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Dextran sulfate is a potent inhibitor of human immunodeficiency virus (HIV) binding and replication in
lymphocytic cell lines. In this study, we demonstrate that the elect of dextran sulfate and heparin depends on

the host cell type and on the V3 loop, the principal neutralizing determinant ofHIV gp120. In particular, when
dextran sulfate was tested on primary human macrophages infected with macrophage-tropic viruses,
enhancement of infection was observed in 6 of 11 independent macrophage preparations and with 5 of 13
primary HIV isolates. Our in vitro observations might explain why enhanced HIV replication was observed in
HIV-infected patients treated with dextran sulfate.

Sulfated polyanions, such as dextran sulfate or heparin, have
been shown to potently inhibit human immunodeficiency virus
(HIV) infection in vitro in T-cell lines (4, 13). Later studies
consistently demonstrated that sulfated polyanions reduced
binding of virions to host cells (3, 22, 23). This led to the
proposal that studies of polyanions should be pursued for their
potential in the prophylaxis and therapy of retroviral infections
in humans (3). Initially, studies of orally administered dextran
sulfate produced little evidence for systemic absorption or
antiviral effect (1, 17). A study of intravenously administered
dextran sulfate revealed, besides a harrowing hematological
toxicity, that all eight patients who received dextran sulfate for
more than 3 days had significant increases in circulating p24
antigen (9). This apparently adverse effect on HIV replication
was not explained and was especially puzzling because dextran
sulfate levels in blood in those patients were maintained at up
to 200-fold greater than the 50% inhibitory concentration for
free HIV infectivity in vitro.
The exact mechanism of action of the sulfated polyanions is

uncertain. Perhaps their large size and highly negatively
charged nature enable them to interact in a relatively nonspe-
cific fashion with positively charged molecules, which would
explain the contradictory reports that polyanions interact with
CD4 (16, 26), gpl20 (5, 29), or even other cellular proteins (18,
36). However, dextran sulfate has been shown to block anti-
body binding to the V3 principal neutralizing determinant of
HIV gpl20 (5, 29), possibly through electrostatic interactions
between dextran sulfate and the positively charged amino acids
in this loop (5, 19). Cellular tropism determinants map also to
the V3 loop (14, 24, 31), and the tropism conferred by the V3
loop appears to correlate with differences in the overall electric
charge of the loop (7, 10, 32). To the best of our knowledge,
the effect of dextran sulfate on HIV replication has not been
tested in host cells other than T-cell lines. In the present study,
we examined whether polyanions have differential effects on
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the replication of HIV that depend on which viral strain of
HIV type 1 (HIV-1) and host cell type are used. Such
information might better explain the paradoxical in vivo effect
of polyanions.
The effect of dextran sulfate (molecular weight, about

500,000; Pharmacia, Uppsala, Sweden) and heparin (150
U/mg; Elkins-Simms Inc., Cherry Hill, N.J.) on the infection of
primary human macrophages by the HIV-lBaL strain was

tested. Virus and cells were prepared as described previously
(15). Macrophages were pretreated for 1 h with various con-

centrations of sulfated polyanions, then exposed to HIV-1BaL
at a multiplicity of infection of 0.025 for 1 h, washed, and
cultured in the presence of the same concentration of polyan-
ions. One week later, virus production, as reflected by the
amount of p24 antigen produced in the supernatant, was as-
sessed by an enzyme-linked immunosorbent assay (HIVAG-1;
Abbott Laboratories, Chicago, Ill.), according to the instruc-
tions of the manufacturer. Dextran sulfate (10 pLg/ml) in the
medium did not affect the results of this assay.
Enhancement, defined as an increase in p24 antigen produc-

tion of more than three times at at least two different polyan-
ion concentrations, was observed with 6 out of 11 batches of
monocyte-derived macrophages from independent donors, of
which a representative result is shown in Fig. 1. Enhancement
varied, depending on the experiment, with p24 antigen pro-
duction by dextran sulfate-treated macrophages increasing
3-fold (0.5 log) to more than 10-fold (1 log) compared with that
by untreated cells. Replicate cultures of macrophages infected
with HIV-lBaL typically produce p24 antigen in the superna-
tant in amounts with a coefficient of variation of less than 20%
(see, for instance, reference 20). It is therefore obvious that the
increased p24 antigen production by dextran sulfate-treated
macrophages truly reflected a biological phenomenon and was
not due to random variation. The typical cytopathic effect of
syncytium formation by HIV-lBaL on macrophages was mark-
edly increased in those wells showing enhancement of p24
antigen production (data not shown). In the five other exper-
iments, dextran sulfate had no clear-cut effect on HIV-1BaL
replication in macrophages. In three separate experiments,
heparin was tested in parallel with dextran sulfate, and its
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FIG. 1. Effect of dextran sulfate on the replication of HIV-lBaL in monocyte-derived macrophages and in PMA-differentiated THP-1 cells and
of HIV-1AI in CEM lymphocytic cells and in THP-1 cells. One-week-old macrophages and PMA-differentiated THP-1 cells in 48-well plates (4
x 105 cells per well) were treated for 1 h with the indicated polyanion concentration. HIV-1BaL was then added at a multiplicity of infection of
0.025 50% tissue culture infective dose per cell and incubated for 1 h. The monolayers were then washed and cultured in RPMI 1640 medium with
10% fetal bovine serum. CEM and undifferentiated cells were infected in the samne format as adherent cells, except that infection and washing of
these nonadherent cells were performed in tubes. p24 antigen levels were determined after 3 days for CEM cells and after 1 week for the other
cell types. Note the log scale for the p24 antigen levels. Results for monocyte-derived macrophages are representative for 6 of the total of 11
experiments performed with such cells. Results with other cell types are representative of at least three separate experiments giving reproducible
results.

effect was found to closely reproduce the enhancing effect of
dextran sulfate. A similar trend to enhancement was observed
when the effect of dextran sulfate on THP-1 cells was tested
after the cells had undergone differentiation with phorbol
myristate acetate (PMA) and been infected with the HIV-1BaL
strain (Fig. 1). This cell line (ATCC TIB 202) is an early
monocytic precursor (35) that can be differentiated to a
macrophage-like phenotype through the use of various differ-
entiating agents (34). We have recently reported that upon
treatment with 10-8 M PMA, these cells become permissive to
macrophage-tropic HIV strains (21).

In contrast, when we studied the effect of dextran sulfate on
the replication of HIV-1LAI in the CEM lymphocytic cell line
(ATCC CCL 119) or in undifferentiated THP-1 cells which
replicate lymphotropic HIV strains and were cultured as
previously described (11, 21), the usual inhibitory effect was
observed (Fig. 1). In lymphocytic systems, inhibition was
observed with a 50% inhibitory concentration of around 0.1
,xg/ml. Dextran sulfate did not render primary macrophages
permissive for the lymphotropic HIV-1u isolate.
To determine whether this reduced inhibition or enhance-

ment was restricted to laboratory-adapted macrophage-tropic
strains or was a more general phenomenon, we tested the
effect of dextran sulfate on the replication of primary isolates
(obtained by the coculture of patient peripheral blood mono-

nuclear cells [PBMC] and healthy donor PBMC [28]) in
monocyte-derived macrophages. Of 13 primary isolates tested
on one batch of primary macrophages, 5 displayed enhance-
ment (as defined above, with maximum increases in p24
antigen production in the presence of dextran sulfate amount-
ing to, respectively, 8.5-, 9.5-, 10-, 12.8-, and 23.4-fold that of
control cells), 6 showed the same replication independently of
the dextran sulfate concentration, and 2 were clearly-inhibited
as dextran sulfate concentrations increased.
The mechanism of the effect of dextran sulfate on HIV

replication has been linked to the binding of the virus to host
cells. We therefore examined the effect of dextran sulfate on
the binding of the virus to monocytic and lymphocytic cells by
using a flow cytometry assay (21). We demonstrated that 10 ,ug
of dextran sulfate per ml increased the binding of HIV-lBaL to
monocytic PMA-differentiated THP-1 cells (Fig. 2). In con-
trast, in parallel experiments, dextran sulfate decreased the
binding of HIF-1l_AI to lymphocytic CEM cells (Fig. 2), a result
similar to previous observations (3, 22, 23).
At this point, however, it was unclear whether differences in

host cells or in virus strains were responsible for the different
effects of dextran sulfate in lymphocytic and monocytic sys-
tems.

Primary lymphocytes are a major host cell type for HIV (8).
In addition, because they are permissive to basically all strains
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FIG. 2. Effect of dextran sulfate on the binding of HIV-1LAI to CEM cells (A to C) and of HIV-lBaL to THP-1 cells (D to F). Each graph
represents the cell numbers (y axis) as a function of fluorescence intensity (200 channels spanning a 3.5 log scale on thex axis). (A and D) Unstained
cells. Cells that were stained in the absence of the viruses did not display a significant increase in fluorescence (data not shown). (B and E) Cells
exposed to the respective virus stocks and stained. The open areas display the background fluorescence, while the closed areas represent the
fluorescence of virus-exposed cells. The percentages of positive cells (above background) are shown. (C and F) Fluorescence of cells exposed to
the viruses in the presence of 10 ,ug of dextran sulfate per ml. In the case of HIV-1Lm, the decreased fluorescence indicates decreased binding in
the presence of dextran sulfate, while in the case of HIV-lBaL, the increased fluorescence indicates enhanced binding of the virus. The open areas,
closed areas, and percentages are as defined for panels B and E.

and clones of HIV-1 (in contrast to primary macrophages and
T-cell lines), they offered the opportunity to compare the
effects of dextran sulfate on different virus strains in the same

host cells.
Primary lymphoblasts were prepared from buffy coats (kind-

ly provided by the Centre de Transfusion Sanguine, Croix
Rouge Suisse, Lausanne, Switzerland) by Ficoll-Hypaque sep-
aration and phytohemagglutinin (Wellcome; 1 ,ug/ml) stimula-
tion of the PBMC at a cell concentration of 106/ml. Lympho-
blasts were maintained in RPMI 1640 with 10% fetal bovine
serum and 50 U of recombinant interleukin-2 (IL-2) per ml
(kind gift of GianPietro Corradin, Institute of Biochemistry,
University of Lausanne). After incubation with various dextran
sulfate concentrations for 1 h, lymphoblasts were infected with
HIV-1LA or HIV-lBaL stocks for 1 h in the continued presence
of dextran sulfate, washed three times by centrifugation, and
cultured in the presence of dextran sulfate. HIV replication
was assessed by the production of p24 antigen in the superna-
tant. Dextran sulfate-mediated inhibition was observed with
both virus strains (Fig. 3), but the inhibitory effect of dextran
sulfate on the replication of HIV-1LA was weaker in primary
lymphocytes than that in CEM cells (a 50% inhibitory concen-
tration more than 10-fold greater). No enhancement of the
macrophage-tropic isolate was observed in these cells. These
observations were consistent in five experiments involving
separate stimulated primary lymphocyte preparations. Thus,
dextran sulfate resulted in enhancement of the replication of
the HIV-1 isolate in primary macrophages but in only weak
inhibition in primary lymphocytes, demonstrating that the host
cell type partly determines the effect of polyanions on HIV-1
replication.
To test whether viral determinants, particularly the V3 loop

of HIV-1 gpl2O, were involved in the differential effects of
dextran sulfate in various virus-host cell systems, we used
chimeric isogenic clones of HIV-1 that differ only by the
envelope V3 loop region in an HXB-2 background (7). This

fragment has been shown to confer tropism and cytopathic
effect. Infectious clones 168.1, 168.3, and 168.10 contain the V3
loop of sequential isolates from the same patient. The V3
fragments of gpl20 have been cloned from these isolates by
PCR and introduced in an HXB-2 background to produce
isogenic infectious clones (kindly provided by J.-J. De Jong
[7]). Clones 168.1 and 168.3 are both noncytopathic, macro-
phage-tropic clones with, respectively, 3+ and 4+ overall V3
loop electric charges, while 168.10 is a cytopathic lymphotropic
clone with a 6+ overall electric charge. In experiments involv-
ing infections with a cloned virus, pNL43 (2) was used as a
prototypic lymphotropic cytopathic virus while pNL43BE was
used as a macrophage-tropic clone. The pNL43BE infectious
proviral clone was constructed by replacing the SalI-BamHI
envelope fragment of pNL43 with the corresponding fragment
from pBaL, a plasmid containing the envelope gene of the
HIV-1BaL isolate cloned by PCR (kindly provided by Bryan
Cullen [12]). To infect PBMC with these clones, DNA was
directly transfected into PBMC with Lipofectin (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.) at a Lipofec-
tin/DNA weight ratio of 3 for 4 h. Alternatively, DNA was
transfected into COS-7 cells, also with Lipofectin by a similar
protocol, to produce virus stocks. These stocks, containing
from 17 to 38 ng of p24 antigen per ml, were in turn used to
infect PBMC.

In one set of experiments, the various HIV clones were
transfected directly into primary lymphocytes. After transfec-
tion, cells were diluted to 5 x 105 cells per ml and aliquotted
with IL-2 in 1-ml cultures in 48-well plates. Dextran sulfate was
added 24 h later to give the indicated final concentrations (Fig.
4). The cells were diluted weekly fivefold with medium con-
taining the various dextran sulfate concentrations. Fifteen days
later, HIV replication was measured by determining the p24
antigen concentrations in the culture supernatants. In this type
of experiment, dextran sulfate could have an effect only on
secondary rounds of infection. Alternatively, stocks of virus
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FIG. 3. Effect of dextran sulfate on HIV-1BaL and HIV-1m replication in primary lymphocytes. Phytohemagglutinin-stimulated, IL-2-

maintained primary lymphocytes were treated for 1 h with the indicated polyanion concentrations and infected with the viruses at multiplicities
of infection of 0.1 and 0.3, respectively, in round-bottom tubes. After 1 h, the cells were washed three times and resuspended in RPMI 1640 with
10% fetal bovine serum, 50 U of IL-2 per ml, and dextran sulfate at the indicated concentrations. At day 6, culture supernatants were harvested
for p24 antigen determination.

were prepared in COS-7 cells, and similar amounts of virus,
standardized by p24 antigen content, were added to 3 x 105
primary lymphocytes that had been pretreated for 1 h with
various concentrations of dextran sulfate. After 1 h, the cells
were washed and cultured in medium containing the same
concentration of dextran sulfate. The cells were diluted weekly
fivefold with medium containing the various dextran sulfate
concentrations. HIV replication was measured weekly by as-
saying the p24 antigen concentrations in the culture superna-
tants. Figure 4 shows the representative results of three such
experiments. Clone 168.10 was particularly susceptible to
dextran sulfate inhibition, while clone 168.1 was not at all
susceptible, showing a hint of enhancement. Clone 168.3 was
intermediate in susceptibility. Clones pNL43 and pNL43BE,
with envelope genes derived from lymphotropic and macro-
phage-tropic isolates, respectively, were also tested in primary
lymphocytes. Clone pNL43 was only slightly more susceptible
to dextran sulfate inhibition than pNL43BE (note the slight,
about half-log inhibition of pNL43 at 1 jig/ml, in contrast to
that of pNL43BE), suggesting that in this case, the difference
in V3 loop amino acid composition had a reduced influence on
dextran sulfate susceptibility. Similar results were obtained
repeatedly in both experiment formats. These results demon-
strated that the effect of dextran sulfate on HIV-1 replication
depends significantly upon the amino acid composition of the
V3 loop.

In the present study, the effect of polyanions on HIV
replication depended upon the host cell type and on the viral

strain studied. Indeed, while we observed a strong inhibitory
effect of polyanions on the replication of cytopathic, T-cell-
line-adapted viruses such as HIV-1LAI in the CEM T-cell line,
similar to those in reported observations (3, 4, 13, 22, 23),
different patterns were observed with other host cell types and
other viral strains. In primary lymphocytes (perhaps the most
important host cell type in vivo [25]), a much reduced inhibi-
tory effect was observed, with only the highest concentrations
tested having an inhibitory effect on the replication of both
lymphotropic and macrophage-tropic viruses. With monocyte-
derived macrophages as host cells, polyanions enhanced the
replication of macrophage-tropic viruses in a majority of
experiments. The enhancement observed here was typically
severalfold, i.e., of the same magnitude as the antibody-
mediated enhancement that has been described in monocytic
cells infected with HIV (33). In the remaining experiments,
very weak or no inhibition was observed at even the highest
concentrations tested. In particular, the effects of dextran
sulfate on the replication of HIV-lBaL could be compared in
primary lymphocytes and macrophages. Enhancement was
observed only in the latter host cell type. Also, the inhibitory
effect of dextran sulfate on the replication rates of HIV-1L.A
was much reduced in primary lymphocytes compared to those
in cell lines. Thus, the effect of polyanions on prototypic
lymphotropic or macrophage-tropic viruses varied on the basis
of the host cells.
To assess whether viral factors are important in determining

the effect of polyanions, the effect of dextran sulfate on various
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FIG. 4. Effect of dextran sulfate on the replication of various HIV-1 clones in stimulated primary human lymphocytes. Aliquots of 3 x 105

lymphocytes were incubated for 1 h at 37°C with various concentrations of dextran sulfate 3 days after they were isolated. The cells were then
infected with 160 p,l of virus stocks produced in COS-7 cells, representing from 3 to 6 ng of p24 antigen depending on the clone, in the continued
presence of dextran sulfate. After incubation for 1 h, the cells were washed and resuspended in 1 ml of RPMI 1640 with 10% fetal bovine serum,
50 U of IL-2 per ml, and dextran sulfate at the indicated concentrations in 48-well plates. Twice a week, the cells were counted and diluted to a
density of 3 x 105 ml. At day 7 (pNL43 and pNL43BE) or day 14 (168.1, 168.3, and 168.10), culture supernatants were harvested for p24 antigen
determination.

viral clones was tested in the same host cell: primary lympho-
cytes. These cells are basically permissive to every HIV isolate.
Because the cytopathic effect and tropism of HIV are largely
determined by the V3 loop of gpl20 (10, 14, 24, 31, 32), we
investigated whether differences in V3 loop amino acid com-
position would affect the antiviral effect of dextran sulfate. We
therefore chose HIV clones that were isogenic except for the
V3 loop of gpl20, which was cloned from sequential isolates
from the same patient and which had increasing cytopathic
effect and T-cell line tropism. Dextran sulfate (5, 19) and
negatively charged peptides (19) have been shown to bind to
this positively charged structure. The overall positive electric
charge of this loop has been shown to increase with the T-cell
line-tropic, cytopathic phenotype it confers (10, 32). Our
observations of different susceptibilities of these clones to the
inhibitory effect of dextran sulfate confirm that this molecule
acts in some way at the level of the V3 loop to inhibit HIV
replication. Perhaps the lower positive charge of the V3 loop of
noncytopathic viruses confers a reduced affinity for dextran
sulfate, resulting in turn in a reduced inhibitory effect.
How dextran sulfate can enhance infection in macrophages

is unclear. Studies with T-cell lines suggested that the inhibi-
tory effect of dextran sulfate on HIV replication was related to
a decreased binding of the virus to the host cell (3, 22, 23). In
our experiments, dextran sulfate had opposite effects on the

binding of HIV-1 to host cells, inhibiting the binding of
HIV-1LA1 to lymphocytes while enhancing the binding of
HIV-lBaL to monocytic cells (Fig. 3), suggesting again that the
effect of dextran sulfate on HIV replication is due to an effect
at the level of virus binding.
The present observation might be a potential explanation for

the surprising clinical observation made by Flexner et al. (9).
These authors administered dextran sulfate intravenously to
HIV-infected patients in doses sufficient to obtain sustained
plasma drug concentrations up to 200-fold higher than the
50% inhibitory concentrations for HIV infectivity in vitro in
T-cell lines. Nevertheless, circulating HIV p24 antigen in-
creased in all subjects who received the drug for more than 3
days. The authors argued that this was unlikely to be an artifact
of the dextran sulfate on the p24 antigen capture assay,
especially as the paradoxical effect increased with the duration
of the dextran sulfate treatment. We indeed demonstrated no
such artifactual effect of dextran sulfate on the p24 antigen
assay. Enhancement in macrophages was observed in the 0.1-
to 10-,ug/ml range, typically the concentrations achieved in
patients treated intravenously with dextran sulfate (9). It is
therefore possible that the increasing p24 antigen levels during
dextran sulfate treatment were due to the enhancement of
HIV-1 replication in monocytic cells in these patients. This
would indicate that steady-state virological markers like the
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p24 antigen level in serum might reflect a very active replica-
tion rate in macrophages rather than T cells and that this rate
can be changed within days by interventions affecting replica-
tion.

Heparin is a polyanion very similar to dextran sulfate. Our
data show an ability of heparin to enhance HIV replication
similar to that of dextran sulfate. Therefore, we advise caution
when heparin is used to treat HIV-infected patients, as it might
enhance HIV replication in vivo as well.

It is interesting to relate our data to the recent report by
Pettoello-Mantovani et al. (27) that Cryptococcus neoformans
capsular polysaccharide can enhance HIV infection in H9 cells
and in PBMC at concentrations that are similar to those found
in the blood or cerebrospinal fluid of patients with cryptococcal
meningitis or disseminated infections. While these polysaccha-
rides obviously have effects different from those of dextran
sulfate, our results suggest that the enhancement observed in
vitro might indeed predict increased viral replication in vivo in
patients with disseminated cryptococcal infection.

In a manner reminiscent of that for soluble CD4 (6, 30),
dextran sulfate was deemed a promising candidate drug on the
basis of a preclinical evaluation limited to the effect of the drug
on the replication of laboratory-adapted HIV strains in T-cell
lines. Clinical studies were then performed that showed a lack
of clinical efficacy. This could have been suspected by more
extensive in vitro testing, as shown in the present study. Our
data therefore demonstrate once again that the preclinical
evaluation of candidate anti-HIV drugs should not be based
only upon an investigation of their antiviral effect on T-cell
lines infected with laboratory-adapted viral strains but should
also include the evaluation of their effect on primary HIV
isolates infecting both primary lymphoblasts and macrophages.
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