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We have recently demonstrated that the binding subunit (B-oligomer) of pertussis toxin (PTX-B) deactivates
CCRS and inhibits entry of RS human immunodeficiency virus type 1 (HIV-1) strains in activated primary T
lymphocytes (M. Alfano et al., J. Exp. Med. 190:597-605, 1999). We now present evidence that PTX-B also
affects a postentry step of HIV-1 replication. While PTX-B inhibited fusion induced by R5 but not that induced
by X4 envelopes, it blocked infection of T cells with recombinant HIV-1 particles pseudotyped with RS, X4, and
even murine leukemia virus or vesicular stomatitis virus envelopes. It also suppressed HIV-1 RNA synthesis
in cultures of infected peripheral blood mononuclear cells when new infections had been inhibited by zidovu-
dine, and it reduced Tat-dependent expression of the luciferase reporter gene controlled by the HIV-1 long
terminal repeat (LTR). Surprisingly, PTX-B did not affect expression from the cytomegalovirus promoter, nor
did it reduce the basal (Tat-independent) expression from the LTR promoter. These results indicate that
PTX-B inhibits HIV-1 infection at both the entry and the postentry stages of viral replication, with the
postentry activity specifically affecting transcription or stability of Tat-stimulated HIV-1 mRNAs.

Pertussis toxin (PTX) is a pentameric protein which can be
functionally divided into two (A and B) subunits. The A (ac-
tive) monomer exhibits ADP ribosyltransferase activity respon-
sible for ribosylation and inactivation of Gj-like proteins,
whereas the role of the B (binding)-oligomer (PTX-B) was
initially perceived to be limited to binding of PTX to target
cells (21). It is now clear, however, that PTX-B alone initiates
signal transduction (1, 17-19) in target cells. Although the
signal-transducing receptor for PTX has not been unequivo-
cally identified yet, it appears to belong to the class of sialy-
lated glycoproteins, with likely candidates being a 43-kDa pro-
tein in T lymphocytes (16) and the CD11b-CD18 integrin in
myelomonocytic cells (20, 22). Recently, we demonstrated that
PTX-B inhibits an early stage of replication of RS human
immunodeficiency type 1 (HIV-1) strains, likely the entry of
the viral core into target cells (1). Importantly, PTX-B did not
diminish CCRS or CD4 expression on peripheral blood mono-
nuclear cells (PBMC), nor did it affect binding of CCRS5 li-
gands (macrophage inflammatory protein 18 [MIP-1B] or RS
gp120) to the cells. However, functional activities of CCRS
were inhibited: PTX-B-treated PBMC did not exhibit Ca**
flux when treated with MIP-1B or RANTES (while preserving
Ca®" response to stroma-derived factor la (SDF-la), a
CXCR4 ligand) and did not display the R5 Env-induced cap-
ping of CCRS characteristic of HIV-1 infection. The effect of
PTX-B on CCRS5 could be reversed by protein kinase C inhib-
itor, implicating a signaling mechanism likely originating from
the PTX-B receptor. These findings suggested that PTX-B
induces selective heterologous desensitization of one of the
major HIV-1 coreceptors, CCRS, thus affecting infection by
the viruses that use this receptor (1). That study also under-
scored differences between primary cells, where HIV-1 infec-
tion depends on chemokine coreceptor signaling and capping
(1, 11), and cell lines, where HIV-1 coreceptor activity of
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chemokine receptors does not appear to involve signaling (3, 4,
8, 10).

A previous study (1) relied on PCR analysis of early reverse
transcription products, thus not allowing discrimination be-
tween various possible mechanisms of PTX-B activity, such as
inhibition of virus-cell fusion, uncoating, or initiation of re-
verse transcription. To directly measure the effect of PTX-B on
HIV-1 Env-mediated fusion, we used the classical cell fusion
assay (2). Primary activated PBMC were infected with vaccinia
virus expressing T7 RNA polymerase (VIF7-3 [9]) and coin-
cubated at a ratio of 5:1 in the presence or absence of PTX-B
with HeLa cells coinfected with vaccinia viruses expressing
HIV-1 Env (vCB-41 for X4 Env™*Y and vCB-43 for RS
Env®* " [5]) and the Escherichia coli lacZ gene linked to the T7
promoter (VCB-21R-lacZ [2]) for 2.5 h to allow cell fusion. Cell
fusion was assessed by measuring B-galactosidase (B-Gal) ac-
tivity in detergent cell lysates by colorimetric assay. Results of
a representative experiment are presented in Fig. 1A. Treat-
ment of PBMC with PTX-B reduced in a dose-dependent
fashion cell fusion induced by R5 Env®*™ (to 65% of control
at 10 nM PTX-B), while X4 Env-*Y-mediated fusion was not
affected. A classical bell-shaped dose response was observed,
and at high PTX-B concentrations the inhibitory effect disap-
peared. Some variation in the magnitude of the inhibitory
effect observed with cells from different donors might be ex-
plained by different levels of expression of the PTX-B receptor
(M. Alfano, unpublished observation). This result indicates
that the inhibitory activity of PTX-B at the early stage of
HIV-1 infection is targeted at the step of virus-cell fusion. A
lower activity of PTX-B in this assay than in the virus-based
entry assay with primary cells, where members of our group
routinely observed inhibition by 70 to 80% (1), can be ex-
plained by lower dependence of cell-cell fusion on the ability of
fusion receptors to cap, possibly due to tight contacts between
the cells in cocultures. Alternatively, overexpression of HIV-1
Env using vaccinia vector may partially overcome CCRS defi-
ciency. To evaluate the effect of PTX-B on fusion in the con-
text of virus infection, we measured cell-associated p24 after
inoculation of PBMC with HIV-1. We used recombinant vi-
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FIG. 1. Effects of PTX-B on cell-cell and virus-cell fusion mediated by different envelopes. (A) Analysis of Env-mediated cell-cell fusion. Fusion between PBMC
(3-day PHA blasts cultured for 7 days in interleukin 2) infected with vaccinia virus expressing T7 RNA polymerase and HeLa cells coinfected with vaccinia viruses
expressing HIV-1 Env (X4 Env™*Y or R5 Env®*) and the E. coli lacZ gene linked to the T7 promoter was assessed by a colorimetric assay in detergent cell lysates.
The background activity detected in cocultures of T7 RNA polymerase-expressing PBMC with HeLa cells expressing only the E. coli lacZ gene linked to the T7
promoter was subtracted from all values. Results are expressed as percentages of B-Gal activity in experimental cells (treated with indicated concentrations of PTX-B)
relative to that in control (untreated) cells and are the means * the standard deviations (SD) of three independent measurements with cells from the same donor. (B)
Analysis of cell-associated p24. PBMC were inoculated in the presence of PTX-B (1 nM) or anti-CD4 MAb (Leu3a, 5 pg/ml) with HIV-1 pseudotypes carrying indicated
envelopes. Virus attachment was assessed by measuring cell-associated p24 following a 1-h incubation at 4°C (left panel). Virus-cell fusion was assessed by measuring
the amount of internalized p24 following a 2-h incubation at 37°C and subsequent trypsinization of the cells to remove noninternalized virus. The data (p24 values
relative to control, untreated samples) are the means = SD of three independent experiments.

ruses containing HIV-1 core pseudotyped with envelopes de-
rived from the R5 HIV-1 strain ADA, the X4 HIV-1 strain
HxB2, amphotropic murine leukemia virus (MuLV), or vesic-
ular stomatitis virus protein G (VSV-G) (6). When cells were
inoculated with pseudotyped viruses (20 ng of p24 per 10°
cells) in the presence or absence of PTX-B (1 nM) and incu-
bated for 1 h at 0°C to allow virus attachment, PTX-B did not
change the amount of cell-associated p24, while anti-CD4
monoclonal antibody (MADb) significantly reduced attachment
of HIV-1 Env-pseudotyped viruses (Fig. 1B, left). This result is
consistent with the lack of effect of PTX-B on CD4 or chemo-
kine receptor expression (not shown) and with our earlier
finding that PTX-B does not reduce R5 gpl120 binding to
CCRS or entry of X4 HIV-1 into PBMC (1). However, when
cells were transferred to 37°C for 2 h to allow virus internal-
ization and then trypsinized to remove noninternalized virus,
PTX-B reduced by approximately 70% the amount of inter-
nalized p24 for Env*P*-pseudotyped virus, without affect-
ing p24 internalization for other viruses (Fig. 1B, right). As
expected, anti-CD4 MAb reduced the amount of internal-
ized p24 for both HIV-1 Env-pseudotyped viruses but not
for Env™“tV- or VSV-G-pseudotyped viruses. Results of this
experiment support our conclusion that the PTX-B-mediated
effect on CCRS manifests itself in selective inhibition of fusion
between R5 HIV-1 and target cells.

In addition to exerting inhibitory activity on infection by RS
HIV-1 strains at the step of virus-cell fusion, PTX-B was also
found to block replication of X4 viruses at a postfusion step of
infection (1). To substantiate this activity of PTX-B, we ana-
lyzed its effects in a single-cycle assay with Env-pseudotyped,
luciferase-expressing HIV-1 recombinants (6, 7). Cells were
infected with pseudotyped virus (5 ng of p24 per 10° cells) in
the presence (1 nM) or absence of PTX-B. After 4 days, cells
were washed and lysed in reporter lysis buffer (Promega), and
the luciferase activity was measured in relative light units using

a Dynex MLX microplate luminometer. As expected, PTX-B
inhibited infection with HIV-1 pseudotyped with R5 EnvAP#,
as measured by luciferase activity in cell lysates (Fig. 2). It
also inhibited infection with HIV-1 pseudotyped with X4
Envi™®2 despite the fact that X4 Env-mediated fusion was
not affected (Fig. 1). Furthermore, infection with Eny™M“-V-
and VSV-G-pseudotyped viruses, which enter cells via CD4-
and chemokine receptor-independent fusion and receptor-
mediated endocytosis, respectively, was also inhibited. Given
that PTX-B did not diminish entry of any virus other than
Env*P-pseudotyped virus (Fig. 1B), this above-mentioned
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FIG. 2. Effects of PTX-B on PBMC infection with different HIV-1 pseudo-
types. PHA-activated PBMC cultures were inoculated with HIV-1 pseudotypes
carrying envelopes of HIV-1 strains ADA (R5) or HxB2 (X4) or of amphotropic
MuLV or VSV-G. Luciferase expression was measured on day 4 postinfection,
and the results are presented as percentages of expression in experimental cells
(treated with 1 nM PTX-B) relative to that in control (no PTX-B) cells.
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FIG. 3. Effects of PTX-B on HIV-1 mRNA expression. PHA-activated
PBMC cultures were infected with the X4 isolate HIV-1; 5;. (A) Cells were
cultured according to the scheme shown. AZT was used at a concentration of
1 pM, which completely blocked de novo infection, and PTX-B (B-ol.) was used
at a concentration of 1 nM. Arrows indicate times at which the medium was
changed and cells were thoroughly washed. (B) After the final wash, total RNA
was analyzed by RT-PCR using an SPL-1-SPL-2 primer pair specific for spliced
HIV-1 mRNA (product detected by Southern blot hybridization, upper panel) or
B-actin mRNA (product detected by ethidium bromide staining of the gel,
bottom panel). Results are for one representative experiment out of two per-
formed with cells from different donors. The standards were prepared by ex-
tracting RNA from indicated numbers of TNF-a-stimulated U1 cells (each cell
containing 2 copies of integrated HIV-1 provirus) and amplifying it in parallel
with experimental samples.

SPL-1/SPL-2

Cell-equivalents

SPL-1/SPL-2

result indicates an additional, postentry inhibitory activity of
PTX-B. This activity explains PTX-B-mediated inhibition of
replication of X4 viruses in long-term cultures (1).

To narrow down possible mechanisms of postentry inhibi-
tion by PTX-B, we analyzed synthesis of HIV-1-specific mRNA
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in infected PBMC cultures under conditions in which new
rounds of infection had been blocked by zidovudine (AZT).
The scheme of this experiment is shown in Fig. 3A. Phytohe-
magglutinin (PHA)-activated cells were infected with the X4
strain HIV-1, ,; and incubated for 3 days to allow establish-
ment of infection. AZT at a concentration of 1 wM (a dose that
completely inhibited de novo infection) was then added with or
without PTX-B (1 nM). Production of spliced HIV-1 mRNA
was estimated by reverse transcription (RT)-PCR using ran-
dom hexamers for reverse transcription and an SPL-1-SPL-2
primer pair specific for double-spliced HIV-1 RNA and re-
vealed by Southern blot hybridization (sense, 5'-CTTAGGCA
TCTCCTATGGCA-3’; antisense, 5'-CGGGCCTGTCGGGT
TCCCTC-3'; probe, 5'-CAGGAAGAAGCGGAGACAGC-
3"). The B-actin RNA was amplified from the same samples to
control RNA loading (sense, 5'-GACTTAGTTGCGTTACA
CCC-3'; antisense, 5'-CCTCCCCTGTGTGGACTTGG-3).
RT-PCR standards were prepared by amplification of RNA
extracted from various numbers of tumor necrosis factor alpha
(TNF-o)-induced U1 cells (each cell contains 2 copies of
HIV-1 provirus) using the same primers and PCR conditions
as for experimental samples. While no quantitative conclusions
can be derived from this standard curve, it indicates that sig-
nals falling within the range from 1 to 8 cell-equivalents would
be easily discriminated. Primers used for HIV-1 RNA ampli-
fication were derived from Tat-encoding cDNA and do not
amplify unspliced (genomic) viral RNA (Fig. 3B). Therefore,
the amount of amplified product reflects the steady-state level
of spliced HIV-1 mRNA. As shown in Fig. 3B, PTX-B reduced
the amount of spliced HIV-1 mRNA in this system, suggesting
that the inhibitory effect is confined either to splicing or to the
transcription and stability of viral mRNAs. Unfortunately, we
could not discriminate between these two possibilities within
the model shown in Fig. 3A, as analysis of unspliced HIV-1
mRNAs was confounded by contribution of input viral RNA to
the resultant signal. We therefore resorted to analysis of re-
porter gene expression in the Jurkat T-cell line, which is re-
sponsive to PTX-B effects (M. Alfano, unpublished observa-
tion). Jurkat cells were cotransfected by electroporation with
500 ng of pRL-CMV DNA (Promega) encoding Renilla lucif-
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FIG. 4. Effects of PTX-B on luciferase reporter gene expression. Jurkat cells were cotransfected with pRL-CMV DNA (CMV-Luc) encoding Renilla luciferase and
LTR-Luc (LTR of HIV-1; 5;) encoding firefly luciferase (left panel) or with the same plasmids plus pcDNA1/Tat encoding HIV-1 Tat protein (right panel). After 48 h
of incubation, luciferase activity was measured by the Dual-Luciferase assay system. Results are the averages of two independent experiments, both done in duplicate.
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erase and 10 pg of HIV-1 LTR-Luc (kindly provided by Ben
Berkhout [12]) encoding firefly luciferase. Some samples were
also cotransfected with 1 g of pcDNA1/Tat (kindly provided
by Chiara Bovolenta); Tat stimulates HIV-1 long terminal re-
peat (LTR)-driven expression by interacting with the Tat-re-
sponsive (TAR) region in the RNA (15). Transfected cells
were cultured in the presence or absence of B-oligomer (1 nM)
for 48 h and then harvested and processed using the Dual-
Luciferase assay system (Promega) as suggested by the manu-
facturer. Results presented in Fig. 4 (left) demonstrate that in
the absence of Tat, PTX-B did not reduce the basal, Tat-
independent expression from LTR, nor did it affect expression
from the cytomegalovirus (CMV) promoter. In the presence of
Tat, however, PTX-B inhibited expression of the luciferase
reporter driven by HIV-1 LTR but not by the CMV promoter
(Fig. 4, right). Because LTR-driven luciferase expression does
not depend on splicing, this result indicates that PTX-B affects
transcription and stability but not splicing of HIV-1 DNA. It
also suggests that this inhibitory effect is specific for Tat-de-
pendent transcription and might involve modulation of activity
of one of the components of the Tat-containing transcription
complex (14).

In a previous report (1), it was demonstrated that PTX-B
inhibits HIV-1 infection by at least two mechanisms, one de-
pendent on CCRS and the other one not. This study demon-
strates that CCR5-dependent inhibition by PTX-B involves
repression of virus-cell fusion, while the second, CCR5-inde-
pendent mechanism affects the transcription and stability of
HIV-1 mRNA. The latter activity appears specific for viral
TAR-containing RNAs, consistent with the very low cytotox-
icity of PTX-B (1), manifested also in its well-known mitogenic
activity (21). Importantly, both inhibitory activities appear to
be mediated by signaling events originating from an as-yet-
uncharacterized PTX receptor. Future studies will identify mo-
lecular mechanisms responsible for the intriguing specificity of
the PTX-B effect on HIV-1 LTR-driven transcription and
RNA stability, which might operate through signal-dependent
modification of a factor involved in the function of Tat-depen-
dent transcription elongation complex.

The dose-response curve of PTX-B activity had a character-
istic bell shape, indicating a biphasic response (Fig. 1A). In-
deed, at high PTX-B concentrations (0.1 to 1 uM) the inhib-
itory effect disappeared, and a recent study (13) even found a
stimulating activity of PTX-B on HIV-1 infection at those
concentrations. That activity appears to be manifested at an
early stage of viral infection, likely at the step of virus-cell
fusion, and does not seem to depend on signaling (13).

The described activities of PTX-B make it an attractive
candidate for anti-HIV therapy, as it can inhibit virus produc-
tion both after de novo infection and after reactivation of
latent virus. The latter scenario becomes especially important
in view of emerging evidence that persistence and expression
of the virus in resting T cells might be the reason for the failure
of highly active antiretroviral therapy to eliminate HIV from
the body (23).

The following reagents were obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH:
vTF7-3 from Tom Fuerst and Bernard Moss and vCB21R-lacZ, vCB-
41, and vCB-43 from Christopher C. Broder, Paul E. Kennedy, and
Edward A. Berger. pNL-Luc, pSV-Env(MuLV), and pSV-Env-
(VSV-G) plasmids were a gift from Nathaniel Landau. pEnvACT
and pEnvHXB2 were kindly provided by Heinrich Gottlinger. HIV-
LTR-CAT and pcDNA1/Tat were gifts from Ben Berkhout and Chiara
Bovolenta, respectively.

This work was supported in part by NIH grant R0O1 AI 38245 (to
M.B.) and by funds from The Picower Institute for Medical Research.
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