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Topical microbicides for use by women to prevent the transmission of human immunodeficiency virus
(HIV) and other sexually transmitted infections are urgently required. Dendrimers are highly branched
nanoparticles being developed as microbicides. SPL7013 is a dendrimer with broad-spectrum activity
against HIV type I (HIV-1) and -2 (HIV-2), herpes simplex viruses type-1 (HSV-1) and -2 (HSV-2) and
human papillomavirus. SPL7013 [3% (w/w)] has been formulated in a mucoadhesive carbopol gel
(VivaGel®) for use as a topical microbicide. Previous studies showed that SPL7013 has similar potency

g‘z] nglrizr against CXCR4-(X4) and CCR5-using (R5) strains of HIV-1 and that it blocks viral entry. However, the abil-
Microbicide ity of SPL7013 to directly inactivate HIV-1 is unknown. We examined whether SPL7013 demonstrates
SPL7013 virucidal activity against X4 (NL4.3, MBC200, CMUO2 clade EA and 92UGO046 clade D), R5 (Ba-L, NB25

HIV and 92RWO016 clade A) and dual-tropic (R5X4; MACS1-spln) HIV-1 using a modified HLA-DR viral capture
Virucidal activity method and by polyethylene glycol precipitation. Evaluation of virion integrity was determined by ultra-
centrifugation through a sucrose cushion and detection of viral proteins by Western blot analysis.
SPL7013 demonstrated potent virucidal activity against X4 and R5X4 strains, although virucidal activity
was less potent for the 92UG046 X4 clade D isolate. Where potent virucidal activity was observed, the
50% virucidal concentrations were similar to the 50% effective concentrations previously reported in drug
susceptibility assays, indicating that the main mode of action of SPL7013 is by direct viral inactivation for
these strains. In contrast, SPL7013 lacked potent virucidal activity against R5 HIV-1 strains. Evaluation of
the virucidal mechanism showed that SPL7013-treated NL4.3, 92UG046 and MACS1-spln virions were
intact with no significant decrease in gp120 surface protein with respect to p24 capsid content compared
to the corresponding untreated virus. These studies demonstrate that SPL7013 is virucidal against HIV-1
strains that utilize the CXCR4 coreceptor but not viruses tested in this study that solely use CCR5 by a
mechanism that is distinct from virion disruption or loss of gp120. In addition, the mode of action by
which SPL7013 prevents infection of cells with X4 and R5X4 strains is likely to differ from R5 strains
of HIV-1.
© 2011 Elsevier B.V. All rights reserved.

Abbreviations: X4, CXCR4-using; R5, CCR5-using; ECso, 50% effective concentra- 1. Introduction

tion; VCsp, 50% virucidal concentration.
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UNAIDS (2008) estimates that 33 million people are infected
with human immunodeficiency virus (HIV) and half of these are
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women. Microbicides are being developed that prevent or reduce
transmission of HIV and other sexually transmitted infections
(STIs) when applied to the vagina or rectum (Balzarini and Van
Damme, 2007). Microbicide classes include nonspecific surfactants
or detergents and acid buffering agents, moderately specific mac-
romolecular anionic polymers that block HIV and other STIs, and
HIV specific drugs that inhibit viral entry and reverse transcription
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(Balzarini and Van Damme, 2007). Proof of concept that a vaginal
topical microbicide gel (1% tenofovir gel) can protect women
against HIV acquisition has been reported (Abdool Karim et al.,
2010).

The development of novel microbicides that are not used for the
treatment of HIV and that have dual action against HIV and other
STIs including HSV would be desirable since the latter is known to
increase HIV acquisition (Brown et al., 2007; Freeman et al., 2006).
Dendrimers (dendri- = tree, -mer = branching) are a relatively new
class of macromolecule characterized by highly-branched, well-
defined, three-dimensional structures that are being developed as
a topical microbicide (Rupp et al., 2007). Dendrimer structure-activ-
ity relationship studies have revealed that SPL7013 has the greatest
potency against both HIV-1 and HSV-2 (Tyssen et al.,2010). SPL7013
is comprised of a divalent benzylhydrylamine core, four generations
of L-lysine branches radiating from the core, with the outermost
branches capped with 32 naphthalene disulfonic acid (DNAA)
surface groups which impart hydrophobicity and a high anionic
charge to the dendrimer surface (Tyssen et al., 2010). SPL7013 [3%
(w/w)] has been formulated in a mucoadhesive Carbopol®-based
aqueous gel (SPL7013 Gel, VivaGel®) for use as a topical vaginal
microbicide (Rupp et al., 2007; Tyssen et al., 2010).

SPL7013 demonstrates broad-spectrum activity against a wide-
range of HIV-1 clades and HIV-2 in vitro (Gong et al., 2005; Lack-
man-Smith et al., 2008; Tyssen et al.,, 2010), is active against
HIV-1 in explant cultures (Abner et al., 2005; Cummins et al.,
2007), blocks HIV-1 infection in vitro in the presence of serum
and cervicovaginal secretions (Tyssen et al., 2010), and retains
HIV-1 inhibitory activity in seminal plasma (Lackman-Smith
et al., 2008). SPL7013 does not specifically enhance HIV-1 replica-
tion in vitro (Sonza et al., 2009) and demonstrates low toxicity in
cervical and colorectal epithelial cell lines (Dezzutti et al., 2004).
SPL7013 Gel was protective against vaginal challenge with a chi-
meric simian-human immunodeficiency virus (SHIV89.6P) (Jiang
et al.,, 2005) and is well tolerated in animal models (Bernstein
et al., 2003; Patton et al., 2006; Tyssen et al., 2010) and in phase
I safety studies (Chen et al., 2009; O’Loughlin et al., 2010).

SPL7013 has similar inhibitory activity against CXCR4-using
(X4) and CCR5-using (R5) strains of HIV-1 in cell culture assays
by reportedly blocking viral attachment and entry (Lackman-Smith
et al., 2008; Tyssen et al., 2010). However, these studies were per-
formed in assays where the direct impact of SPL7013 on HIV-1
infectivity could not be ascertained. In this study, we evaluated
the ability of SPL7013 to directly inactivate laboratory-adapted
and clinical HIV-1 isolates that utilize different chemokine recep-
tors to establish whether SPL7013 has HIV-1 virucidal activity.

Virucidal activity was determined by solid-phase immobiliza-
tion of HIV-1 using a HLA-DR monoclonal antibody (L243, ATCC)
bound to a 96 well flat-bottom tissue culture plate (Nunc) to cap-
ture virus as previously described (Fletcher et al., 2006) with sev-
eral modifications, most notably the use of TZM-bl cells to
quantitate HIV-1 infectivity by measuring luciferase activity in cell
lysates (Tyssen et al., 2010). To validate the modified HLA-DR cap-
ture assay we performed a distinct virucidal assay based on differ-
ential polyethylene glycol (PEG) precipitation of virus and by
confirming whether the linear polyanion, PRO 2000 previously
shown to have virucidal activity against an X4 but not an R5 labo-
ratory isolate (Fletcher et al., 2006), was virucidal against X4 in the
modified HLA-DR capture method. Incubation of NL4.3 with
SPL7013 for 1 h at 37 °C followed by either HLA-DR capture or
PEG precipitation revealed similar SPL7013 50% virucidal concen-
trations (VCsoz SE) [4.6+1.9 ug/ml (n=3) and 4.5+ 2.0 pg/ml
(n=3), respectively] (Fig. 1A). The PRO 2000 positive control dem-
onstrated NL4.3 virucidal activity in the HLA-DR capture method
(VCsp=4.3 £ 2.0 pg/ml, n=3) with a similar potency compared to
SPL7013 (4.5 +2.0 ug/ml, n=3) (Fig. 1B). Both PRO 2000 and

SPL7013 lacked virucidal activity against NB25, an early R5 HIV-1
strain (Tyssen et al., 2010) with VCso values of 890 and 270 ng/
ml, respectively (Fig. 1C). Taken together, these data validate the
modified HLA-DR capture assay for the determination of SPL7013
virucidal activity, which was used in the subsequent experiments.
In addition they show that PRO 2000 and SPL7013 have similar
virucidal activity against an X4 laboratory strain and dramatically
less activity against a R5 clinical isolate.

We next assessed SPL7013 virucidal activity against the X4
clade B isolate MBC200 (Oelrichs et al., 2000), the clade EA isolate
CMUO2 (Tyssen et al., 2010), the clade D isolate (92UG046), the
R5X4 clade B isolate (MACS1-spln) (Gorry et al., 2001) and three
R5 strains (Ba-L, NB25 and the clade A 92RWO016 strain) in the
HLA-DR capture assay (Table 1). The VCsq values were compared
to the 50% effective concentration (ECsq) values obtained from drug
susceptibility assays previously performed in TZM-bl cells where
the dendrimer was present during HIV-1 infection of target cells
(Tyssen et al., 2010). SPL7013 had potent virucidal activity against
the X4 strains, NL4.3, MBC200 and CMUO2 (Table 1). The dendri-
mer was also virucidal against the X4 92UG046 isolate although
the VCsg was 15-fold greater than that observed for NL4.3 (Table
1). The most potent SPL7013 virucidal activity was observed for
the R5X4 strain, MACS1-spln (Table 1). The SPL7013 VCsq values
for NL4.3, MBC200, CMUO2 and MACS1-spln were similar com-
pared to their SPL7013 ECsq values (also determined in TZM-bl
cells) (Tyssen et al., 2010) suggesting that the main mode of action
for SPL7013 is by direct viral inactivation. In contrast, the SPL7013
VCso values were the highest for the three R5 strains with the
92RWO016 R5 strain demonstrating resistance to SPL7013 activity
even up to 1000 pug/ml (Table 1). In a separate study where
SPL7013 virucidal activity was determined using a virucidal sus-
pension test (a test method to assess the activity of microbicides
against viruses in suspension, ASTM E1052) incubation of the X4
HIVy strain with 0.5% (w/w) SPL7013 for 30 s and 1 min resulted
in a 1.8 x 10>-fold and 3.2 x 10*-fold reduction in HIV-1 infectiv-
ity, respectively (assay performed by Biosciences Laboratories
Inc, Montana USA). These data are consistent with our observation
that SPL7013 is virucidal against X4 HIV-1 strains.

Molecular modeling predicts that SPL7013 binds to the HIV-1
gp120 V3 loop, in addition to conserved positively charged resi-
dues in the CD4 induced domain on gp120 (Tyssen et al., 2010).
The greater virucidal activity against X4 compared to R5 HIV-1
strains suggests that the interaction of SPL7013 with HIV-1 is in
part mediated by electrostatic interactions with positively charged
residues in the V3 loop of X4 HIV-1. To determine whether
SPL7013 virucidal activity correlates with the overall charge on
the V3 loop we manually calculated the net charge by identifying
positively charged residues (His, Arg, Lys) and negatively charged
amino acids (Asp, Glu) in the protein sequences (Pinter, 2007).
While there was a trend where X4 and R5X4 HIV-1 strains with
a higher V3 loop charge tended to be more susceptible to
SPL7013 virucidal activity, this measure did not appear to be the
sole determinant (Table 1). For example, the R5X4 strain MACS1-
spln does not have the highest positive charge (+7) although it is
the most sensitive to SPL7013 virucidal activity while the clade D
strain (+8) and NB25 (+8) have a higher charge than MACS1-spln
but are less susceptible to inactivation by SPL7013. The lack of
association between overall V3 loop charge and SPL7013 virucidal
potency suggests additional factors mediate virucidal susceptibil-
ity to the dendrimer. In this regard it is possible that the positive
charges associated with V3 loops differ in their accessibility to
the dendrimers due to the conformational property of the V3 loops
(Sterjovski et al., 2010) or modifications in the N-linked glycosyla-
tion sites around the base of the V3 loops. For example, the
MACS1-spln sequence lacks two clade B consensus N-linked glyco-
sylation sites located upstream and downstream of the V3 loop.
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Fig. 1. SPL7013 virucidal activity against NL4.3 by HLA-DR capture and PEG precipitation. (A) Comparison of the SPL7013 virucidal activity against NL4.3 as measured by
HLA-DR capture and PEG precipitation. The HLA-DR capture method was performed as published previously (Fletcher et al., 2006) with the following modifications. After
incubation with SPL7013 or PRO 2000, plates were washed 5-6 times with Dulbecco modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal calf serum, 100 U/ml
penicillin, 100 ug/ml streptomycin and 2 mM glutamine (DMEM-10) to remove microbicide. TZM-bl cells were then added (2.5 x 10°/well) to quantitate HIV-1 infectivity by
measuring luciferase activity in cell lysates as published (Tyssen et al., 2010). Sufficient virus, grown in PHA-stimulated PBMC, was used to yield >1,00,000 relative light units
(RLU; virus titers 2 x 10°-1 x 10° infectious units/ml, depending on strain). PEG precipitation assays, initially performed with SPL7013 in the absence of HIV-1, established
that 3% (w/v) PEG did not precipitate the dendrimer up to 500 pg/ml (data not shown). For assays performed with virus, an equal volume of NL4.3 (sufficient to yield
~1,00,000 RLU) was mixed with an equal volume of medium containing microbicide. The mixture was incubated for 1 h at 37 °C followed by the addition of a half volume of
PEG/NaCl [9% PEG 6000 (w/v) and 0.5 M NaCl] and overnight incubation at 4 °C. HIV-1 was pelleted by centrifugation in a microfuge at 13,000xg for 10 min at room
temperature. Supernatant was removed and the pellets resuspended in DMEM-10 and added to wells seeded with TZM-bl cells. Luciferase activity was measured after 48 h
incubation as described (Tyssen et al., 2010). (B) NL4.3 virucidal activity of SPL7013 compared to PRO 2000 in the HLA DR capture assay. (C) NB25 virucidal activity of SPL7013
compared to PRO 2000 in the HLA DR capture assay. Data for graphs A and B were derived from three independent assays and error bars denote standard error of the mean.
For graph C, data were derived from two independent assays and error bars denote the standard deviation.

Table 1

SPL7013 virucidal activity against HIV-1 strains.
HIV strain Clade Co-receptor usage® Mean SPL7013 ECs, (ug/ml)® Mean SPL7013 VCsg (pg/ml)® Fold difference? V3 loop charge
NL4.3 B X4 33+0.7 45+20 14 +9
92UG046 D X4 3.7+13 67+14 18 +8
MBC200 B X4 0.7+0.2 28+15 4 +7
CMUO02 EA X4 1.7+0.7 5622 4 +7
MACS1-spln B Dual tropic 1.2+03 24+1.0 2 +7
Ba-L B R5 43+0.8 132+92 31 +4
92RWO016 A R5 23+1.0 >1000f >431 +5
NB25° B R5 1702 270" 159 +8

2 X4 denotes HIV-1 that uses the CXCR4 chemokine receptor for entry, R5 denotes HIV-1 that uses the CCR5 chemokine receptor for entry and dual tropic can use both X4

and R5 receptors for entry.
b 50% effective concentration (ECsq) * standard error was determined in the TZM-bl indicator cell line from at least three independent assays. Data was obtained from

Tyssen et al. (2010).
€ 50% virucidal concentration (VCsg) + standard error was determined in the HLA-DR capture assay using the TZM-bl indicator cell line from at least three independent

assays (except for 92RW016 and NB25).
4 V(s divided by the ECs.
¢ Early R5 HIV-1 isolated from PBMC of an individual that was asymptomatic with CD4 counts >500 cells/pl (CDC category II disease) (Tyssen et al., 2010).

f Data from two independent assays.

We next determined whether SPL7013 virucidal activity was cell. Accordingly, we treated NL4.3, 92UG046 and MACS1-spln
due to either disruption of the viral particle or loss of the gp120 with SPL7013 followed by ultracentrifugation and quantitative
surface protein, which is essential for viral attachment to the host Western blot analysis (Figueiredo et al., 2006). Our results show
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that SPL7013 does not disrupt HIV-1 as determined by the pres-
ence of p24 capsid following pelleting through a sucrose cushion
(Fig. 2). In addition, there was no significant decrease in gp120
on the surface of the virion compared to the corresponding un-
treated virus (Fig. 2). We consistently observed a faster migrating
band running immediately below gp120 in SPL7013 treated but
not in untreated HIV-1 (Fig. 2B). This band may represent gp120
that has lost carbohydrate from the surface. However, taken to-
gether with the complete inactivation of HIV-1 NL4.3 by SPL7013
at 200 pg/ml used in the assay (Fig. 1) and the relative low abun-
dance of this species compared to fully glycosylated gp120
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Fig. 2. SPL7013 treated HIV-1 does not lead to viral disruption or loss of gp120
surface protein. (A) Quantitation of the expression of gp120 relative to p24 in
SPL7013 treated virus normalized to untreated HIV-1 (U/T Control). Virus was
treated with 200 pg/ml of SPL7013 for 1 h at 37 °C followed by ultracentrifugation
at 120,000xg for 1 h at 4 °C through a 25% (w/v) sucrose cushion. The pellets were
resuspended in TNEN buffer (50 mM Tris pH 8.0, 50 mM NaCl, 10 mM EDTA and
0.5% IGEPAL) containing protease inhibitors (1 pg/ml each of aprotinin, leupeptin
and pepstatin), subjected to SDS-PAGE, followed by quantitative Western blot
analysis using the Odyssey Infrared Imaging System as described previously
(Figueiredo et al., 2006). Human anti-p24 from pooled sera was used to detect HIV
capsid, mouse anti-gp120 ID6 was used to detect NL4.3 gp120 and sheep anti-
gp120 (Shutt et al., 1998) was used to detect gp120 of MACS1-spln and the clade D
strain. Secondary antibodies used were IRDye 800CW conjugated affinity purified
anti-human IgG (Rockland), Alexa Fluor 680 Goat anti-mouse IgG (Invitrogen) and
Alex Fluor 680 donkey anti-sheep IgG (Invitrogen). The gp120 expression was
normalized for p24 expression then expressed as a ratio to the gp120:p24
normalized value for the untreated control, which was set to 1.0. Data were
derived from four independent assays for NL4.3 and the clade D strain (92UG046)
and three independent assays for MACS1 (MACS1-spln). No significant difference
was observed for the gp120:p24 ratio for SPL7013 treated compared to untreated
NL4.3 (p=0.44, n=4), clade D (p=0.56, n=4) and MACS1-spln (p=0.35, n=3)
using the Wilcoxon Rank Sum Test. Error bars denote standard error of the mean.
(B) Representative Western blot of untreated (—) and SPL7013 treated (+) virus
showing gp120 and p24 viral proteins.

(Fig. 2B), it is unlikely that this minor species would play a major
role in SPL7013 virucidal activity.

We have established that SPL7013 mediates its virucidal activ-
ity against X4 HIV-1 strains by a mechanism that does not involve
disruption of the viral particle or loss of gp120 from the viral sur-
face. Other virucidal mechanisms may include either tight binding
of SPL7013 to HIV-1 envelope proteins, thus physically blocking
binding of the virus to the host cell receptors, or by interactions
with viral envelope proteins that lead to envelope conformational
changes that abrogate viral infectivity. The formation of a dead-end
gp41 six-helix bundle has been described as a HIV-1 virucidal
mechanism for the anionic polymers cellulose acetate phthalate
(CAP) and PRO 2000, which involves the stripping of envelope sur-
face protein (Fletcher and Shattock, 2008; Neurath et al., 2002a,
2002b). However, dead-end gp41 six-helix bundle formation in-
duced by CAP, but not PRO 2000, was associated with disintegra-
tion of viral particles indicating different mechanisms of viral
inactivation (Neurath et al., 2002b).

Combined with the observation that SPL7013 demonstrates
similar ECsq values for both X4 and R5 HIV-1 in cell culture assays
(Tyssen et al., 2010) the differential virucidal activity seen in the
current study indicates that inhibition of each of these viruses
may be due to a similar or a distinct mechanism. For X4 strains
the main mechanism appears to be direct virucidal activity via irre-
versible binding (tighter binding) to HIV-1 envelope proteins,
although potent virucidal activity may not be observed for all X4
strains. In contrast, inhibition of R5 strains by SPL7013 may be
due to reversible binding (i.e. weaker binding) to HIV-1 envelope
proteins (that does not lead to direct HIV-1 inactivation). Inhibition
of R5 strains may also be mediated through binding of the dendri-
mer to the host cell CD4 and chemokine receptors. In this regard,
previous studies with PRO 2000, a synthetic linear polyanion of
~5 kDa comprising naphthlalene monosulfonic acid residues, re-
port that it binds to CD4 and CXCR4 in addition to HIV-1 gp120
(Huskens et al., 2009; Rusconi et al., 1996; Scordi-Bello et al.,
2005). While dendrimers have a flexible globular structure, the
surface groups are similar, although not identical to PRO 2000 sug-
gesting that SPL7013 might also bind to host cell receptors as ob-
served for PRO 2000.

We have demonstrated that SPL7013 has HIV-1 virucidal activ-
ity against X4 and R5X4 but not R5 HIV-1 strains. VivaGel® con-
tains 30 mg/ml of SPL7013 which is 450-12,500-fold greater
than the VCsq values for X4 and R5X4 strains, 230-fold greater than
that for the R5 strain Ba-L and >30-fold greater for the primary
92RWO016 R5 isolate. Nevertheless, in the absence of potent R5
virucidal activity, the ability of a microbicide to colocalize with
HIV-1 at target cells in the lower epithelial layers and submucosa
becomes more critical in the context of preventing the sexual
transmission of HIV-1. Studies to understand the precise interac-
tions between SPL7013 and HIV-1 target proteins mediating viral
inactivation could potentially lead to the design of new dendrimers
that inactivate all HIV-1 strains.
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