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GB virus type C (GBV-C) is an apparently nonpathogenic virus that
replicates in T and B lymphocytes and is a common cause of
persistent human infection. Among HIV-1-infected individuals,
persistent coinfection with GBV-C is associated with prolonged
survival, and infection of blood mononuclear cells or CD4� T cells
with GBV-C and HIV in vitro results in significantly reduced HIV-1
replication. To date, the viral protein(s) that lead to HIV inhibition
have not been identified. The GBV-C nonstructural phosphoprotein
(NS5A) is predicted to have pleotropic effects on cells, including
interactions with the IFN-induced dsRNA-activated protein kinase
(PKR). We studied GBV-C NS5A to determine whether it is involved
in inhibition of HIV replication. GBV-C NS5A protein from an isolate
that was cleared by IFN therapy did not inhibit PKR, whereas NS5A
from an isolate that was not cleared by IFN-inhibited PKR function
in a yeast genetic system. Both of these GBV-C NS5A proteins were
expressed in a CD4� T cell line (Jurkat), and both induced a potent,
dose-dependent inhibition of HIV-1 replication, thus the effect was
independent of PKR inhibition. NS5A induced the release of the
chemokine SDF-1 and decreased surface expression of the HIV
coreceptor CXCR4, potentially explaining the HIV inhibition. Dele-
tion mapping of the NS5A protein found that an 85-aa region
between amino acids 152 and 237 inhibits HIV-1 replication. Thus,
GBV-C NS5A protein alters the cellular milieu necessary for HIV-1
replication and may provide a previously undescribed therapeutic
approach for anti-HIV therapy.

chemokine receptor � chemokines � nonstructural proteins

GB virus C (GBV-C) is a human flavivirus that is present in
1–3% of healthy U.S. blood donors (reviewed in ref. 1).

Because of shared modes of transmission, up to 86% of HIV-
positive individuals have evidence of active (39.6%) or prior
(46%) GBV-C infection (1, 2). Although viremia may persist for
decades in some individuals, most immune-competent hosts
clear GBV-C infection concurrently with the development of
antibodies to the envelope glycoprotein E2 (3, 4), which appear
to confer some, although not complete, protection against
reinfection (4). Although no disease entity has yet been associ-
ated with GBV-C infection (reviewed in refs. 1 and 5), numerous
studies found a significant association between persistent
GBV-C viremia and prolonged survival among HIV-infected
individuals (6; reviewed in ref. 1).

The GBV-C genome organization is similar to that of hepatitis
C virus (HCV) (7–9). The single-strand, positive-sense RNA
genome encodes a long ORF that is translated into a polyprotein
of �3,000 aa (10). Based on comparisons with HCV, the
structural proteins (E1 and E2) are thought to be cleaved from
the polyprotein by cellular signal peptidases, whereas the non-
structural (NS) proteins are predicted to be cleaved by two viral
proteases (NS2 and NS3; Fig. 1A) (11). A major difference
between GBV-C and HCV is the apparent tissue tropism,
because GBV-C appears to replicate in bone marrow cells and
both T and B lymphocytes rather than in hepatocytes (10,
12–15).

HIV-1 attachment to cells involves interaction between HIV
gp120 and the CD4 receptor, whereas entry into target cells
requires interaction with a coreceptor, almost always the che-
mokine receptor CCR5 or CXCR4 (16, 17). HIV-1 isolates
transmitted in vivo generally use CCR5 as their coreceptor and
replicate in monocytes, macrophages, and primary CD4� T cells
(R5 viruses) (17, 18). In contrast, HIV-1 isolates that use
CXCR4 as their entry coreceptor (X4 viruses) frequently
emerge in HIV-infected people later in the course of infection
and replicate in T cell lines (17, 18). The natural ligands for
CCR5 are the chemokines RANTES, MIP-1�, and MIP-1�,
whereas SDF-1 is the ligand for CXCR4 (19, 20). These che-
mokines inhibit HIV-1 by competing for binding to the chemo-
kine receptors and, thus, inhibiting HIV-1 entry into the cell
(19), and by inducing postentry inhibition of HIV reverse
transcription (21–23).

Coinfection of peripheral blood mononuclear cells (PBMCs)
with GBV-C and HIV-1 results in inhibition of HIV-1 replica-
tion (2, 24–27). PBMCs infected with GBV-C release signifi-
cantly more RANTES, MIP-1�, MIP-1�, and SDF-1 into culture
supernatants and have significantly less CCR5 on their surface
than do control cells (24, 25), suggesting that modulation of
chemokines and chemokine receptors may be a mechanism by
which GBV-C influences HIV-1 disease progression. No specific
GBV-C viral protein has been implicated in the inhibitory effect
of GBV-C on HIV-1 isolates that use the CXCR4 coreceptor.

Based on comparisons with HCV, the GBV-C NS5A protein
is thought to be anchored at the N terminus in the endoplasmic
reticulum and necessary for RNA replication (10, 28–30). The
HCV NS5A appears to have three structured domains, one of
which contains a zinc-binding motif that is conserved in GBV-C
(31). Like HCV NS5A (10), there are two phosphorylated forms
of GBV-C NS5A, which represent basal and hyperphosphory-
lated forms of the protein (32). HCV NS5A appears to modulate
host antiviral responses at least, in part, by inhibiting dsRNA-
activated protein kinase (PKR)-mediated phosphorylation of
the eukaryotic initiation factor eIF-2� (33, 34). HCV NS5A also
has been shown to inhibit apoptosis and induce oxidative stress
(35–38). GBV-C NS5A is also phosphorylated and inhibits
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PKR-mediated phosphorylation of eIF-2 � in a yeast genetic
system (32). To characterize the effect of GBV-C NS5A protein
on lymphocytes, stable CD4� Jurkat T cell lines were selected
that expressed NS5A in a tetracycline repressible system, and the
effect of GBV-C NS5A protein on HIV-1 replication was
examined in these cells.

Results
Effect of GBV-C NS5A Protein on HIV Replication. The predicted
full-length GBV-C NS5A coding sequences from two isolates
were expressed in Jurkat cells under the control of tetracycline.
One of the isolates was obtained from a patient whose GBV-C
viremia cleared during IFN therapy administered for coexisting
HCV infection (IFN-sensitive, IFN-S; GenBank accession no.
DQ177420), and the other NS5A coding sequence was obtained
from a patient who did not clear GBV-C viremia (IFN-resistant,
IFN-R; GenBank accession no. DQ177421) (32). NS5A was
expressed in a bicistronic vector that also expressed GFP con-
tained on the same transcript, with translation of NS5A by using
capped mRNA, whereas translation of the GFP was directed by
the EMC internal ribosomal entry site (IRES). GFP expression
was monitored by flow cytometry (Fig. 1B). Cell lines were
cloned, and those containing the NS5A sequences demonstrated
two immunoreactive proteins with estimated molecular masses
of 56 kDa and 58 kDa (Fig. 1C) as described in ref. 31.
Expression of IFN-S NS5A was greater than that of IFN-R
NS5A; however, expression of both proteins was decreased to
undetectable levels when cells were incubated in doxycycline
(Fig. 1C). NS5A expression was confirmed by immunofluores-
cence microscopy (Fig. 7, which is published as supporting
information on the PNAS web site).

To determine whether GBV-C NS5A influenced HIV-1 rep-

lication, cells were maintained in doxycycline to suppress NS5A
expression. Doxycycline was removed 4 days before infection
with an X4-tropic HIV-1 isolate (NIH repository no. 1073).
HIV-1 replication (p24 antigen release into culture superna-
tants) was reduced by �99% in cells expressing either the IFN-R
or the IFN-S NS5A protein compared with the vector control
expressing GFP (VC-GFP) or the vector control without GFP
(VC) (Fig. 2A). Previous studies demonstrated that the IFN-R
NS5A protein inhibited PKR-mediated phosphorylation of eIF-
2�, whereas IFN-S NS5A did not (32). Both IFN-R and IFN-S
NS5A expression inhibited the replication of all HIV-1 isolates
tested, including clade B and clade D isolates (NIH repository
nos. 317, 2969, and 2521; Fig. 8, which is published as supporting
information on the PNAS web site). To ensure that NS5A was
not affecting the HIV p24 antigen assay, HIV-1 infectivity in
culture supernatants was measured, confirming the HIV-1 rep-
lication inhibition (Fig. 2B).

Control and NS5A expressing cells were maintained in various
concentrations of doxycycline for 96 h to decrease NS5A and
GFP expression before infection with HIV. Fig. 3A demonstrates
that the doxycycline did not alter HIV replication in VC-GFP
Jurkat cells; however, dose-dependent inhibition of HIV-1 rep-
lication was observed in the NS5A expressing Jurkat cells
maintained in doxycycline (Fig. 3B). Similar results were ob-
served in the IFN-R NS5A-expressing cells (data not shown).
When IFN-S NS5A expressing cells were maintained in doxy-
cycline (5 �g�ml) for several passages, NS5A was not detectable
by immunoblot; however, HIV replication still was inhibited,
although to a lesser extent (73% inhibition on day 4; data not
shown).

To determine whether the amount of NS5A protein expres-
sion in Jurkat cells is comparable with that found in GBV-C-
infected PBMCs, 2 � 106 PBMCs were infected with either a
clinical GBV-C isolate (39) or a mock-control preparation, and

A
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Fig. 1. GB virus C NS5A expression. (A) The predicted genome organization
of GBV-C is shown, including the 5� nontranslated region [containing an
internal ribosomal entry site (IRES)], envelope glycoproteins (E1 and E2)
nonstructural proteins (NS), and 3� nontranslated region. The predicted 414-
aa-long NS5A protein is encoded by nucleotides 6150–7392 (GenBank acces-
sion no. AF121950) with the putative N-terminal membrane anchoring do-
main shown in yellow. (B) GFP expression was detected by flow cytometry in
Jurkat cells alone (black) or stably transfected with VC (red), VC-GFP (blue), or
expressing the NS5A from an IFN-S isolate (GenBank accession no. DQ177420
in green) and an IFN-R isolate (DQ177421) in purple. (C) Immunoreactive
GBV-C NS5A proteins from both the IFN-S and IFN-R isolates were observed in
GFP-positive clones, and NS5A expression was reduced when cells were main-
tained in doxycycline for 48 h before preparing cell lysates.

Fig. 2. Expression of GBV-C NS5A in Jurkat cells inhibits HIV-1 replication. (A)
Cells containing IFN-R or IFN-S GBV-C NS5A or VC or VC-GFP were infected with
HIV-1 (isolate no. 1073) after doxycyline was removed for 4 days. HIV-1 p24
antigen released into culture supernatants was statistically greater in control
cells on days 4–6 after HIV-1 infection. *, P � 0.03; **, P � 0.001. Infections
were performed in triplicate, and SE for IFN-R NS5A and vector control cells are
shown. (B) The HIV-1 infectious titer (TCID50 in PBMC culture) of culture
supernatants was determined for cells expressing the VC-GFP or the IFN-S
NS5A.
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cell lysates were examined for NS5A expression by immunoblot
analysis. A 58-kDa immunoreactive protein was observed in the
GBV-C-infected PBMCs (Fig. 3C), demonstrating that NS5A
protein expression in infected PBMCs is detected at levels
comparable with that in Jurkat cells in which HIV inhibition is
observed. GBV-C and HIV coinfection in these PMBCs dem-
onstrated significant inhibition in HIV-1 replication as described
(data not shown; ref. 24).

GBV-C NS5A Modulates SDF-1 and CXCR4 Expression. Because
GBV-C induces chemokines in primary lymphocyte cultures
(24), and because SDF-1 inhibits X4 HIV-1 replication (40),
chemokine release from Jurkat cells with and without NS5A was
examined. After removal of doxycycline from Jurkat cells,
significantly more SDF-1 was released into culture supernatants
in the cells expressing GBV-C NS5A compared with VC cells
(Fig. 4A). There were no differences in release of RANTES,
MIP-1�, or MIP-1� between the NS5A expressing and control
Jurkat cells (data not shown). The detection of CXCR4 was
significantly reduced on IFN-R NS5A cells compared with
vector control cells (49.6% lower mean fluorescence; Fig. 4B;
P � 0.003). Similar reductions were seen on IFN-S NS5A cells
(data not shown).

To determine whether the HIV-1 inhibition was related solely
to SDF-1 release, cells were maintained in neutralizing anti-
SDF-1 antibodies (concentration 10 �g�ml) before and after
HIV-1 infection. This concentration was shown to block SDF-1
anti-HIV effects in PBMCs (24). As expected, HIV-1 replication
increased in VC cells incubated in anti-SDF-1 antibody after

HIV infection (Fig. 4C). Anti-SDF-1 also led to increased HIV-1
replication in NS5A-expressing cells; however, these cells still
had significantly less HIV-1 replication than control cells (Fig.
4C; P � 0.001 for IFN-S NS5A and P � 0.02 for IFN-R NS5A).
Thus, NS5A-induced release of SDF-1 does not appear to
completely explain the HIV-1 inhibitory effect observed in these
cells. Inclusion of isotype control and anti-SDF-1 antibodies in
the media was associated with a reduction in HIV inhibition (Fig.
4C), although the difference between NS5A-expressing cells and
VC cells still was statistically significant. HIV replication was
greater in IFN-R NS5A-expressing Jurkat cells, possibly due to
the fact that lower levels of NS5A are expressed in these cells
(Fig. 1C). The decreased surface density of CXCR4 was not
altered when cells were incubated in neutralizing anti-SDF-1
antibodies (10 �g�ml; data not shown), suggesting that the effect
of NS5A on CXCR4 expression is not due simply to increased
SDF-1 release into culture supernatants. CD4 or CCR5 expres-
sion on Jurkat cells was not altered in GBV-C NS5A-expressing
and VC cells (data not shown).

Fig. 3. Dose relationship between GB virus C NS5A expression and HIV
replication in Jurkat cells as well as NS5A expression in infected PBMC cultures.
(A and B) Jurkat cells expressing VC-GFP (A) or IFN-S NS5A (B) were maintained
in 0, 1, or 5 �g�ml doxycycline. Doxycycline had no significant effect on HIV-1
replication in VC-GFP cells (A), yet in Jurkat cells expressing NS5A, HIV-1
replication increased with increases in doxycycline concentration (decreased
NS5A expression; B). HIV-1 replication was significantly lower (�90%) than
that observed in control cells when maintained in 5 �g�ml doxycycline. (C)
NS5A demonstrates immunoreactive protein in PBMC lysates (200,000 cells) 3
days after GBV-C (G) or mock infection (M) and Jurkat cells with NS5A (5A) or
the VC-GFP.

Fig. 4. Effect of GBV-C on SDF-1 release and CXCR4 surface density. (A) SDF-1
in culture supernatants was measured by ELISA in triplicate on sequential days
after removal of doxycycline. There were no differences between VC or
parental Jurkat cells; however, SDF-1 increased in Jurkat cells expressing NS5A
(t test, P � 0.001 for days 5 and 6). (B) Surface CXCR4 on VC cells or cells stably
expressing NS5A was determined by flow cytometry by using isotype control
(IC) or anti-CXCR4 antibodies. (C) The effect of adding neutralizing antibody
to SDF-1 to cell cultures or isotype control antibody (IC) only partially de-
creased the HIV-1 inhibitory effect (HIV p24 antigen in culture supernatants 4
days after infection).
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GBV-C NS5A Deletion Mapping. To characterize which portion of
the GBV-C NS5A protein is required for HIV inhibition, a series
of Jurkat cell lines expressing deletion mutants were con-
structed. HIV replication in Jurkat cells expressing full-length
and key NS5A deletion mutants is shown in Fig. 5. HIV
replication also was examined in additional NS5A deletion
expressing cell lines (Fig. 9, which is published as supporting
information on the PNAS web site). The cell line expressing an
NS5A deletion mutant containing amino acids 152–237 demon-
strated HIV-1 inhibition (Fig. 5), as did all other mutants that
include this region. In contrast, NS5A deletions 1–152 and
237–341 did not inhibit HIV-1. Thus, the 85 aa between 152 and
237 are sufficient to inhibit HIV replication when expressed in
Jurkat cells. Further evidence that this region inhibits HIV is
shown in Fig. 10, which is published as supporting information
on the PNAS web site, because HIV-1 inhibition correlated with
the level of this NS5A deletion protein expressed in individual
cloned Jurkat cell lines. It is of note that there are two forms of
this immunoreactive 85-aa protein in Jurkat cells (Fig. 10),
indicating that this peptide fragment serves as a substrate for
intracellular phosphorylation.

To ensure that the observed HIV inhibition was due to
expression of NS5A protein and not due to effects of the
transcribed NS5A RNA in the Jurkat cells, we created a frame-
shift mutation, placing an AUG in front of the BstE II site at
nucleotide 6509 (AF121950). The AUG starts out of frame at
NS5A amino acid 111 and encodes 27 missense amino acids
before a stop codon. NS5A RNA continues to nucleotide 6856
(NS5A amino acid 237) and is followed by the EMC internal
ribosomal entry site and GFP coding region. Stably transfected
Jurkat cells were selected (Fig. 6A), and no NS5A was expressed
(Fig. 6B), although the NS5A DNA sequence was present in the
cells when assessed by DNA PCR (data not shown). HIV
replication was not significantly inhibited in these cells compared
with vector control cells (P � 0.05 on all days after HIV
infection; Fig. 6C), demonstrating that NS5A protein, and not
RNA, is responsible for the HIV inhibition.

Discussion
GBV-C viremia is associated with prolonged survival among HIV-
infected people in most, although not all, studies (41). A meta-
analysis combining studies of 1,294 HIV-infected individuals found
that the relative risk of death was 0.41 (95% confidence intervals
0.23–0.69) for those with persistent GBV-C infection compared
with GBV-C uninfected (6). Additional beneficial findings associ-
ated with GBV-C viremia include slower CD4 decline, lower
plasma HIV RNA concentration, and improved response to anti-
retroviral therapy, further supporting a beneficial role for GBV-C
infection (reviewed in refs. 1 and 6). Epidemiological studies cannot
determine whether this association is caused by GBV-C infection or
whether GBV-C viremia serves as either a marker of HIV-1
replication or a beneficial host factor in HIV-infected individuals.
Studies to identify potential biological mechanisms by which
GBV-C might influence HIV-1 disease progression are required to
either support or refute a causal role of GBV-C for this epidemi-
ological observation.

Because GBV-C replicates in lymphocytes, including CD4� T
cells (10, 13, 14), it has been postulated that GBV-C might alter
HIV-1 replication through direct or indirect mechanisms (1, 24,
42). Previous studies found that in vitro coinfection of PBMCs
with GBV-C and HIV-1 resulted in decreased HIV-1 replication
for both R5 and X4 viruses (2, 24–26). However, no specific
GBV-C protein mediating this HIV inhibitory effect has been
identified. In this study, GBV-C NS5A protein expressed in
Jurkat cells resulted in potent inhibition of HIV-1 replication
(Figs. 2, 3, and 5). The effect was associated, in part, with

Fig. 5. Deletion mutants of GB virus C NS5A inhibit HIV replication in Jurkat
cells. Schematic representation of the full-length NS5A from the IFN-S GBV-C
isolate, and key deletion mutants from IFN-R isolate NS5A are shown. Num-
bering represents the NS5A amino acids included in the expression clone. HIV
replication (measured by p24 antigen release into culture supernatant) in each
cell line on days 0, 4, 5, 6, and 7 is shown. NS5A proteins that inhibited HIV
replication compared with the VC expressing GFP are shaded.

Fig. 6. HIV inhibition requires GBV-C NS5A protein expression. Jurkat cells
containing a plasmid transcribing NS5A RNA containing a frameshift mutation
were selected (FS). An AUG initiates translation at nucleotide 6509 of GBV-C
(NS5A amino acid 111) and RNA extends to nucleotide 6856 (to amino acid
237). The frameshift construct encodes 27 missense amino acids. (A and B) GFP
expression was examined by flow cytometry (A), and NS5A expression was
assessed by immunoblot analysis for the vector control (VC-GFP), FS, and IFN-S
NS5A expressing cells (B). (C) HIV replication (NIH reagent program isolate
1073) was not inhibited significantly in cells expressing the frameshift RNA
compared with the VC-GFP cells.
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increased release of SDF-1 into culture supernatants and by
decreased expression of CXCR4 on the cell surface (Fig. 4).
Although SDF-1 contributes to HIV-1 replication inhibition,
neutralizing antibodies to SDF-1 only partially blocked this
inhibitory effect, suggesting that NS5A inhibits HIV-1 replica-
tion through additional mechanisms.

HIV replication inhibition required NS5A amino acids 152–237,
a region that includes differing sequence polymorphisms in IFN-S
and IFN-R GBV-C isolates (32). IFN-R and IFN-S GBV-C NS5A
proteins were shown to have different inhibitory effects on PKR
function, and only the IFN-R NS5A inhibited PKR-mediated
phosphorylation of eIF-2� (32). The fact that both IFN-R and
IFN-S NS5A proteins inhibited HIV-1 to a similar extent indicates
that the effect of NS5A on PKR function is distinct from the HIV-1
inhibitory effect. It has been proposed that GBV-C genotypes
present in diverse geographic regions may have differential effects
on HIV-1 (43). The IFN-S NS5A protein comes from a genotype
3 isolate (32), whereas the IFN-R NS5A is genotype 2, suggesting
that genotypic differences in NS5A do not appear to influence
HIV-1 inhibition. The full-length GBV-C NS5A protein and the
152–237 NS5A deletion protein both appear to be good phosphor-
ylation substrates in Jurkat cells (Figs. 1 and 10). Because of the
large number of potential phosphorylation sites in the 85 NS5A
amino acids that inhibit HIV (15 for IFN-S and 18 for IFN-R), it
is tempting to speculate that phosphorylation of this peptide
interferes with chemokine or chemokine receptor pathways or
other intracellular pathways involved in HIV replication. Thus,
identification of cellular proteins that interact with NS5A, and
determination of the effects of the protein on cellular gene expres-
sion, appears warranted.

In previous studies, we and others were not able to demonstrate
reduced CXCR4 levels in GBV-C-infected PBMCs (24, 25). During
GBV-C infection of PBMCs, NS5A is expressed only in cells
supporting active GBV-C replication, and the protein is not re-
leased from cells, nor is it part of the virus particle. Hence, the effect
of NS5A may be limited to actively infected cells. Because �5% of
PBMCs are actively infected with GBV-C and in vitro GBV-C
replication in PBMCs is not robust (39), the effect of GBV-C on
CXCR4 may be insufficient to be detected by flow cytometry.
However, PBMCs infected with GBV-C ex vivo demonstrated
similar levels of NS5A expression, as did the Jurkat cells in which
HIV replication was inhibited (Fig. 3C). By controlled expression
of NS5A in a stably transformed population of Jurkat cells, we were
able to demonstrate that NS5A leads to decreased surface density
of CXCR4 (Fig. 4). This decreased surface expression was not
related to blockade of CXCR4 detection by SDF-1, because
maintaining the cells in neutralizing anti-SDF-1 antibodies did not
increase the detection of CXCR4 on the cell surface.

HIV-positive people with acute dengue or measles viruses in-
fection have marked reductions in plasma HIV RNA concentra-
tion, suggesting viral interference (44, 45). Although measles
viruses has been shown to inhibit HIV replication independent of
chemokines in vitro (46), several members of the Flavivirus family
(HCV, Japanese Encephalitis Virus and Dengue Virus) alter the
cellular release of cytokines and chemokines (47–49). Thus, che-
mokine and cytokine modulation may be a common feature of
Flavivirus replication, and the effects observed with GBV-C NS5A
protein may be found in related viruses as well. Nevertheless, a
more prominent HIV inhibitory effect would be expected for
GBV-C infection compared with other members of the Flaviviridae
because of its propensity to result in persistent viremia (present in
up to 39% of HIV-positive people; ref. 2) and because it replicates
in CD4� and CD8� T lymphocytes and B lymphocytes (13). Thus,
modulation of cellular chemokines occurs in the local milieu of HIV
replication. In addition, GBV-C appears to be nonpathogenic (5),
and, therefore, there does not appear to be a risk of comorbidity.
These data provide support for the hypothesis that GBV-C repli-
cation is related causally to the observed epidemiological associa-

tion between persistent GBV-C viremia and prolonged survival in
HIV-infected people (6).

GBV-C inhibits multiple HIV-1 clades (Fig. 8; ref. 25) and a
zidovudine-resistant HIV-1 isolate (isolate no. 1073). Because
the effect of the GBV-C NS5A protein appears to occur at the
cellular level and not by targeting an HIV-1 replication enzyme
or receptor binding domain, the barrier for HIV-1 to develop
resistance to this effect would be expected to be greater than that
seen with current treatment strategies. Thus, further character-
ization of this inhibitory effect may lead to previously unde-
scribed approaches for antiretroviral therapy.

Materials and Methods
Expression of NS5A Proteins in Jurkat Cells. GBV-C nucleotide
sequences predicted to encode the full-length NS5A protein were
amplified from plasma of individuals with GBV-C viremia as
described in refs. 10 and 32. NS5A sequences were subcloned into
the pTRE2-Hgy plasmid (Clontech, Mountain View, CA) modified
to include a stop codon after NS5A, followed by the EMC internal
ribosomal entry site element directing the translation of GFP.
NS5A deletion mutants were generated by using convenient re-
striction sites or by PCR mutagenesis and subcloned into the
pTRE2-Hgy plasmid. All sequences were confirmed by automated
fluorescent dye terminator cycle sequencing (University of Iowa
DNA Core Facility; automated DNA sequencer 373A, Applied
Biosystems, Foster City, CA). Tet-Off Jurkat cells (Clontech) were
transfected with NS5A-containing plasmids or either the VC or
with VC-GFP by using the Amaxa (Gaithersburg, MD) nucleofec-
tion method. After selection in hygromycin and neomycin (200
�g�ml), cell lines were selected for hygromycin and G418 resistance
and cloned at least twice by terminal dilution.

Cells were maintained in RPMI medium 1640 containing 10%
FCS with or without doxycycline to regulate NS5A protein
expression. To monitor NS5A expression, Jurkat cells were lysed
in RIPA buffer containing protease and phosphatase inhibitors,
clarified (13,000 � g, 2 min and 4°C) and subjected to SDS�
PAGE before transfer to nitrocellulose membranes (Bio-Rad,
Hercules, CA) as described in ref. 32. Immunoreactive proteins
were identified by using the GE3 anti-GBV-C NS5A rabbit
serum kindly provided by Jungsuh Kim (Genelabs Technologies,
Redwood City, CA), which was generated against GBV-C nu-
cleotide sequences 6615–6977 expressed in Escherichia coli (50)
or by an anti-NS5A peptide sera as described in ref. 32. Alter-
natively, NS5A was identified in cells by indirect immunofluo-
rescence microscopy by using the GE3 antibody (51).

HIV Infections. Three HIV-1 isolates (X4) representing clade B
(NIH AIDS Research and Reference Reagent Program, catalog
nos. 1073, 317, and 2969) and one X4 isolate representing clade D
(catalog no. 2521) were studied. HIV-1 was applied to Jurkat cells
(200 pg of HIV p24 antigen per 106 cells) containing NS5A
sequences (with or without doxycycline to repress expression) or
vector control cells with or without doxycycline. After 3 h of
attachment, cells were washed and maintained in fresh media.
Culture supernatants were obtained at various time points to
measure HIV-1 replication and GBV-C NS5A expression. All
infections were performed in duplicate or triplicate and repeated at
least three times with similar results. HIV-1 replication was deter-
mined either by measuring HIV p24 antigen in culture supernatants
(Retro-Tek HIV-1 p24 antigen ELISA kits; Zeptometrix, Buffalo,
NY) or by measuring infectivity of culture supernatants in PBMC
cultures determining the TCID50 as described in refs. 2 and 24.

Characterization of Cell Surface Receptors and Chemokine Release.
CD4, CCR5, and CXCR4 expression on the surface of Jurkat
cells (with and without NS5A and doxycycline) were determined
by flow cytometry as described in refs. 2 and 24. Polyclonal rabbit
anti-CD4 (PE-conjugated), anti-CCR5 (FITC-conjugated), and

15574 � www.pnas.org�cgi�doi�10.1073�pnas.0604728103 Xiang et al.



anti-CXCR4 (PE-conjugated) antibodies (BD Pharmingen, San
Jose, CA) were used in these studies. Flow cytometry was
performed by using a FACScan (Becton Dickinson, San Jose,
CA). SDF-1, RANTES, MIP-1�, and MIP-1� were detected in
culture supernatant fluids by ELISA (R & D Systems, Minne-
apolis, MN) as described in ref. 24. Neutralizing anti-SDF-1
antibody was obtained from R & D Systems.

Statistics. All statistics were performed by using SigmaStat
software V2.03S (Jandel Scientific, Chicago, IL). Comparisons
of two samples used t tests, and comparisons of more than three
samples used ANOVA.
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