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The nonpathogenic human GB virus C (GBV-C), a member of the Flaviviridae, is highly prevalent in
individuals with HIV-1 infections or with parenteral and sexual risk factors. Long-term GBV-C viremia has
been associated with better survival or improved diagnosis in several epidemiological studies. In a previous
study we reported that the E2 glycoprotein of GBV-C interferes with HIV-1 entry ir vitro. To address the
question what region of the E2 protein is involved in suppression of HIV-1 replication, we performed an
E2-derived peptide scanning and determined the HIV-inhibitory activity of each peptide in HIV replication
assays. We demonstrate here that peptides representing the N-terminal part of the E2 protein from amino
acids (aa) 29 to 72 are able to inhibit efficiently HIV-1 replication in vitro. In particular, the peptides P6-2
(representing the E2-region from aa 45 to 64) and P4762 (aa 37 to 64) showed the highest potency in HIV
replication assays performed on TZM-bl cells with 50% inhibitory concentrations between 0.1 and 2 pM.
However, primary HIV-1 isolates representing clades A to H showed a high variability in their sensitivity to E2
peptides. Pseudovirus inhibition assays revealed that the sensitivity is determined by the gp120/gp41 envelope
proteins. Using HIV-1 BlaM-Vpr-based fusion assays, we demonstrate that the E2-derived peptides prevent
HIV-1 binding or fusion, presumably via interaction with the HIV-1 particle. Together, these findings reveal a
new mechanism of viral interference, suggesting that the envelope protein E2 of GBV-C target directly HIV-1

particles to avoid entry of these virions.

GB virus C (GBV-C), a positive-strand RNA virus of the
Flaviviridae is thought to be a nonpathogenic virus that repli-
cates primarily in CD4*, CD8*, and B lymphocytes (1, 9, 27).
The main transmission routes are sexual and parenteral lead-
ing to a rather high prevalence of 1 to 3% viremic individuals
among healthy blood donors and 15 to 40% among HIV-1
positive individuals (8, 17, 26, 28, 40). In immunocompetent
individuals GBV-C viremia is mostly cleared within the first
years concomitantly by the development of antibodies directed
against the envelope glycoprotein E2. GBV-C became of in-
terest because several epidemiological studies demonstrated
that coinfection of HIV-1 and GBV-C is associated with a
slower progression to AIDS and prolonged survival (18, 31, 33,
36, 39). In contrast, other groups could not confirm the positive
effect of GBV-C infection for HIV-infected individuals (3, 4,
32). Van der Bijj et al. (32) also referred that the loss of GBV-C
viremia without production of anti-E2 antibodies is associated
with the worst prognosis for HIV-1 patients. However, Wil-
liams et al. (33) could demonstrate that long-term GBV-C
viremia for more than 5 to 6 years after HIV-1 seroconversion is
essential to benefit from GBV-C coinfections. Several mecha-
nisms have been postulated to be responsible for GBV-C-medi-
ated HIV-1 suppression. In peripheral blood mononuclear cells
(PBMC), GBV-C induces the release of HIV-inhibitory chemo-
kines RANTES, macrophage inflammatory protein 1o (MIP-1e),
MIP-1B, and SDF-1, the natural ligands for HIV-1 coreceptors.
Thereby, CCRS surface expression is downregulated due to in-
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ternalization of chemokine receptors upon ligand binding (14, 22,
34). Two viral proteins have been shown to inhibit HIV-1 repli-
cation in vitro. Xiang et al. demonstrated that expression of NSSA
induces the expression of SDF-1 and the downregulation of
CXCR4 (35, 38). Previously, we demonstrated that the GBV-C
envelope glycoprotein E2 is involved in HIV-1 inhibition (13).
Incubation of PBMC with recombinant truncated E2 protein of
GBV-C, where the hydrophobic transmembrane anchor was ex-
changed by the human IgG1 Fc fragment, led to significant rep-
lication suppression of clinical HIV-1 isolates and HIV-1 reporter
particles pseudotyped with X4- and R5-tropic HIV-1 envelope
proteins. In contrast, the replication efficiency of HIV reporter
particles pseudotyped with heterologous envelope proteins such
as vesicular stomatitis virus G protein (VSV-G) was not affected
by recombinant E2 protein, implying that E2 specifically inter-
feres with gp120/gp41-mediated HIV-1 entry. E2 is predicted to
form heterodimers with E1 and seems to be involved in cell
binding. However, no cellular receptor(s) for GBV-C E2 has been
identified yet. The E2 region between the amino acids 279 to 298
is supposed to represent the fusogenic peptide and can adopt
helical structure slightly inserted into membranes (16, 20). Haro
and coworkers (10) could also demonstrate in biophysical assays
that the peptide from amino acids 269 to 286 interacts with the
fusion peptide of HIV-1 gp41. Latest results suggested that a
broad range of E2-derived peptides interact with the gp41 fusion
peptide and that the identified peptides were able to mediate
HIV-1 inhibition in vitro (11). In the present study, we tested a
panel of E2-derived peptides regarding their HIV-inhibitory ca-
pacity in various replication assays. We identified a distinct region
in E2 that is crucial for HIV-1 inhibition. Peptides derived from
that region presumably target the virus particle and mediate
strain-specific HIV-1 inhibition.
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MATERIALS AND METHODS

Peptide design and synthesis. Based on the GBV-C glycoprotein E2 sequence
from a genotype 2a isolate (cloned by Xiang et al. [37], GenBank accession no.
AF121950 nucleotides 1164 to 2184), we designed 20-mer peptides overlapping
in 10 amino acids. The peptides were synthesized from EMC Microcollections
(Tuebingen, Germany). They are N acetylated and high-pressure liquid chroma-
tography-purified to a range of =90%. For screenings, the peptides were purified
by precipitation. Peptide stocks were dissolved in 75% dimethyl sulfoxide-H,O
and diluted for experiments in respective buffers or medium.

Isolation of PBMC. A portion (25 ml) of EDTA blood (1:2 diluted in phos-
phate-buffered saline) was overlaid on 20 ml of Ficoll separation solution and
centrifuged at 3,200 rpm for 20 min and decelerated without braking. After
centrifugation, the lymphocyte band was transferred to fresh 40 ml of RPMI 1640
and centrifuged for additional 5 min at 300 X g. The supernatant was discarded,
and the cells were washed twice with RPMI 1640. PBMC were cultured in 50%
Panserin-401 (Pan Biotech, Germany), 40% RPMI 1640, and 10% fetal calf
serum (FCS)-glutamine-gentamicin and then stimulated for 2 days with 10 U of
interleukin-2 and 10 wg of phytohemagglutinin/ml.

HIV variants and virus stocks. Primary HIV-1 isolates, laboratory-adapted
strains, and simian immunodeficiency virus (SIV)/HIV-2 variants were obtained
through the NIH AIDS Reagent Program and the German National Reference
Center for Retroviruses, Institute for Virology, Erlangen, Germany. Virus stocks
were generated on CEMx174-M7-R5 or PMBC. Cells were infected with infec-
tious supernatants in 25-cm? cell culture flasks (Greiner Bio-One, Germany) in
respective media. Syncytium-inducing (SI) strains were controlled for cytopathic
effect (CPE) and expanded to 75-cm? cell culture flasks when a moderate CPE
could be observed and harvested when a robust CPE indicated a strong infection.
Non-syncytium-inducing (NSI) strains were expanded approximately 5 days after
the initial infection and harvested between 7 to 10 days postinoculation. Cells
were centrifuged for 5 min at 300 X g, and the supernatants were filtrated
through 0.2-pm-pore-size disposable filters to obtain cell-free virus stocks. Ali-
quots were frozen at —80°C until usage.

Virus stocks for the HIV-1 virion-based fusion assay were generated on 293T
cells. Cells were seeded in 10-cm dishes prior transfection and cotransfected with
pNL4-3 proviral DNA (13 pg), pCMV-BlaM-Vpr (5 pg), and pAdVAntage
vectors (2 pg). At day 2 after transfection, the virus-containing supernatant was
centrifuged for 10 min at 300 X g to remove cellular debris. The HIV-1 virions
containing the supernatant were overlaid onto 20% sucrose cushion and ultra-
centrifuged at 35,000 X g at 4°C for 90 min. The resulting pellet was resuspended
in RPMI medium, and aliquots were frozen at —80°C until usage.

Generation of pseudotyped HIV reporter particles. 293T cells were cultured in
Dulbecco modified Eagle medium (DMEM), along with 10% FCS, glutamine,
and gentamicin. Cells were seeded in 25-cm? cell culture flasks 2 days prior
transfection and cotransfected with pNL4-3.luc.R-E- and the expression plas-
mids pADAenv, pHxB2env, or pHEF-VSV-Genv, respectively, coding for vari-
ous HIV-1 or heterologous envelope proteins. Pseudotyped HIV reporter par-
ticles were secreted into the supernatant and harvested 2 days after transfection.
To obtain cell-free infectious supernatants, the medium was filtered through
0.2-wm-pore-size disposable filters. The supernatants were stored in aliquots at
—80°C until use.

Single-round of infection HIV replication assay. CEMx174-M7-R5 cells were
propagated in Panserin-401, 40% RPMI 1640, and 10% FCS supplemented with
glutamine, and gentamicin. A total of 5 X 10* cells were seeded in round-bottom
96-well plates (Greiner Bio-One). Cells were infected with pseudotyped HIV
reporter particles after the addition of 10 wM concentrations of the respective
peptides. Infection was performed in 200 pl of medium. The replication effi-
ciency could be quantified through measurement of the luciferase activity in cell
lysates. Cells were lysed at 3 days postinfection and transferred to white flat-
bottom 96-well plates (Corning, Germany). After the addition of the substrate
luciferine to cell lysates, the luciferase activity was quantified in an Orion II
microplate luminometer (Berthold Detection Systems, Germany). The HIV in-
hibition mediated by E2 peptides was calculated in relation to mock-incubated
cells as the percent reduction of the luciferase activity in cell lysates.

HIV wild-type infections. TZM-bl cells were cultured in DMEM-10% FCS-
glutamine-gentamicin. A total of 10* cells were seeded 1 day prior infection in
flat-bottom 96-well plates (Greiner Bio-One). TZM-bl cells were infected with
various clinical and laboratory-adapted HIV-1, SIV, and HIV-2 strains, respec-
tively, after the addition of various concentrations of peptides in a volume of 200
wl of medium. The replication efficiency was quantified at day 3 postinfection by
determination of the luciferase activity in cell lysates. Data were obtained from
three independent experiments performed in triplicate.

CEMx174-M7-R5 HIV-reporter cells that express exogenous CCR5 and cas-
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settes for enhanced green fluorescent protein and luciferase under the control of
the viral long terminal repeat (LTR) were cultured in 50% Panserin-401, 40%
RPMI 1640, and 10% FCS-glutamine-gentamicin (12, 19). A total of 5 X 10* cells
were seeded in round-bottom 96-well plates (Greiner Bio-One) and infected with
various clinical HIV-1 isolates after the addition of 20 wM concentrations of each
peptide in a volume of 200 pl of medium. Replication efficiency was quantified
at day 3 postinfection by determination of the luciferase activity in cell lysates.
Data were obtained from two independent experiments performed in triplicate.

Stimulated PBMC were cultured in 50% Panserin-401, 40% RPMI 1640, and
10% FCS-glutamine-gentamicin. A total of 2 X 10° PBMC were seeded in
round-bottom 96-well plates (Greiner Bio-One) and infected with various clin-
ical HIV-1 strains isolates after the addition of 20 uM concentrations of the
respective E2 peptide in a volume of 200 pl of medium. Supernatants were
harvested at days 4, 7, and 10 postinfection. The efficiency of infection was
monitored on HIV-1 reporter cells (CEMx174-M7-R5) by the quantification of
infectious particles in supernatants from the PBMC. The inhibition of HIV-1
replication in peptide-treated cells was calculated in relation to mock-treated
cells. Data were obtained from two independent experiments performed in
triplicate.

HIV-1 virion-based fusion assay. The virion-based fusion assay was performed
essentially as described elsewhere (6). In brief, 3 X 10> CEMx174-M7-RS5 cells or
1 x 10° PBMC were infected with sucrose-purified HIV-1 NL4-3BlaM-Vpr
virions, (5 ng of p24-Gag per approach). Infection was performed in 100 ul of
medium for 4 h at 37°C in 96-well plates. The cells were washed with Hanks
balanced salt solution (HBSS) to remove unbound virus particles and incubated
with the CCF2-AM substrate as described by the manufacturer (Invitrogen,
Germany). To constitute the loading solution, 2 wl of CCF2-AM was mixed with
8 pl of 0.1% acetic acid containing 0.1 pg of Pluronic-F127R/ml and 990 pl of
HBSS. The cells were incubated in 100 pl of loading solution at room temper-
ature overnight, harvested, and washed twice with HBSS. Finally, the cells were
fixed in 1.2% paraformaldehyde. After cleavage by BlaM-Vpr, the emission
change of CCF2-AM from 520 nm (uncleaved dye) to 447 nm (cleaved dye) was
measured by flow cytometry using a BD LSR II flow cytometer (Becton Dick-
inson Biosciences, Germany) after excitation with 409 nm. Flow cytometer data
were collected with a BD FACSDiva and analyzed with FCS Express V3.

To determine the inhibitory capacity of E2-derived peptides, 3 x 10°
CEMx174-M7-R5 cells were incubated with 50 wM concentrations of each pep-
tide or their respective controls, T-20 (10 M), AMD-3100 (4 nM), or TAK-779
(40 M) for 1 h at 37°C in a total volume of 100 pl of medium. After incubation,
the cells were infected with NL4-3BlaM-Vpr, and the experiment was continued
as described above. To analyze the cell binding of E2-derived peptides, 3 X 10°
CEMx174-M7-R5 cells were incubated with 50 uM concentrations of each pep-
tide and their respective controls (b12, 2G12, B4, and AMD-3100, each at 0.1
pg/pl) for 1 h at 37°C in 100 pl of medium. After incubation, the cells were
centrifuged for 10 min at 1,500 rpm, washed with 200 wl of medium, and
centrifuged for a further 10 min to remove unbound peptides or antibodies. Cells
were infected with NL4-3BlaM-Vpr virions, and the assay was continued as
described above. For determination of the putative binding of peptides to virus
particles, sucrose-cushion-purified NL4-3BlaM-Vpr was incubated with 50 pM
concentrations of the peptides and respective controls (12G5, 4E10, b12, and
2G12, each at 0.1 pg/ul) for 1 h at 37°C in 100 wl of medium. After incubation,
the virus was centrifuged at 15,000 rpm for 30 min, washed with 1 ml of medium,
and centrifuged for another 30 min at 15,000 rpm. A total of 3 X 10> CEMx174-
M7-R5 cells were infected with washed virus particles for 4 h at 37°C, and the
experiment was carried out as described above.

Determination of ICs,. TZM-bl cells were treated and infected as described
above. The 50% inhibitory concentrations (ICs,s) were calculated with Sigma-
Plot 11 (Systat Software GmbH, Germany).

RESULTS

Screening for HIV-inhibitory regions within GBV-C E2. In
order to perform an E2 peptide scanning to identify the re-
gion(s) responsible for E2-mediated HIV-1 inhibition, 20mer
peptides overlapping in 10 amino acids (aa) were synthesized,
representing the truncated soluble version of the GBV-C E2
protein (according to GenBank accession number AF121950)
from aa 1 to 340 used in earlier studies (13) (Fig. 1). These
peptides were evaluated in a single-round replication assay
using HIV-1 reporter viruses (pNL4-3.luc.R-E-) pseudotyped
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FIG. 1. Genome organization of GB virus C (GBV-C) and schematic localization of E2-derived peptides. GBV-C contains a 5’ untranslated
region (UTR), including an internal ribosomal entry site directing translation of the polyprotein that is cleaved by cellular signal peptidases and

viral proteases. W, predicted glycosylation sites in E2.

with X4-tropic envelope protein derived from the laboratory
HIV-1 strain HxB2. The lymphoid cell line CEMx174-M7-R5
that expresses the HIV-relevant receptors (CD4, CXCR4,
CCRS) and an HIV-1 LTR-driven luciferase reporter was in-
fected with HIV-1 particles, directly after addition of respec-
tive peptides (10 wM). The results of this initial screening are
shown in Fig. 2. The data reveal an inhibitory effect on HIV-1
replication mediated by peptides P4 and P6 that represent the
N terminus of GBV-C E2 from aa 31 to 70, whereas no or only
a weak and unspecific impact on HIV replication could be
observed with the remaining peptides. The same results have
been obtained, when HIV-1 particles were preincubated with
peptides for 1 h at 4°C and at 37°C, respectively, before inoc-
ulation of the target cells (data not shown). Cytotoxic effects
that might lead to unspecific HIV-1 inhibition caused by pep-
tides or by respective solvents could be excluded by using the
CellTiter 96 AQueous One Solution cell proliferation assay
(Promega GmbH, Germany; data not shown).

To define the E2 region responsible for HIV-1 suppression
more precisely, we synthesized 20mer peptides with an 18-aa
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overlap representing aa 23 to 78 of the GBV-C E2 N terminus.
CEMx174-M7-RS5 cells were infected with HxB2-enveloped
HIV-1 reporter particles, using defined concentrations of 5
uwM for the respective peptides. This analysis revealed that the
20mer peptides P4-4 to P6-5, representing the aa 29 to 72
within the GBV-C E2 protein, were able to inhibit HxB2 pseu-
dotyped human immunodeficency (HI) viruses, whereas the
peptides flanking this region showed no relevant HIV-inhibi-
tory activity (Fig. 3A).

We chose the best peptide candidates from that screening
and determined the inhibitory potency (i.e., the ICs,) on the
HIV-susceptible reporter cell line (TZM-bl) using two clinical
HIV-1 isolates with either X4 or RS tropism. The data re-
vealed that both clinical HIV-1 isolates were potently sup-
pressed by these E2-derived peptides. In particular, the pep-
tide P4-7 ranging from aa 37 to 56 was ~0.5 log more potent
than the original peptide P4 (aa 31 to 50). Comparable to P4-7,
an ICy, between 1 and 4 uM could be determined for peptides
P6-1 (aa 43 to 62), P6-2 (aa 45 to 64), and P6-3 (aa 47 to 66),
being slightly more potent than peptides P6-4 (aa 49 to 68) and
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FIG. 2. Identification of HIV-inhibitory peptides derived from GBV-C glycoprotein E2. CEMx174-M7-RS cells were infected with HIV
reporter particles pseudotyped with HIV 5, envelope (X4) after the addition of 10 wM concentrations of the respective peptides. The replication
efficiency was quantified at day 3 postinfection by detection of the luciferase activity in cell lysates. The bars show the average values from at least

four independent experiments.



7040 KOEDEL ET AL. J. VIROL.
A HIV inhibition
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
CRANGSRIPTGERVWDRGNV  P4-1
ANGSRIPTGERVWDRGNVTL P4-2
GSRIPTGERVWDRGNVTLLC P4-3
RIPTGERVWDRGNVTLLCDC P4-4
PTGERVWDRGNVTLLCDCPN P4
GERVWDRGNVTLLCDCPNGP  P4-5
RVWDRGNVTLLCDCPNGPWV  P4-6
WDRGNVTLLCDCPNGPWVWV ~ P4-7
RGNVTLLCDCPNGPWVWVPA  p4.8
NVTLLCDCPNGPWVWVPAFC P5
TLLCDCPNGPWVWVPAFCQA  P6-1
LCDCPNGPWVWVPAFCQAVG  P6-2
DCPNGPWVWVPAFCQAVGWG  P6-3
PNGPWVWVPAFCQAVGWGDP  Pg-4
GPWVWVPAFCQAVGWGDPIT P6
WVWVPAFCQAVGWGDPITHW  pg.5
WVPAFCQAVGWGDPITHWSH  pg.g
PAFCQAVGWGDPITHWSHGQ  pg_7
FCOAVGWGDPITHWSHGQNQ  pg.8
BH|VppHxB2
peptide P4 peptide P6
[ T 1
CSCRANGSRIPTGERVWDRGNVTLLCDCPNGPWVWVPAFCQAVGWGDPITHWSHGQNQWP
| | 1 ]
peptide P3 peptide P5 peptide P7
aa 21 aa 80
B 92UG024 (X4, clade D3) RU570 (R5, clade G)
e P4 100% #=
100% 0 e P4
—o— P4-7
S —o—P4-7
& 75% ok PB1 8 T5% 1
= ® —— P6-1
i1 —x— P6-2 2 g
= o % - 2
f"_L 50% ¥ P63 8 50% — %x—P6-2
> e PB-3
= —e—P6-4 =
T 25% T 25% -
\ X P6 —e—P6-4
6l . . R s ' % I—+— P6
ICs, P4 P4-7 P6-1 P6-2 P6-3 P6-4 P6
92UG024 15,07 2,95 2,36 333 4,00 11,88 16,80
RU570 18,28 2,66 1,29 1,32 2,00 8,04 357

FIG. 3. Definition of the HIV-inhibitory E2 region. (A) A panel of 20mer peptides with 18-aa overlaps representing the E2 region of aa 23 to
78 was designed. CEMx174-M7-R5 cells were infected with HIV reporter particles pseudotyped with HIV 5, envelope (X4) after the addition
of 5 WM concentrations of the respective peptides. The replication efficiency was measured as described above. Average values of HIV inhibition
of three independent experiments are shown. (B) Titration of the best HIV-inhibitory peptides. TZM-bl cells were infected with strains 92UG024
and RU570 after the addition of increasing amounts of peptides. The replication efficiency was measured at day 3 postinfection as described above.
The graphs show the mean values from two independent experiments. The table indicates the ICs,s in wM of the respective peptides.

P6 (aa 51 to 70) (Fig. 3B). In summary, these data imply that
the N-terminal part of the GBV-C E2 protein ranging from aa
29 to 72 is involved in HIV-1 suppression and that peptides
representing the core region from aa 37 to 66 appear to be
most potent to mediate HIV-1 replication inhibition.

It is noteworthy that, within this core region, three cysteine

residues are present, raising the question whether the forma-
tion of intra- or intermolecular disulfide bonds might play an
essential role in HIV-1 suppression. Therefore, we exchanged
in peptide P4-7 and P6-2 the existing cysteine into serine res-
idues. To further prove the specificity of those peptides, we
additionally synthesized scrambled peptide variants of P4-7
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TABLE 1. Sequences of HIV-inhibitory E2-derived peptides
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TABLE 2. ICs,s of modified E2-derived peptides

Residue

Peptide positions Sequence
P4 31-50 Ac-PTGERVWDRGNVTLLCDCPN
P4-7 37-56 Ac-WDRGNVTLLCDCPNGPWVWV
P4-7s 37-56 Ac-WDRGNVTLLSDSPNGPWVWV
P4-7scr 37-56 Ac-LNWGTPDWDVRNCVGVLWCP
PS5 41-60 Ac-NVTLLCDCPNGPWVWVPAFC
P6-2 45-64 Ac-LCDCPNGPWVWVPAFCQAVG
P6-2s 45-64 Ac-LSDSPNGPWVWVPAFSQAVG
P6-2scr 45-64 Ac-PLCVNCWPQVCGDFPWGAVA
Po 51-70 Ac-GPWVWVPAFCQAVGWGDPIT
P4762 37-64 Ac-WDRGNVTLLCDCPNGPWVWV
PAFCQAVG
P28 271-290 Ac-TEVSEALGGAGLTGGFYEPL

and P6-2, where the respective amino acid sequence was ar-
ranged randomly (Table 1). For each peptide the ICs,s were
determined with two laboratory HIV-1 strains representing
both coreceptor tropisms. As shown in Table 2, the change of
cysteine residues to serine reduced the potency of the respec-
tive peptides remarkably. Up to the highest concentration of
100 uM used in our analysis, no residual inhibitory activity was
detectable. These findings argue on one hand for the relevance
of the cysteine-derived sulthydryl groups themselves within the
respective E2 peptides. On the other hand, this might suggest
that the formation of intermolecular dimers or oligomers or
the formation of cyclic peptide structures is a prerequisite for
the observed E2-peptide-mediated HIV-1 suppression mecha-
nism. When we tested the HIV-inhibitory potency of peptides
with randomly arranged amino acid sequence, we observed
discrepant results for NL4-3 and YU-2. Whereas the 1Css for
NL4-3 increased above 100 wM, the values for YU-2 increased
just between 1 and 2 orders of magnitude in comparison to the
parental peptides. Both peptides P4-7 and P6-2 have a high
content of hydrophobic residues of 60%. Apparently, for the
HIV-1 isolate YU-2 the general distribution of nonpolar mol-
ecules seems to be sufficient to retain a residual inhibitory
activity. However, the molecular reason for this phenomenon
remains to be determined.

Breadth and potency of E2-derived peptides. In the follow-
ing, the antiretroviral activity of the E2-derived peptides P4
and P6 was tested with HIV particles carrying the X4-tropic
HIV-1 envelope HxB2, the R5-tropic envelope ADA, and the
heterologous envelope protein G derived from vesicular sto-
matitis virus (VSV-G). A defined concentration (10 pM) of
peptides P4 and P6 was added shortly before infection of
CEMx174-M7-RS5 cells, and the replication efficiency was mea-
sured 3 days postinfection as described above. It should be
noted that the respective E2-derived peptides were able to
inhibit HxB2 viruses but failed to mediate substantial inhibi-
tion of ADA or VSV-G pseudotyped viruses (Fig. 4A). Since
these HIV reporter viruses differ only in the envelope proteins,
these data imply that the viral envelope determines the sensi-
tivity to E2 peptides.

To further analyze the differences in sensitivity to retroviral
isolates, clinical and laboratory HIV and SIV strains were used
to infect TZM-bl cells in the presence or absence of P4 or P6,
respectively. The results confirmed the selective inhibitory ac-
tivity of the E2-derived peptides. Whereas most of the HIV-1

R ICso (M)
Peptide
NL4-3 YU-2

P4-7 3.0 5.2
P6-2 2.3 2.4
P4-7s >100 >100
P6-2s >100 >100
P4-Tscr >100 86.5
P6-2scr >100 23.5

clinical isolates were sensitive toward P6 and to a lesser extent
toward P4 peptides, one clinical R5-tropic isolate (93BR029)
was not sensitive to both peptides. Furthermore, no replication
suppression could be observed with both E2-derived peptides
when HIV-2 and SIV isolates were used for infection (Fig. 4B).

To determine the breadth and potency of the E2-derived
peptides more precisely, the I1Cs,s were determined with a
panel of fully replicative clinical and laboratory HIV-1 isolates
ranging from clades A to H. Again, we included HIV-2 and
SIV isolates in these titrations. We tested the more potent
peptides P4-7 and P6-2; the peptide PS5, which is located be-
tween P4-7 and P6-2; and a longer 28mer peptide, representing
the region covered by P4-7 and P6-2 (P4762). For comparison,
VIRIP-576 (VIR-576) was used as a positive control. Repre-
sentative I1Cs,, titrations are shown in Fig. 5, and the complete
data set is summarized in Table 3. The results from this anal-
ysis revealed remarkable differences in E2-derived peptide
sensitivity between the tested retroviral isolates. As expected,
all tested E2-derived peptides and VIR-576 did not show any
antiviral activity against SIV . »s; and HIV-2_ .. when concen-
trations of up to 100 pM of the respective peptide were ap-
plied. However, using a panel of different primary and labora-
tory-adapted HIV-1 isolates ranging from clades A to H, only
9 of 13 tested HIV-1 isolates were highly or partly sensitive to
the E2-derived peptides. The nonsensitive HIV-1 strains
(92THO026, 92BR025, 92UG035, and 93BR029) were not in-
hibited by peptide concentrations up to 100 uM. These HIV-1
isolates were all R5-tropic and belong to clades B, C, D, and F.
Nevertheless, the clade origin does not seem to determine the
sensitivity toward E2-derived peptides, since other representa-
tives from clades B, D, and F appear to be sensitive to peptide-
mediated HIV-1 suppression. With respect to coreceptor tro-
pism and E2-peptide sensitivity, we also observed an
inconsistent pattern. All X4-tropic HIV-1 strains could be sup-
pressed by the respective peptides, with the restriction that one
isolate (92BR020) was only partially sensitive. In the group of
R5-tropic and X4/R5-dualtropic HIV-1 strains, four of the
eight tested isolates were highly or at least moderately sensi-
tive, whereas four isolates were not susceptible for E2-peptide-
mediated suppression at all, when peptides at a concentration
of up to 100 pM were used. Therefore, the coreceptor tropism
does not clearly determine the sensitivity of HIV-1 strains to
E2 peptides. The antiviral potency of the HIV-inhibitory E2-
derived peptides varied between the peptides and the HIV-1
isolates that were tested, although the pattern of susceptibility
of different HIV-1 isolates was remarkably similar. This com-
plete concordance might be explained by the fact that all E2-
derived peptides used in these experiments overlap with 12 aa
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FIG. 4. Activity spectrum of inhibitory peptides. (A) CEMx174-M7-R5 cells were infected with various pseudotyped HIV reporter particles
(HxB2env [X4], ADAenv [R5], and VSV-Genv) after the addition of inhibitory peptides P4 and P6, respectively. The replication efficiency was
quantified as described previously. HIV replication in peptide-treated cultures was calculated as the reduction in luciferase activity in cell lysates
compared to mock-incubated cells. The bars show average values from three independent experiments. (B) TZM-bl cells were infected with

different clinical HIV-1, SIV, and HIV-2 strains.

with each other (LCDCPNGPWVWYV), representing the aa 45
to 56 within the E2 protein. However, the most potent E2-
derived peptides appear to be the 20mer P6-2 (aa 45 to 64) and
the 28mer P4762 (aa 37 to 64). For these, the ICs,s ranged
from <0.1 to ~2 pM for susceptible HIV-1 strains and were in
some degree comparable to the activity of VIR-576 in our
settings. In addition, we tested the GBV-C E2-derived peptide
P28 (aa 271 to 290) for antiretroviral activity with selected
primary HIV-1 isolates. P28 represents the E2 region, which
was postulated by Herrera et al. to interact with the HIV-1
fusion peptide (10). However, we did not observe any anti-
HIV-1 activity using 100 uM this GBV-C E2-derived peptide
(Table 3).

To further address the relevance of the observed variability
in sensitivity of HIV-1 primary isolates to GBV-C E2-derived
peptides and to exclude the possibility that the cell line used in
our HIV replication assays may account for these variations,
we also tested the anti-HIV-1 activity of P6-2 with a selection
of primary HIV-1 strains on the lymphoid HIV reporter cell
line CEMx174-M7-RS and on PBMC. A defined concentration
(20 uM) of peptide P6-2 was added shortly before infection,

and the replication efficiency was compared to mock-treated
cells measured 3 days postinfection on CEMx174-M7-RS5 cells
and 7 or 10 days postinfection on PBMC. The results are
summarized in Table 4. We define here the reduction of rep-
lication efficiency (>70%) as “+” and, accordingly, as “—”
when preincubation with P6-2 had no substantial impact on the
HIV-1 replication. In addition, we compared the influence of
GBV-C coinfection on a panel of HIV-1 isolates evaluated in
a previous study (14). The data revealed almost the same
pattern of variability in sensitivity for the tested HIV-1 strains
toward P6-2-mediated HIV-1 replication suppression on the
two reporter cell lines and on PBMC. In comparing the repli-
cation inhibition on TZM-bl and CEMx174-M7-R5 cells, we
found that all HIV-1 isolates were congruently responsive or
nonresponsive to E2-derived peptide-mediated HIV-1 sup-
pression using 20 pM P6-2. However, on primary cells
(PBMC) we observed that one HIV-1 isolate was suppressible
that was not sensitive on TZM-bl or CEMx174-M7-RS5 cells. In
combination with these findings, we were able to show in three
independent replication assays that GBV-C E2-derived pep-
tides are able to inhibit the replication of primary HIV-1 iso-
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in pM.

lates in a strain-specific manner. However, this observation is
partly influenced by the cell type used for HIV-1 infection. In
contrast, in GBV-C coinfections performed on PBMC in a
previous study, all tested HIV-1 strains were suppressible. This
implies that the HIV-1 inhibition mediated by the GBV-C

TABLE 3. ICs,s of E2-derived peptides

E2-derived peptides does not reflect all interference mecha-
nisms between the replication of GBV-C and HIV-1.
Elucidation of the HIV-inhibitory mechanism mediated by
E2-derived peptides. To identify the mode of action of GBV-C
E2-derived peptides mediating HIV-1 inhibition, an HIV-1

Clade

HIV strain Tropism

1C5 (M) of peptide:

VIR-576 P4-7 pP5 P6-2 P4762 P28
92UG029 X4 A ND* 0.76 5.05 1.44 0.85 ND
NL4-3 X4 B 0.11 3.01 5.72 2.30 1.03 >100
SF33 X4 B ND 10.21 3.84 0.96 1.92 ND
YU-2 RS B 0.55 5.21 7.30 2.39 1.97 >100
JRCSF RS B ND 98.68 85.08 >100 >100 ND
92THO026 RS B ND >100 >100 >100 >100 ND
92BR025 RS C ND >100 >100 >100 >100 ND
92UG035 RS D2 ND >100 >100 >100 >100 ND
92UG024 X4 D3 0.31 0.33 0.71 0.08 0.13 >100
93BR029 RS F1 ND >100 >100 >100 >100 ND
93BR020 X4 F2 ND >100 94.35 >100 20.78 ND
RUS570 RS G 21.82 0.74 1.96 0.58 0.09 >100
V1557 X4/R5 H ND 72.23 80.54 >100 >100 ND
SIVmac251 >100 >100 >100 >100 >100 ND
HIV-2 >100 >100 >100 >100 >100 ND

“ND, not determined.
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TABLE 4. Reactivity of HIV-1 strains toward E2 peptide treatment
compared to the reactivity in HIV-GBV-C coinfection assays

Reactivity of HIV strains with ~ Reactivity

P6-2 on different cell types” of HIV
HIV R strains in
Clade Tropism

strain CEMx174 GBV-C
TZM-bl XL74- ppMcC  coinfection
M7-R5 assays”
2UG029 A X4 + + + +
92UG024 D3 X4 + + + +
RU570 G RS + + + +
92TH026 B RS - - + +
93BR020 F2 X4 - - - +
JRCSF B RS - - _ ND

“ 4, Inhibition of HIV replication >70%; -, inhibition of HIV replica-
tion <30%.
" As reported by Jung et al. (14). ND, not determined.

virion-based fusion assay was performed. This assay allows
exclusively the detection of early steps within the HIV-1 life
cycle by measuring a shift in the fluorescence due to cleav-
age of a substrate (CCF2-AM) by the B-lactamase—Vpr chi-
meric protein present in HIV BlaM-Vpr particles (6). We
used NLA4-3BlaM-Vpr viruses to infect PBMC as well as
CEMx174-M7-R5 cells. After virus fusion, the cells were
stained with the substrate CCF2-AM, and enzymatic process-
ing of the substrate was monitored via flow cytometry. Com-
parable to the known entry inhibitors T20 and AMD-3100, the
peptides derived from the N-terminal part of E2 (P4, P4-7, P6,
and P6-2) prevented virus entry efficiently, whereas P28 and
P29 that represent the E2 region proximal the transmembrane
anchor did not inhibit HIV-1 infection (Fig. 6). Identical re-
sults were obtained using R5-tropic NL4-3BlaM-Vpr virions in
this fusion assay (data not shown). Therefore, HIV-inhibitory
E2-derived peptides reflecting the N terminus of E2 interfere
exclusively with HIV-1 binding or membrane fusion but not
with postfusion events.

Next, we wanted to evaluate the binding target of the HIV-
inhibitory peptides. To differentiate whether the peptides P4
and P6 mediate HIV-1 replication inhibition via binding to the
HI virion or to a cellular structure, E2-derived peptides, re-
spective control antibodies, or substances with defined cellular
or viral targets were either preincubated with CEMx174-
M7-RS5 cells or with sucrose-cushion-purified HIV-1 particles
(NL4-3BlaM-Vpr). Prior infection respective cells or viruses
were washed intensively to remove unbound substances. As
shown in Fig. 7, HIV-1 entry could not be prevented when cells
were preincubated with E2-derived peptides. After the re-
moval of unbound peptides no residual HIV-inhibitory activity
could be detected (Fig. 7A), whereas E2-derived peptides still
retain their anti-HIV-1 activity after incubation with HI viruses
when unbound peptides were removed by two sequential wash-
ing and high-speed centrifugation procedures (30 min, 15,000
rpm). Under these conditions the HIV-1 neutralizing antibody
12GS5 that binds to the cellular receptor CXCR4 had no resid-
ual HIV-inhibitory effect (Fig. 7B), whereas the HIV-1 parti-
cle-binding anti-gp41 antibody 4E10 and the anti-gp120 anti-
bodies b12 and 2G12 still led to HIV-1 suppression. Therefore,
we assume that the E2-derived peptides do not target HIV-1
host cells but supposedly interact with the HIV-1 particle itself.

J. VIROL.

DISCUSSION

In this study, we demonstrate that peptides representing a
distinct region within the N terminus of the GBV-C E2 protein
are able to inhibit efficiently HIV-1 replication in vitro. The
responsible region is located between aa 29 and 72 of the E2
protein, whereas peptides representing the E2 region between
aa 45 to 64 (P6-2) and aa 37 to 64 (P4762), respectively,
showed the highest potency in an HIV replication assay on
TZM-bl cells. Depending on the HIV-1 isolate, the potency
(ICsp) of these two E2-derived peptides varied between ap-
proximately 2 and 0.1 pM. Even though, the E2 peptides are
less potent than the entry inhibitor T-20 or the derivative
T-1249, their potency against primary HIV-1 isolates is com-
parable to that of VIR-576. This peptide is a 2 orders of
magnitude more potent derivative of the HIV-1 virus-inhibi-
tory peptide (VIRIP) that corresponds to the C-proximal re-
gion of the most abundant circulating serine protease inhibitor
al-antitrypsin and is reported to possibly be involved in early
innate immune defense against HIV-1 infection (15, 21).

The antiviral activity of peptides derived from the N termi-
nus of E2 seems to be restricted to HIV-1 isolates since HIV-
2 mirs STV ae251, and SIV, 5o strains were not sensitive to
high concentrations of the respective peptides (up to 100 uM).
However, using a panel of different primary and laboratory-
adapted HIV-1 isolates ranging from clades A to H, a highly
reduced responsiveness against E2-mediated entry inhibition
could be observed for some HIV-1 isolates as well. E2 respon-
siveness does not depend on the coreceptor usage or on the
clade of the respective HIV-1 isolates, even though X4-tropic
isolates are more likely to be suppressed by E2-derived pep-
tides than R5-tropic HIV-1 strains. The variability in sensitivity
of primary HIV-1 strains could be observed in three different
cell types. However, on PBMC the E2 peptides seem to be able
to inactivate HIV-1 isolates that are not suppressible on HIV-1
reporter cell lines. Therefore, these results imply that the sen-
sitivity to E2 peptides is not only determined by the HIV-1
isolate itself but also by the interaction of the HIV-1 isolate
with the host cell. Furthermore, when we compare the effect of
GBV-C coinfection on HIV-1 replication with the E2 peptide
effect, we observe that GBV-C coinfection led to the suppres-
sion of a broader range of HIV-1 isolates. This implies that the
HIV-1 suppression mediated by the N-terminal part of the E2
does not reflect all interference mechanisms of GBV-C against
HIV-1. One possible explanation could be the assumption that
more E2 regions than only the N-terminal part between aa 29
and 72 are necessary to provide full HIV-1 interference. Not
surprisingly, the effect mediated by E2 peptides is not fully
identical in quantitative and qualitative concerns to the HIV-
inhibitory effect induced by the recombinant truncated E2 pro-
tein (E2,4,Fc) used in earlier studies. Recombinant E2 protein
is approximately 2 orders of magnitude more potent compared
to P4-7 or P6-2, it is effective toward R5-tropic HIV-1 reporter
viruses pseudotyped with the ADA envelope, and preincuba-
tion of cells is sufficient to induce the HIV-inhibitory effect,
while with E2-derived peptides only preincubation with virus
led to HIV-1 inhibition (13). Despite the fact that recombinant
E2 protein and E2-derived peptides both interfere with early
HIV-1 entry events, 20mer peptides derived from the N ter-
minus of the E2 protein apparently do not mediate the full “E2
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FIG. 6. E2-derived peptides inhibit HIV entry. The binding and subsequent membrane fusion of HIV was determined by a virion-based fusion
assay, and the inhibitory capacity of peptides on HIV entry was analyzed. (A and B) PBMC (A) and CEMx174-M7-RS cells (B) were infected with
NLA4-3BlaM-Vpr virions after the addition of E2-derived peptides or the entry inhibitors T-20 and AMD3100. HIV-cell fusion was determined by
flow cytometry; infected cells are depicted in blue. Fusion analyses with PBMC from two different donors were performed in duplicate in five
independent experiments; fusion analyses with CEMx174-M7-R5 were performed in triplicate in five independent experiments. For each cell type,

the results of one representative experiment are shown.

effect.” We cannot exclude the possibility that a three-dimen-
sional protein structure within the native GBV-C E2 protein is
important for the E2-mediated HIV-1 entry inhibition that
might not be represented by a single peptide. Notably, Herrera
et al. could identify several regions within the GBV-C E2
protein that are supposed to interact with the fusion peptide of
HIV-1 and thereby mediate antiretroviral activity in HIV-1
replication assays (11). In our study we screened for antiret-
roviral activity of peptides that exclusively represent the

GBV-C E2 protein without the transmembrane anchor (aa 1 to
340) in a therapeutically relevant concentration (10 uM). We
can confirm the N-terminal part of E2 being involved in HIV-1
entry inhibition, but we did not observe any other E2-derived
peptide sequences that confer potent inhibition in HIV repli-
cation assays. Another explanation of why infection with
GBV-C isolates leads to suppression of a broader range of
HIV-1 isolates might be due to the fact that clinical GBV-C
isolates mediate HIV-1 interference not only via the E2 pro-
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FIG. 7. E2-derived peptides prevent HIV entry by targeting the virus particle. (A) CEMx174-M7-R5 cells were incubated with the respective
peptides or controls for 1 h, intensively washed, and infected with NL4-3BlaM-Vpr. The anti-gp120 antibodies b12 and 2G12 served as negative
controls and the anti-CD4 antibody B4 and the CXCR4-agonist AMD-3100 served as positive controls for cell binding. (B) NL4-3BlaM-Vpr virus
particles were incubated with inhibitory peptides or control antibodies for 1 h, intensively washed, and used to infect CEMx174-M7-R5 cells. The
anti-CXCR4 antibody 12G5 was used as a negative control and the anti-gp120 antibodies b12 and 2G12 and the anti-gp41 antibody 4E10 served
as positive controls for virus binding. Virus-cell fusion was determined by flow cytometry. Percentages were calculated in relation to mock-treated
cells. Columns show average values from two independent experiments, each performed in triplicate.

tein. This is supported by earlier studies, where it has been
reported that GBV-C infection stimulates the induction of
HIV-inhibitory chemokines in primary lymphocytes and that
the expression of GBV-C NS5A in lymphoid cell lines can
efficiently reduce HIV-1 susceptibility (14, 34, 35).

During the budding process retroviruses acquire a lipid enve-
lope derived from the plasma membrane of the host cell that
contains mainly cellular lipids, viral envelope, and cellular surface
proteins (5, 23). Therefore, the envelope composition of retrovi-
ral particles reflects in part the cellular origin. However, the pa-
rental cells or cell lines from which the HIV-1 virus stocks were
harvested do not contribute to the variability in E2 peptide sen-
sitivity. The E2 responsiveness of HIV-1 virus stocks did not
change when viruses had been produced either on PBMC or on
CEMx174-M7-RS5 cells. In addition, we could observe both effects
with HIV reporter particles that were harvested exclusively from
293T cells. These HIV reporter particles differ only in the incor-
porated gpl60 envelope. Therefore, the E2 peptide sensitivity
seems to be determined by the HIV-1 envelope protein. To an-
alyze the primary structure of the respective envelope proteins,
gp160 amino acid sequences from all tested HIV-1 isolates were
taken from the GenBank database and aligned using CLUSTAL
W software (version 1.83; Swiss Institute of Bioinformatics,
Switzerland  [http://www.ch.embnet.org/software/clustalw.html]).
However, we could not identify any specific mutations or amino
acid motifs in gp120 or gp41 that were different in E2-responsive
versus nonresponsive HIV strains (data not shown), even though
we cannot exclude any structural differences in the respective
envelope variants or differences in HIV-1 entry kinetics that
might refer to E2 responsiveness. The entry process of HIV-1is a
complex, multistaged process, in which subsequent binding events
and conformational changes occur, leading to specific time win-
dows for entry interference. Differences in receptor or coreceptor
specificity can lead to diverse dynamics of the HIV-1 entry pro-
cess, conceivably leading to variations in sensitivity to E2-derived
peptides, as described for other known entry inhibitors. For ex-
ample, for T-20, a fusion inhibitor known to interact with an
N-terminal heptad repeat (HR1) within gp41, it has been shown
that primary HI viruses exhibit substantial variability in T-20 sen-

sitivity and that different coreceptor specificities and other deter-
minants outside of HR1 can affect this sensitivity (7, 24).

We could demonstrate that GBV-C peptides interfere with
very early events of the HIV-1 replication cycle, such as recep-
tor binding to CD4 and the CXCR4 or CCRS5 coreceptor or
fusion between the viral and cellular membrane. These events
in early HIV-1 replication are possibly affected by interaction
of the E2-derived peptides with the HIV-1 particle. A direct
interaction with receptors of the HIV-1 target cell, as it is
described for a variety of small molecule receptor antagonists
(30), could be excluded, since preincubation of HIV-1 target
cells with HIV-inhibitory E2-peptides and subsequent removal
of unbound peptides led to the loss of antiviral activity,
whereas the antiviral ability of the peptides could be retained
after preincubation and intensive washing of HIV-1 particles.
Nevertheless, up to this point we cannot distinguish between
the two possibilities that the N-terminal region of GBV-C E2
glycoprotein directly binds to HI virions and sterically hinders
the subsequent entry process or whether the HIV-1 virus par-
ticle is irreversibly altered by the contact with GBV-C E2, as is
described for sCD4 or its derivatives (2, 25).

GBV-C E1 and E2 glycoproteins are believed to be present
on virions, and GBV-C virus titers can be observed at up to 107
to 10% genome equivalents per ml of plasma in GBV viremic
HIV-1 patients (14, 29). However, for GBV-C no experimental
data are available addressing the E2 density on GBV-C parti-
cles or the existence of free E2 protein that is not associated
with GBV-C RNA. Therefore, up to this point we cannot
exclude the possibility that native GBV-C E2 protein is bio-
logically relevant for the GBV-C/HIV-1 interference. There-
fore, the further elucidation of the exact mechanism by which
GBV-C E2-derived peptides interfere with HIV-1 entry may
not only lead to new insights into viral interference mecha-
nisms but may also lead to new therapeutic strategies for the
treatment of HIV-1 infections.
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