroviral
activity of the IFN-α cytokine was demonstrated in vitro almost
immediately after the discovery of HIV-1, and includes inhibition
of HIV-1 reverse transcription, viral assembly, and virion release
(26). IFN-α has been reported to suppress HIV-1 viremia in
chronically infected individuals (27–29), and is known to induce
APOBEC3 and BST-2 expression in a number of tissues and cell
types in vitro (7, 30–32). However, to date, no data describe the
effects of exogenous IFN-α treatment on the expression of these
restriction factors in vivo, and the relevance of these factors to
virologic control in chronically infected individuals is unknown. A
legitimate evaluation of the therapeutic potential of APOBEC3
and BST-2 will require manipulation of these factors in vivo (14).
Our study makes use of a fortuitous synchronicity associated with

the treatment of hepatitis C virus (HCV) disease in HIV/HCV-
coinfected individuals. The current standard of treatment for HCV
infection is combination therapy with ribavirin and pegylated IFN-α
(IFN-α/riba) (28). In this study, we analyzed longitudinal clinical
specimens from IFN-α/riba-treated, antiretroviral-naïveHIV/HCV-
coinfected individuals to assess the extent to which IFN-α/riba
treatment induces APOBEC3G, APOBEC3F, and BST-2 expres-
sion in vivo and characterize the influence of IFN-α/riba treatment
on the replication and population genetics of HIV-1.

Results
IFN-α/Riba Treatment Potently Suppresses HIV-1 Viremia.We initially
examined the effects of IFN-α/riba treatment on HIV-1 plasma
viral load in HIV/HCV-infected individuals enrolled in the Swiss
HIV Cohort Study (SHCS) (33). Subject characteristics and IFN-
α/riba treatment regimen are described in Table S1 (duration of
HIV-1 infection was imputed by implementing an estimation
method that was developed for SHCS data) (34). Median HIV-1
viral load and CD4+ count were 9,550 copies/mL and 501
cells/μL, respectively, at baseline. IFN-α/riba treatment resulted
in a pronounced, transient reduction in HIV-1 viremia (Fig. 1A).
This reduction is most probably driven entirely by IFN-α, since
ribavirin exerts a negligible effect on HIV-1 viremia (28). Plasma
viral load was reduced by −0.921 (±0.858) log10 copies/mL
during treatment. Although CD4+ counts often declined during
the treatment period (Fig. 1B), there was no correlation between
change in viral load and CD4+ count, suggesting that target cell
depletion (lymphopenia) is not the cause of plasma viral load
reduction (Fig. 1C).

IFN-α/Riba Treatment Induces APOBEC3G, APOBEC3F, and BST-2/
Tetherin Expression in Vivo. Since all previously published experi-
ments describing the relationship between IFN-α and restriction

factors involved laboratory-grade, nonpegylated IFN-α, we ini-
tially examined the effects of pegylated IFN-α on APOBEC3G
expression in vitro to demonstrate that treatment with pegylated
and nonpegylated versions of IFN-α yields similar results. Our
data suggest that both versions of IFN-α exert nearly identical
effects on expression in primary cells, and moreover, real-time
PCR quantitation of APOBEC3G mRNA mirrors Western blot
quantitation of cellular protein levels (Fig. S1).
We measured the effects of IFN-α/riba treatment on APO-

BEC3G, APOBEC3F, and BST-2 expression in longitudinal pe-
ripheral blood mononuclear cell (PBMC) samples obtained from
19 HIV/HCV-coinfected individuals enrolled in the SHCS who
were antiretroviral therapy (ART) -naïve during the entire ob-
servation period. Real-time PCR was used to measure restriction
factor mRNA expression levels in unfractionated, unstimulated
PBMCs before, during, and after IFN-α/riba treatment (Fig. 2A).
The expression of IFN-stimulated gene 15 (ISG15) was measured
as a positive control in these experiments to confirm IFN-α ex-
posure and response during the treatment period. As expected,
ISG15 showed a robust, significant elevation in expression during
the treatment period with respect to pre- and posttreatment time
points (P < 0.002, paired Wilcoxon test). However, in PBMCs,
there were no statistically significant differences in levels of
APOBEC3G, APOBEC3F, or BST-2 between the on-treatment
samples and pre- or posttreatment time points.
We next examined the effects of IFN-α/riba treatment on ex-

pression levels in the CD4+ T-cell subset of PBMCs. CD4+ T
cells are the primary HIV-1 target cells within peripheral tissues,
and therefore, gene expression in this cellular subset is likely to be
most relevant to viral production and propagation. CD4+ T cells
were isolated from cryopreserved PBMCs with near 100% purity
(Fig. S2), and restriction factor expression was assessed using real-
time PCR (Fig. 2B). Similar to the observed pattern in PBMCs,
ISG15 showed a robust, significant elevation in expression during
the treatment period (7.5-fold mean induction) with respect to
pre- and posttreatment time points. In contrast to PBMC-derived
data, APOBEC3G and APOBEC3F exhibited moderate, statis-
tically significant increases in expression levels during IFN-α/riba
treatment in relation to the pretreatment time point (P < 0.05,
paired Wilcoxon test), although comparison against posttreat-
ment levels failed to achieve significance. BST-2 exhibited highly
significant induction (2.9-fold mean induction) during IFN-α/riba
treatment compared with both pre- and posttreatment time points
in CD4+ T cells (P < 0.005, paired Wilcoxon test).

Relationships Between IFN-α Exposure, Restriction Factor Expression,
and HIV-1 Viral Load. Although the induction of APOBEC3 and
BST-2 restriction factors in CD4+ T cells is provocative, the rele-
vance of these host factors to control of viremia in chronically
infected individuals during IFN-α/riba treatment requires addi-
tional substantiation. We investigated the correlations between ex-
tent of restriction factor induction in CD4+T cells, extent of ISG15
induction (marker of IFN response), andHIV-1 viral load reduction
during IFN-α/riba treatment (Fig. 2). Of the three restriction factors
involved in our analysis, BST-2 induction showed the strongest
significant correlation with ISG15 induction (r2 = 0.6922, P <

Fig. 1. IFN-α/riba treatment strongly
suppresses HIV-1 viremia. (A) Blood
plasma HIV-1 viral load before, dur-
ing, and after treatment. (B) CD4+
cell counts before, during, and after
treatment. (C) Log10 reduction in
HIV-1 viral load plotted against per-
cent change in CD4+ lymphocyte
count. Reported P values were ob-
tained using a paired Wilcoxon test
(A and B) or a Spearman’s ρ (C).
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0.003, Pearson’s r), suggesting that its expression is principally
governed by IFN-α in vivo (Fig. 2C). APOBEC3F induction was
also significantly correlated with ISG15 induction, whereas
APOBEC3G exhibited only moderate IFN responsiveness
(APOBEC3G: r2 = 0.1508, P < 0.151; APOBEC3F: r2 = 0.3827
and P < 0.038). Log10 HIV-1 viral load reduction showed the
strongest significant correlation with BST-2 induction (r2 =
0.3437, P < 0.049, Pearson’s r) and a similar but secondary cor-
relation with APOBEC3F (r2 = 0.3044, P < 0.062); the correlation
with APOBEC3G induction was minimal to nonexistent (r2 =
0.03406, P < 0.317) (Fig. 2D). These relationships between HIV-1
viral load reduction and restriction factor expression suggest that,
of the three factors analyzed, BST-2 plays the most significant role
in the IFN-α–mediated suppression of HIV-1 viremia.

HIV-1 Hypermutation Is Correlated with APOBEC3 Expression During
IFN-α/Riba Treatment. We generated and analyzed sequences of
HIV-1 before and during IFN-α/riba treatment to examine the
effects of treatment on viral population genetics, searching specif-
ically for viral evolutionary patterns that would reflect enhanced
selection pressure from the APOBEC3 and BST-2 restriction fac-
tors. In the case of APOBEC3G andAPOBEC3F, enhancement of
their antiviral activities should result in increased viral hyper-
mutation during the IFN-α/riba treatment period (APOBEC3G
andAPOBEC3F principally targetGG [GG→AG] andGA [GA→
AA] dinucleotides, respectively) (18, 35). We generated clonal
sequences of a 500-bp region of the HIV-1 DNA genome span-
ning the env and nef genes to examine levels of hypermutation.
Replicate PCR products were proportionately pooled before
cloning to minimize the probability of template resampling, and
∼20 clones per time point per individual were analyzed (36). This
sequencing strategy was chosen for two principal reasons. PBMC-
derived DNA was examined, because hypermutated genomes are
difficult to sample in the RNA population; they are likely to be
replication-incompetent and are expected to only appear tran-
siently within the RNA compartment (17). The env-nef region of
the viral genome was chosen since multiple studies have con-
firmed that APOBEC3 exhibits a pronounced 5′ to 3′ editing
gradient, and therefore, the env and nef genes should be especially
susceptible to APOBEC3 cytidine deaminase activity (18, 37).

APOBEC3G-mediated hypermutation level during IFN-α/riba
treatment was defined as the average proportion of GG dinu-
cleotides in the pretreatment viral consensus sequence that was
mutated to AG in treatment-associated clonal sequences. Similarly,
APOBEC3F-mediated hypermutation level during treatment was
defined as the average proportion of GA dinucleotides in the
pretreatment viral consensus sequence that was mutated to AA in
treatment-associated clonal sequences. Enforcing the GG/GA di-
nucleotide context ensures that the analyzed mutations are driven
by APOBEC3G or APOBEC3F editing rather than simple viral
polymerase error or the possible and controversial mutagenic
effects of ribavirin therapy (38). Our results suggest that treat-
ment-associated viral hypermutation levels were not correlated
with fold induction of APOBEC3G and APOBEC3F during IFN-
α/riba treatment compared with pretreatment expression. How-
ever, this lack of association may be due to the considerable in-
terindividual variation observed in pretreatment APOBEC3
mRNA copy numbers. We therefore also compared viral hyper-
mutation levels with peak copy number during treatment, a more
direct measure of APOBEC3 potency and cytidine deaminase
activity. Using this more biologically intuitive analytical approach,
we determined that APOBEC3G- and APOBEC3F-associated
viral hypermutation levels were significantly correlated with
APOBEC3G and APOBEC3F mRNA copy numbers, respec-
tively, during the IFN-α/riba treatment period (P < 0.034 and P <
0.019, Spearman’s ρ) (Fig. 3 A and B). Additionally, in line with
the higher relative expression of APOBEC3G in PBMCs and
isolated CD4+ T cells (Fig. 2 A and B), APOBEC3G-associated
G to A mutations were observed significantly more frequently
than APOBEC3F-associated G to A mutations (P < 0.039, paired
Wilcoxon test) (Fig. 3 C and D).

Evolution of the HIV-1 Vpu Protein During IFN-α/Riba Therapy.Unlike
the APOBEC3 enzymes, BST-2 activity is not associated with a
particular viral mutational signature. We looked instead for in-
direct effects of enhanced BST-2 pressure on the viral sequence
by focusing on the evolution of the HIV-1 Vpu protein (viral
antagonist of BST-2) in response to IFN-α/riba treatment. We
hypothesized that enhanced BST-2 pressure would select for Vpu
variants with greater BST-2 neutralization capacity. Vpu amino

A

C D

BPBMC CD4+

Fig. 2. APOBEC3G, APOBEC3F, and BST-2/tetherin are significantly induced in CD4+ T cells during IFN-α/riba treatment. (A) APOBEC3, tetherin/BST2, and IFN-
stimulated gene 15 (ISG15) expressions in unfractionated PBMCs (mean expression is plotted, and error bars represent SEM). (B) APOBEC3, tetherin/BST2, and
ISG15 expression in isolated CD4+ T cells. The expression of ISG15 was measured as a positive control in these experiments to confirm IFN-α exposure and
response during the treatment period. *P < 0.05; **P < 0.005. (C) Relationship between restriction factor induction and ISG15 induction in CD4+ T cells during
IFN-α/riba treatment. (D) Relationship between HIV-1 viral load reduction and restriction factor induction in CD4+ T cells during IFN-α/riba treatment.
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acid sequences acquired several substitutions during IFN-α/riba
treatment (Fig. 4A). Two of these mutations, A11G and S61A,
occurred in highly conserved, previously established Vpu se-
quence domains involved in BST-2 down-regulation (39, 40). We
assessed the phenotypic consequence of these treatment-associ-
ated mutations by mutagenizing NL4-3 Vpu sequences at these
positions and measuring the BST-2 down-regulation capacity of
these mutant alleles in a subgenomic in vitro model (41). Flow
cytometric analysis of the transfected HeLa cells, which express
BST-2 constitutively, revealed that the two mutant alleles down-
regulated BST-2 more efficiently than the WT HIV-1 NL4-3 al-
lele, and the bimodal BST-2 expression pattern exhibited in the
WT cultures suggests that the A11G and S61A treatment-asso-
ciated mutations likely enhanced the expression, stability, and

cellular concentration of the Vpu antagonist protein (Fig. 4B).
Notably, whereas the A11G mutation fits a well-described GxxxG
transmembrane interactionmotif and could potentially enhance the
interaction between Vpu and BST-2 (34), the S61A mutation has
been reported to stabilize theVpuprotein (35). Taken together, our
viral genotype and phenotype data are compatible with enhanced
selection pressure from the APOBEC3 and BST-2/tetherin retro-
viral restriction factors during IFN-α/riba treatment.

Discussion
The host gene expression and viral genetic data collected in this
study suggest that the induction of APOBEC3 and BST-2/teth-
erin retroviral restriction factors plays a critical role in the sup-
pressive effects of exogenous IFN-α treatment on HIV-1 replica-

Fig. 3. APOBEC3-induced HIV-1 hypermutation
during IFN-α/riba treatment. (A) Relationship
between GG to AG (APOBEC3G dinucleotide
context) viral hypermutation level during treat-
ment and APOBEC3G relative mRNA copy num-
ber. (B) Relationship between GA to AA
(APOBEC3F dinucleotide context) viral hyper-
mutation level during treatment and APOBEC3F
relative mRNA copy number. (C) Relative fre-
quency of APOBEC3G- and APOBEC3F-associ-
ated mutations (mean values are plotted and
error bars represent SEM). (D) Example of
treatment-associated viral hypermutation from
a single individual. Red tick mark, GG → AG
mutation (APOBEC3G pattern); cyan, GA → AA
(APOBEC3F pattern); green, GC → AC; magenta,
GT → AT; black, all other mutations; yellow,
deletion (compared with pretreatment consen-
sus sequence). Shaded sequences in the bottom
half of the panel represent pretreatment
PBMC-derived HIV-1 DNA clones, and the
sequences in the top, unshaded one of the panel
represent PBMC-derived HIV-1 DNA clones from
the IFN-α/riba treatment period. Sequences span
an ∼500-bp region of the env and nef genes,
and ∼20 clones per time point per individual
were analyzed.
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HXB2      TQPIPIVAIV ALVVAIIIAI VVWSIVIIEY RKILRQRKID RLIDRLIERA EDSGNESEG. ..EISALVEM G...VEMGHH APWDVDDL
B_pre     M--LA-L--- -----T---- ------F--- -R-----R-- -----IS--- ---------D QE-L------ -H.......- -----N--
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L_pre     MPALY-LS-- -----A---- ---T--F--- ---------- -----IR--- ---------D EEALA--M-R -H.......- -----N-M
L_dur     MTALY-LS-- -----A---- ---T--F--- ---------- -----IR--- ---------D EEALA--M-R -H.......L --------
P_pre     M-SST-L--- -------L-- ------F--- -------R-- -----IR--- ---------D QE-L--F-G- -Y.......- -----N--
P_dur     M-SST-L--- -------L-- ------F--- -------R-- -----IR--- ---------D QE-L--F-G- -Y.......- -----N--
Q_pre     M-LLE-L--- -------L-- ------F--- ------KR-- -----IR--- K--------D QE-L-KF--- -Y.......- -----N-M
Q_dur     M--VQ-L--- -----A---- ------F--- ---------- -----IR--- ---------D QE-LA-FM-L -H.......- ----I---
R_pre     M-S-Q-L--- -----A-V-- ------L--- -R-------- K----IR--- ---------D QE-L------ -HGVL----D -----N--
R_dur     M-SLE-L--- G----A-V-- ------L--- ---------- K----IR--- -------D-D QE-L------ -HGVL----D -----N--
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Fig. 4. Evolution of the HIV-1 Vpu protein during IFN-α/riba treatment. (A) Amino acid sequences of HIV-1 Vpu generated from nine individuals before and
during IFN-α/riba treatment. Dashes indicate identity to the HXB2 reference sequence. Vpu positions 11 and 61 are shaded. (B) Effects of A11G and S61A
treatment-associated Vpu mutations on Vpu-mediated down-regulation of BST-2 surface expression measured by flow cytometry. Shaded histograms
represent mock DNA-transfected cells (negative control).
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tion in vivo. Moreover, the lack of correlation between HIV-1
viral load and restriction factor mRNA copy numbers before IFN-
α/riba treatment (Fig. S3) suggests that variation in expression
only has measurable virological consequences at supraphysiologic
concentrations induced by pharmacological manipulation. Ac-
cordingly, the host gene expression profile associated with en-
dogenous IFN-α expression is correlated with high viral load and
poor disease outcomes, suggesting that the benefits of IFN-αmay
only be evident at concentrations achieved through exogenous
administration (42). Antiretroviral strategies involving the en-
hancement of restriction factor expression in HIV-1–infected
individuals may prove to be beneficial and should be explored in
tandem with pharmacological strategies targeting viral antago-
nist proteins such as Vif and Vpu (21, 22). A thorough exami-
nation of IFN-α signal transduction pathways may allow us to
identify specific mechanisms to enhance restriction factor ex-
pression, while avoiding the nonspecific, toxic cascade typically
associated with IFN-α treatment.
Our viral sequence data exhibit a strong, intuitive positive

correlation between extent of HIV-1 hypermutation and APO-
BEC3 mRNA expression levels in CD4+ T cells during IFN-
α/riba treatment. Close scrutiny of these data, however, reveal a
seemingly paradoxical relationship between the inferred antiviral
potencies and observed hypermutation levels associated with
APOBEC3G and APOBEC3F. HIV-1 viral load reduction dur-
ing IFN-α/riba treatment was more strongly correlated with
APOBEC3F induction, but curiously, HIV-1 DNA sequences
from the treatment period exhibited higher levels of APO-
BEC3G-mediated editing. A possible explanation involves the
noncytidine deaminase antiretroviral activity of these factors.
Both factors are capable of suppressing HIV-1 replication to
some extent in the absence of cytidine deaminase activity, and
the accumulation of HIV-1 reverse transcription products in
target cells is markedly inhibited, even when the proteins’
mutator domains are disrupted. Interestingly, mutator activity is
more critical for APOBEC3G-mediated suppression of HIV-1,
suggesting that nondeaminase capacity is a larger component of
APOBEC3F antiretroviral effects (43). These observations are in
alignment with our hypermutation data; this finding potentially
explains how APOBEC3F had a greater inferred antiviral po-
tency, while APOBEC3G-mediated editing was more pervasive
in patient-derived sequences during IFN-α/riba treatment.
There are certain caveats associated with these data and their

interpretation. Unlike studies involving in vitro or animal models,
the relevance of restriction factors to IFN-α/riba-mediated control
of HIV-1 cannot be explored through silencing or KO experi-
ments. Therefore, it is difficult to unequivocally demonstrate a
causal relationship between restriction factor expression and the
suppression of HIV-1 replication using a patient-based study de-
sign. Consideration of our findings within the context of the robust
literature describing a causal relationship between IFN-α, re-
striction factor induction, and retroviral suppression lends credi-
bility to our in vivo observations. For instance, recent work by
Liberatore and colleagues demonstrates that the suppression of
a murine retrovirus by interferon-α is markedly diminished in BST-
2/tetherin-deficient mice (44). Experiments by Peng et al. (32) and
Chen et al. (31) show that siRNA-mediated knockdown of APO-
BEC3 in vitro largely abrogates the suppressive effects of IFN-α on
HIV-1 replication in primary monocyte-derived macrophages and
CD4+ T cells, respectively. Additional caveats stem from the basic
biology of the restriction factors themselves. Although high levels
of APOBEC3 expression may genetically erode the HIV-1 qua-
sispecies in vivo to the point of population collapse, intermediate
levels of induction may instead accelerate evolution of anti-
retroviral resistance, immune escape, and cellular tropism (cor-
eceptor use phenotype), harming the host rather than the virus
(45, 46). A true error or extinction threshold for HIV-1 is not
determined, and additional experimentation is warranted to ex-
plore the effects of mutation rate modulation on HIV-1 fitness
and persistence in vivo. However, recent data reveal that in-
creased APOBEC3G and APOBEC3F expression levels in rhesus

monkeys are associated with lower simian immunodeficiency vi-
rus viral loads and prolonged survival, reinforcing the concept
that induction of these factors ultimately has beneficial effects on
lentiviral disease progression (47). In regards to the antiretroviral
effects of BST-2 induction, the impact of BST-2 surface expres-
sion on the cell to cell spread of HIV-1 may differ from its effect
on the dissemination of free virus, and some reported data sug-
gest that cell to cell transmission may, in fact, be enhanced by this
restriction mechanism (48, 49). In addition, ISG15, our marker of
IFN exposure in this study, has an emerging antiviral role in vitro.
The possibility exists that ISG15 and other established (or un-
known) IFN-induced cellular cofactors not measured in our study
have contributed to the observed suppression of HIV-1 viremia
during IFN-α/riba treatment (50). However, the weak, statistically
insignificant correlation between HIV-1 viral load reduction and
ISG15 induction during treatment (r2 = 0.2171, P = 0.1031,
Pearson’s r) suggests that APOBEC3 and BST-2 are likely to play
a more important role in the IFN-α–mediated suppression of
HIV-1 in vivo. Lastly, individuals with severe immunodeficiency
are not represented in this study, because they would not be
considered appropriate for deferral of ART (ART was an ex-
clusion criterion). It will be necessary to determine the general-
izability of these findings through the study of additional subjects
reflecting a broader range of clinical stages.
The broad antiviral properties of IFN-α invite speculation that

the relationships between APOBEC3 and BST-2 induction and
the in vivo antiviral effects on HIV-1 observed in this study may
translate to other viral infections. APOBEC3 expression and
cyditine deaminase activity in hepatocytes are known to exert a
strong antiviral effect against hepatic viral pathogens, namely
hepadnaviruses such as hepatitis B virus (51). Influenza virus and
HCV encode proteins thought to be important for late-stage in-
fection events, including viral release, that have predicted porin-
like features analogous to the HIV-1 Vpu protein. A number of
other enveloped viruses, including HIV-2, simian immunodefi-
ciency virus, Ebola, and KSHV, encode specific proteins as count-
ermeasures to evade BST-2–mediated restriction (52). Therefore,
up-regulation of APOBEC and BST-2 expression likely repre-
sents common, generic mechanisms mediating the antiviral
properties of IFN-α, and development of interventions that en-
hance APOBEC3 and BST-2 expression may have applications
that reach far beyond the treatment of HIV-1 disease.

Materials and Methods
Subjects and Specimens. Nineteen HIV/HCV-coinfected, ART-naïve individuals
from the SHCS who underwent IFN-α/riba treatment were studied retro-
spectively (Table S1). The SHCS is a nationwide, clinic-based prospective co-
hort study with continuous enrolment and at least semiannual study visits
(www.shcs.ch) (33). Blood plasma and cryopreserved PBMC were collected
from all subjects. CD4+ T cells were negatively selected from PBMC (Fig. S2).
See SI Materials and Methods for further details.

Expression Profiling. Total RNAwas extracted fromPBMCandCD4+T cells using
TRIzol. RNAwas transcribed into cDNAusing randomprimers and SuperScript III
Reverse Transcriptase. TaqMan primers/probes were used to evaluate APO-
BEC3G,APOBEC3F, BST-2, and ISG15expression. Rawcycle threshold numbers of
amplifiedgene products were normalized to the housekeeping gene ribosomal
protein L13a (RPL-13A) to control for cDNA input amounts. Fold induction was
determined using the comparative cycle threshold (CT) method (53). See SI
Materials and Methods for further details.

HIV-1 env-nef Clonal Sequencing.Genomic DNAwas extracted using the TRIzol
method. The HIV-1 env-nef region (532 bp) was amplified by nested PCR
using previously published primer sequences and PCR cycling conditions (36).
Products were cloned and sequenced in both directions using universal M13
primers. See SI Materials and Methods for further details.

HIV-1 vpu Population Sequencing and Phenotypic Analysis. Nine individuals
were chosen for vpu analyses based on sample availability. Viral RNA was
extracted and purified from 1 mL plasma using the QIAmp viral RNA kit
(Qiagen) after an initial concentration step (ultracentrifugation at 53,000 × g).
Reverse transcriptionwas performed using SuperScript II Reverse Transcriptase
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(Invitrogen) using a gene-specific primer to generate cDNA. Nested PCR was
performed using the Expand High-Fidelity PCR System (Roche). Generated PCR
products were gel-purified using the QIAquick Gel Extraction Kit (Qiagen) and
sequenced in both directions using the nested amplification primers. HeLa
P4.R5 cells were transfected with pcDNA3.1-based plasmids expressing WT
or mutagenized versions of HIV-1 vpu, and effects of Vpu proteins on BST-2/
tetherin surface expression were assessed by flow cytometry as previously
described (41). See SI Materials and Methods for further details.

Sequence and Statistical Analysis. Phylogenetic reconstruction and BLASTwere
used to inspect sequences for interindividual contamination or contamination
with HIV-1 laboratory strains. Sequences were aligned usingMultalin (54), and
analyses were performed using Hypermut (www.hiv.lanl.gov) (55) and the
HyPhy software package (www.hyphy.org) (56). HIV-1 subtypewas determined
by applying the REGA HIV-1 subtyping tool (57) to pol sequences that were
previously generated for drug resistance genotyping at the SHCS. A battery of

nonparametric statistical tests (Spearman’s rank correlation coefficient,Mann–
Whitney u test, Paired Wilcoxon test) was applied to gene expression and
genetic data using GraphPad Prism v5.0c. In cases where a (parametric) Pear-
son’s r test was used, the Kolmogorov–Smirnov test was implemented be-
forehand to determine that the data were distributed normally.
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