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Abstract

Peptide dendrimers are a class of molecules that exhibit a large array of biological effects including antiviral activity. In this
report, we analyzed the antiviral activity of the peptide-derivatized SB105-A10 dendrimer, which is a tetra-branched
dendrimer synthetized on a lysine core, in activated peripheral blood mononuclear cells (PBMCs) that were challenged with
reference and wild-type human immunodeficiency virus type 1 (HIV-1) strains. SB105-A10 inhibited infections by HIV-1 X4
and R5 strains, interfering with the early phases of the viral replication cycle. SB105-A10 targets heparan sulfate
proteoglycans (HSPGs) and, importantly, the surface plasmon resonance (SPR) assay revealed that SB105-A10 strongly binds
gp41 and gp120, most likely preventing HIV-1 attachment/entry through multiple mechanisms. Interestingly, the antiviral
activity of SB105-A10 was also detectable in an organ-like structure of human cervicovaginal tissue, in which SB105-A10
inhibited the HIV-1,4, R5 strain infection without altering the tissue viability. These results demonstrated the strong antiviral
activity of SB105-A10 and suggest a potential microbicide use of this dendrimer to prevent the heterosexual transmission of
HIV-1.
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Introduction medical treatment of other sexually transmitted diseases and
. ) o o immunological strategies have also been proposed in an attempt to
HIV induces a life-long infection, which, if untreated, progres- combat the spread of HIV infections [3,10,11]. In particular,

sively evolves to acquired immunodeficiency syndrome (AIDS)
with the ultimate death of the infected patients [1]. The World
Health Organization has globally estimated that 34 million people
were living with HIV-1 at the end of 2011, a year in which 2.5
million of people were newly infected and 1.7 million individuals
died with AIDS-related diseases [2]. HIV epidemics may produce
2060 million new infections during the next 15—20 vyears,
particularly in the developing world [3]. To tackle the HIV
infection, two traditional approaches, represented by the pharma-
cological treatment and prophylaxis measures, have been
proposed [3,4]. Combined antiretroviral therapy (cART) has
dramatically changed the evolution of HIV disease but, unfortu-
nately, has not been able to eradicate the HIV infection [5-8].
However, the treatment of HIV positive patients with cART
suppresses viral replication with a consequent decrease in the viral
load that can limit HIV transmission and reduce the number of
new infections [9]. Preventive socio-behavioural measures, the

several vaccines have been evaluated in trials, but none have been
able to induce a sterilizing immune response that prevents HIV
transmission and infections in the population [12]. The absence of
a broadly protective vaccine against the various HIV subtypes
indicates that the development of alternative pharmacological
approaches to HIV infection prophylaxis may be considered a
major avenue for controlling HIV transmission. Because approx-
imately 85% of HIV cases originate from sexual transmission [13]
and because heterosexual contact represents the major route of
infection [14], the development of pharmacological topical
treatments, that employ so-called microbicides, might be crucial
to prevent or reduce the transmission of HIV at the level of the
genital mucosa [15-17]. Mathematical models have predicted that
60%-effective microbicides with 20% coverage could prevent 2.5
millions new infections within three years [18,19], suggesting that
the identification of novel microbicides might play an important
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role in HIV infection control, pending the development of a
functional vaccine.

The viral replication cycle offers several targets for microbicide
development [20], although both the inhibition of entry and
retrotranscription processes are currently considered the most
promising targets [15]. The strategies to block HIV entry into cells
are mainly focused on interference of viral capture, CD4
engagement inhibition, co-receptor binding and gp41 rearrange-
ment resulting in the use of many microbicides, such as
polyanions, lectins, monoclonal antibodies, CXCR4, CCRb5,
CD4 and gpl20 binding factors and gp4l-fusion inhibitors
[9,21]. In addition, some non-nucleoside (NNRTIs) and nucleo-
side retrotranscriptase inhibitors (NRTTs) may also be considered
microbicides [22]. Recently, a tenofovir (ITDF) gel that was used
during intercourse by women in the Centre for the AIDS
Programme of Research in South Africa (CAPRISA) 004 study
[23] yielded effective results; however, in the VOICE trial, the use
of a daily-administered TDF gel failed to reproduce these data
[24]. Interestingly, similarly controversial results were observed
with oral TDF or TDF/FTC once-daily treatments in three
separate studies [25—27], most likely, caused by the different levels
of patient adherence to the tested therapy [28,29]. There are
approximately 50 candidate microbicides currently in develop-
ment, and some of these compounds are in trial phases 2 and 3
[21]. Unfortunately, many molecules have not passed the
preclinical safety and/or efficacy tests or have failed when
clinically tested. An interesting class of molecules with antiviral
activity is represented by dendrimers [30]. Dendrimers are highly
branched macromolecules that possess a poly-functional core
associated with multiple functional groups on the surface layer
[30-31]. Dendrimer-based molecules have been described as
yielding many potential therapeutic applications and, most
importantly, as exhibiting antiviral and antibacterial activities
[32,33]. Notably, dendrimers display polyvalent viral inhibition
using multiple repeat domains on a single molecule that can
induce a derangement of virus/cell surface and interaction.
Sulfonated polylysine dendrimers have shown anti-HSV and
antiretroviral activities; indeed, the SPL7013 compound, which is
the most active of these dendrimers, has been proposed as a
candidate topical microbicide. Interestingly, SPL7013 has exhib-
ited anti-HIV activities m vitro [34,35], ex viwo [36] and in a
macaque challenge study [37].

In the present study, we analyzed the anti-HIV activity of the
SB105-A10 dendrimer synthetized on a lysine core, which exposed
four 9-mer peptide chains [38] that have been previously
demonstrated to block viral attachment and entry of different
viruses [39—41]. In this investigation, we tested the antiretroviral
activity of the SB105-A10 dendrimer on the replication of HIV-1
X4 and RS strains to determine whether this molecule may be
considered a novel compound with anti-HIV properties.

Materials and Methods

Cell cultures

The study is in accordance with the provisions of the
Declaration of Helsinki and St Orsola-Malpighi Hospital, Bolo-
gna, Italy. Peripheral blood samples were collected from healthy
blood donors during their routine laboratory analysis at Blood
Bank, S.Orsola-Malpighi Hospital, Bologna in according to the
rules established by Italian Law (Legislative Decree 03-03-2005,
published in G.U. n. 85, 13.04.2005). No approval from Ethical
Committee was requested because all blood samples were
anonymous and could not related to any blood donor. The
PBMCs were separated from peripheral blood samples using a
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Ficoll gradient (Ficoll-Histopaque, Pharmacia, Uppsala, Sweden)
and were seeded in RPMI1640 plus 10% FCS and 2 mM L-
glutamine at 5x10° cells/ml. The PBMCs were activated by PHA
(5 ng/ml; Sigma, St Louis, MO, USA) plus IL-2 (10 U/ml; Pierce,
Rockford, IL, USA) treatment for three days. The medium was
replaced  every  three  days with fresh  medium
(RPMI1640+10%FCS, 2 mM L-glutamine and 10 U/ml IL-2).

Virus stocks

Sixteen HIV-1 X4 or R5 strains were selected for the
experiments. HIV-1yy, and HIV-1,4, are classical laboratory X4
and R5 strains, respectively. Six additional HIV-1 reference strains
(ARV-2, RU132, SE9173, MP535, CBL-4 and Bal) were
obtained from NIBSC (NIBSC, London, UK), whereas eight
HIV-1 isolates were achieved from naive or cART-treated HIV
positive subjects (Table 1). Reference HIV strain stocks were
prepared in C8166 cells (HIV-1py,) or in activated PBMCs [42]
whereas the HIV-1 primary viral isolates from eight HIV-infected
subjects were obtained using a co-culture technique, as described
previously [42]. All of the viral stocks were titrated using an HIV-1
gag p24 antigen ELISA kit (Biomerieux, Marcy L'Etoile, France)
at 1000 ng/ml of the HIV-1 gag p24 protein. Viral tropism of
HIV-1 primary viral isolates from eight HIV-infected subjects was
evaluated by genotypic methods as previously described [43].

Dendrimers

SB105-A10 ([H-ASLRVRIKK], Lysy-Lys-B-Ala-OH;
Figure 1) and SB104 ([H-NKKIRVRL],-Lyso-Lys-B-Ala-OH)
dendrimers (Spider Biotech, Turin, Italy) were synthesized as
described previously [39,40]. The lyophilized dendrimers with a
purity of >95%, as determined by HPLC-UV (Waters, Milford,
MA, USA), were solubilized (1 mg/ml) in phosphate buffered
saline (PBS) and stored at —80°C until use. FITC-conjugated
SB105-A10 (Polypeptide Laboratories France, Strasbourg, France)
was solubilized in PBS at 0.5 mg/ml and stored at —20°C until
use. A labeled tetrameric peptide, which bore a biotin moiety

Table 1. HIV-1 strains.

HIV-1 strains HIV-1 subtype HIV-1 tropism
HIV-Ty B X4
HIV-Tpda B RS
HIV-1arv-2 B R5/X4
HIV-1ry132 G R5
HIV-1sg9173 J R5
HIV-Tps3s K R5
HIV-1cpL-4 D X4
HIV-1gaL B R5
HIV-Tyngrsn« B R5
HIV-1 AmBrsn* B R5
HIV-1acBrsn> B R5
HIV-1pmcprsne B R5
HIV-1¢ gxar* B X4
HIV-1 AR xcaTe* B R5/X4
HIV-1¢1Rs xarer B R5/X4
HIV-1coxare= B X4
*HIV-1 isolated from HIV-1 positive naive patients.

**HIV-1 isolated from cART-treated HIV-1 positive patients.
doi:10.1371/journal.pone.0076482.t001
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Figure 1. Structure of SB105-A10 and SB104 dendrimers. The
general structure of peptide is indicated. These dendrimers were
synthesized by the addition of four identical short peptide chains to a
tetrameric lysine central core. The aminoacid sequence of four peptide
chains in SB105-A10 and SB104 is also shown.
doi:10.1371/journal.pone.0076482.g001

linked to the lysine core by a 30-atom pegylated spacer, called
SB105-A10-PEG-biotin (Polypeptide Laboratories), had a purity
of >95% and was employed in surface plasmon resonance (SPR)
analysis.

HIV infection and dendrimer treatment

The HIV-1 strains (100 pg/ml of HIV-1 gag p24) were pre-
incubated for 1 hour at 37°C with scalar concentrations (0, 0.1, 1,
5, 10 and 20 pg/ml) of SB105-A10 or SB104, and then added to
activated PBMCs that were adjusted to a final density of 1x10°
cells/ml for 2 hours at 37°C. After four washes in PBS, the cells
were seeded at 5x10° PBMCs/ml into fresh medium with scalar
concentrations of SB105-A10 or SB104. One-half of the medium
was replaced with fresh medium plus dendrimers at day 4 post-
infection (pi). The HIV-1 gag p24 content was determined at days
4 and 7 pi in culture supernatants, using HIV-1 p24 antigen
ELISA kit (Biomerieux). The cell viability was evaluated by the
Trypan Blue exclusion technique in the presence of scalar
concentrations of the dendrimers.

Attachment assays

Four different assays were performed.

In the pre-attachment assay, activated PBMCs (1 x10° cells/ml)
were incubated with SB105-A10 (20 pg/ml; 4.2 uM) for 1 hour at
4°C. After removal of the compound by PBS washes, either HIV-
Ly, or HIV-1,4, (100 pg/ml of HIV-1 p24) was added to activated
PBMCs (1x10° cells/ml) and incubated for 1 hour at 4°C. After
two washes with PBS, the activated PBMCs were seeded at 5x10°
cells/ml into fresh medium containing the dendrimer (20 pg/ml),
and the temperature was changed to 37°C. As control, the
activated PBMCs were treated with the same protocol without
dendrimer. The HIV-1 gag p24 content was determined at day 4
in the culture supernatants, using an HIV-1 p24 antigen ELISA kit
(Biomerieux).
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In the post-attachment assay, the activated PBMCs (1x10°
cells/ml) were incubated either with HIV-1p, or HIV-1,4,
(100 pg/ml of HIV-1 p24) for 1 hour at 37°C. After the PBS
washes to remove the unbound virus, the activated PBMCs were
seeded at 5x10° cells/ml and incubated at 37°C into fresh
medium containing SB105-A10 (20 pg/ml; 4.2 pM). As control,
the activated PBMCs were treated with the same protocol without
dendrimer. The HIV-1 gag p24 content in the culture superna-
tants was determined at day 4 using an HIV-1 p24 antigen ELISA
kit (Biomerieux).

In the attachment assay, SB105-A10 (20 ug/ml; 4.2 pM) was
pre-incubated with either HIV-1yy, or HIV-1,4, (100 pg/ml of
HIV-1 p24) for 1 hour at 4°C. The mixture was added to the
activated PBMCs (1x10° cells/ml) and incubated for 1 hour at
4°C to ensure HIV-1 attachment but not entry. After the PBS
washes, activated PBMCs were sedeed at 5x10° cells/ml into a
medium containing SB105-A10 (20 pg/ml; 4.2 uM) and shifted to
a temperature of 37°C. As control, the activated PBMCs were
treated with the same protocol without dendrimer. The HIV-1 gag
p24 protein content in the culture supernatants was determined at
day 4 using an HIV-1 p24 antigen ELISA kit (Biomerieux).

In the dilution experiments, SB105-A10 (20 ng/ml; 4.2 uM)
was pre-incubated with either HIV-1y, or HIV-1,4, (100 pg/ml of
HIV-1 p24) for 1 hour at 37°C. The sample volume was diluted
50-fold with RPMI 1640 to reduce the free peptide concentrations
to a level below that at which the HIV replication would have
been significantly inhibited. The diluted mixture was added to the
activated PBMCs (1x10° cells/ml) and incubated for 2 hours at
37°C. After two washes, the cells were seeded at 5x10° cells/ml
into fresh medium, and HIV-1 p24 protein content in the culture
supernatants was determined at day 4 using an HIV-1 p24 antigen
ELISA kit (Biomerieux). As control, activated PBMCs were treated
with the same protocol without dendrimer.

Cell-binding assay for the FITC-SB105-A10 peptide

Activated PBMCs (5x10°/ml) were incubated for 1 h at 4°C in
PBS containing 2% FBS, with increasing concentrations of the
FITC-SB105-A10 dendrimer (0, 2.5, 25, 100 and 250 pg/ml). At
the end of the incubation period, the cells were extensively washed
with PBS, and the activated PBMCs were analyzed by FACScan
flow cytometry (Becton-Dickinson, Palo Alto CA). In parallel
experiments, the activated PBMCs were pre-incubated with
FITC-SB105-A10 dendrimer (25 pug/ml; 5.3 pM) and then
washed with PBS containing 2M NaCl, which is a treatment that
removes cationic polypeptides from the cell surface HSPGs [44].
Alternatively, the activated PBMCs were either incubated with
heparinase III (40 mU/ml; Sigma, St Louis, MO, USA) in 20 mM
TrisHCI pH 7.5, 0.1 mg/ml BSA and 4 mM CaCl, for 2 h at
37°C or left untreated prior to being assayed for binding between
the activated PBMCs and 25 pg/ml (5.3 pM) of FITC-SB105-A10
dendrimer. The samples were analyzed by FACScan flow
cytometry.

Surface plasmon resonance (SPR) assay

SPR  measurements were performed on a BIAcore X100
instrument (GE-Healthcare, Milwaukee, WI), using a research-
grade SA streptavidin-precoated sensorchip. To study the SB105-
A10 interaction with the HIV-1 glycosilated recombinant gp41
ectodomain (amino acids 546-682; NIBSC, UK) and the full-
lenght recombinant gpl20 glycoprotein (NIBSC), biotinylated
SB105-A10 [10 pg/ml in 10 mM HEPES bufter pH 7.4 contain-
ing 150 mM NaCl, 3 mM EDTA, 0.005% and surfactant P20
(HBS-EP)] was injected onto the SA sensorchip, allowing the
immobilization of 560 resonance units (RU) equal to 0,12 pmol/
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mm? of the tetrameric peptide. A sensorchip coated with

streptavidin alone was used for blank subtraction and to evaluate
the non-specific binding. Increasing concentrations of gp41 and
gpl20 in HBS-EP buffer were allowed to associate with the
SB105-A10- or streptavidin-coated surfaces for 3 min and then
washed for 10 min to allow their dissociation. As a further control
of spectficity, bovine serum albumin (BSA) and the glycosylated
lectin from Sambucus mgra (SNA) (Vector Lab, Burlingame, CA,
USA) were injected on the SB105-A10 surface under the same
experimental conditions described above. After every run, the
sensorchip was regenerated by the injection of 2 M NaCl. The
steady-state affinity was calculated by the Biacore X100 evaluation
software from the RU values of HIV proteins that were bound at
equilibrium to the SB105-A10 surface.

Cervicovaginal tissue model

The EpiVaginal Tissue Model (VLC-100FT; MatTek Corp.,
Ashland, MA, USA) was kept in a 24-well plate containing a
proprietary growth medium, according to the manufacturer’s
indications. This in vitro-reconstituted, full thickness vaginal tissue
model was formed by a complete, stratified vaginal-ectocervical
epithelial layer mixed with Langerhans cells and with an
additional fibroblast-containing lamina propria. Each EpiVagi-
nalTM tissue-containing well was treated with 100 ul of topically
applied PBS (negative control), PBS containing HIV-1,4, (25 ng
p24/tissue) or PBS containing HIV-1,4, plus the SB105-Al10
dendrimer (2 or 10 ug/tissue) for 24 hours. The apical surface of
cach tissue was washed twice with PBS, and either 50 pl of PBS or
PBS plus the SB105-A10 dendrimer (1 or 5 pg/tissue) was added
at day 1. The underlying media (2 ml/tissue) was changed every
other day, and the tissues were harvested at day 4 pi. The vaginal
tissues and culture supernatants were collected for isolation of the
HIV-1 DNA. The total DNA was extracted and purified from the
vaginal tissues using the DNA easy kit (Qiagen, Hilden, Germany).
The HIV-1 DNA content was determined by SYBR Green-based
quantitative real-time PCR and normalized as already described
[45]. The oligonucleotide pairs were gag and pol gene specific
primers previously indicated [45,46].

Evaluation of the irritation potential of SB105-A10 on
EpiVaginal system

The cytotoxicity of SB105-A10 on the mucous membranes was
assessed using the EpiVaginal system and an MTT ET-50 tissue
viability assay, followed by analysis of the lactate dehydrogenase
(LDH) levels, according to the manufacturer’s instructions. SB105-
A10 (100 pg/ml; 21 pM) was added to the cell culture insert on
top of the EpiVaginal tissue samples and incubated for 1, 4, or
18 hours in duplicate. At the end of the incubation at 37°C, any
liquid on top of the EpiVaginal tissue was decanted, and the inserts
were gently rinsed with PBS to remove the residual material.
Subsequently, the tissues were processed according to the MTT kit
protocol (MatTek Corporation) and read using an ELISA plate
reader at a wavelength of 570 nm. Tissues, incubated with
ultrapure water, were employed as negative controls. Triton X-
100 (1%) was used as the positive control. The ET5q is the time
required to reduce the tissue viability to 50% and was determined
using the Prism software (GraphPad Software, San Diego, CA). To
analyze the release of LDH from the treated EpiVaginal tissues
into the culture medium, an LDH cytotoxicity detection kit
(TaKaRa Bio Inc, Japan) was utilized according to the manufac-
turer’s protocol.

To evaluate the inflammatory response, the EpiVaginal tissues
were treated with the dendrimeric peptide SB105-A10 (100 pg/
ml; 21 pM) for different exposure times of 1, 4, and 18 h, as
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reported previously. After incubation, the concentration of
mterleukin-1 alpha (IL-1o) in the culture medium was measured
using an IL-lo ELISA kit (Bender Medsystem, Wien, Austria).
The concentration of IL-1a was calculated by interpolation of a
standard calibration curve. IL-1a was chosen as a marker of pro-
inflammatory activity as suggested by the technical data sheet from
MatTek Corporation.

Statistical analysis

The results were expressed as the means * standard deviations
(SD) of at least three separate experiments performed in duplicate.
A two-tailed Student’s test was used for the statistical comparison.

Results

SB105-A10 inhibits HIV-1,;, and HIV-1,4, replication in
activated PBMCs

In the first set of experiments, the antiviral effects of SB105-A10
on the HIV-1 replication were evaluated. SB105-A10 was
challenged with the HIV-1 X4 and R5 laboratory strains,
represented by HIV-lpy, and HIV-1,4,, respectively. Scalar
concentrations of SB105-A10 (0, 0.1, 1, 5, 10 and 20 pg/ml)
were incubated with either HIV-1yyy, or HIV-1,4, (100 pg of p24/
ml) and, after 2 hours at 37°C, this mixture was added to the
activated PBMCs. The HIV-1 p24 protein content was evaluated
in the culture supernatants at days 4 and 7 post-infection (pi). A
significant decrease in the p24 protein was detected in a SB105-
A10 concentration-dependent way. The determination of the IC5q
yielded values of 1.42 pug/ml (0.3 uM) and 1.28 pg/ml (0.27 uM)
at day 7 pi in the samples that were infected with HIV-1yy, and
HIV-1,4,, respectively (Figure 2A).

When the same experimental protocol was performed by
substituting  SB105-A10 with SB104, which is a dendrimer
possessing a same net positive charge (four basic amino acids)
but a different sequence (NKKIRVRL) in the external peptide
chains, no significant decrease in the levels of the p24 protein
amount was observed (Figure 2B). To rule out a relationship
between the HIV-1 p24 decrease and the SB105-Al0-related
cytotoxicity, scalar concentrations of SB105-A10 (0.1, 1, 5, 10, 20
and 50 pg/ml) were assayed on PBMCs, and the cell viability was
analyzed by the trypan blue exclusion technique. The viability of
both SB105-A10- and SB104-treated cells was not significantly
affected when compared with the wuntreated cell cultures
(Figure 2C-D) and vyielded a CC;y value >50 ug/ml
(>10.5 uM).

SB105-A10 exhibits antiretroviral activities in the HIV-1
reference and patients’ isolated strains

Reference HIV-1 R5 (RU132, SE9173, MP535, Bal)), dual
tropic X4/R5 (ARV-2) and X4 tropic (CBL-4) strains (Table 1)
were challenged with scalar concentrations of SB105-A10 (0.1, 1,
5, 10 and 20 pg/ml) in the activated PBMCs. The higher
concentrations of SB105-A10 (5, 10, and 20 pg/ml) significantly
(p<<0.05) decreased the HIV-1 p24 content in the cellular
supernatants at day 7 pi, irrespective of the HIV-1 strain
employed (Figure 3A). Subsequently, eight HIV strains were
1solated and purified from the HIV-positive patients. Four of the
subjects were naive patients, whereas the remaining four were
patients exhibiting therapeutic failure and resistance against
certain protease and reverse transcriptase inhibitors. These viral
strains were sequenced and characterized for their cellular
tropism. All naive patients were infected with R5 viral variants,
two of the cART-treated patients were infected with the X4/R5
dual tropic strains, and the remaining two of the cART-treated
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Figure 2. SB105-A10 inhibits HIV-1,,, and HIV-1,4, replication in activated PBMCs. HIV-1,, and HIV-1,4, were pre-incubated for 1 hours at
37°C with different concentrations (0, 0.1, 1, 5, 10 and 20 pg/ml) of SB105-A10 (A) or SB104 (B) and challenged with activated PBMCs for 2 hours at
37°C. HIV replication was monitored by HIV-1 p24 ELISA and values were determined from cell culture supernatants at day 7 pi. Data were expressed
as the means = standard deviations (=SD) of HIV-1 gag p24 amount relative to untreated controls (set to 100%). Three experiments in duplicate were
performed. The last two panels (C and D) show that the two dendrimers are not toxic for PBMCs at concentrations tested as documented by trypan
blue technique. Data were expressed as the means (£=SD) of viable cells relative to untreated controls (set to 100%) obtained from three independent

experiments in duplicate. * p<<0.05.
doi:10.1371/journal.pone.0076482.9002

patients harboured X4 strains (Table 1). The activated PBMCs
were challenged with these HIV-1 isolated from HIV-1 positive
patients. Similarly to the experiments using HIV-1 reference
strains, the higher concentrations of SB105-A10 (5, 10 and 20 ug/
ml; p<0.05) inhibited the viral replication, as demonstrated by the
HIV-1 gag p24 ELISA assay (Figure 3B) at day 7; in contrast,
SB104 did not exhibit any significant anti-retroviral effects (data
not shown). The determination of the IC5 yielded values between
1.26 (0.27 uM) and 2.1 pg/ml (0.44 uM) among all the tested
reference and patients’ isolated HIV-1 strains.

Analysis of the inhibitory mechanism of SB105-A10

To determine the stage of the viral replication cycle at which
SB105-A10 interferes with the infection, time-binding assays
(Figure 4 A-C) were performed using activated PBMCs that were
challenged with either HIV-1yp, or HIV-1,4,.

In the “attachment assay” (Figure 4A), SB105-A10 was pre-
incubated with either HIV-1yyy, or HIV-1,4, strains for 1 hour at
4°C, and this mixture was added to the activated PBMCs and
incubated for 1 hour at 4°C. This protocol facilitated the eventual
attachment of the virus to the cell membrane but did not allow for
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viral entry. After washes with PBS, the activated PBMCs were
shifted to a temperature of 37°C, and the infection was allowed to
proceed. The analysis of the HIV-1 p24 protein content, in the cell
culture supernatants at day 4 pi, demonstrated a strong
neutralizing effect on infections of HIV-1 strains (Figure 4D)
thus indicating that SB105-A10 might act on the viral attachment
to the cell membranes of the activated PBMCs.

In the “pre-attachment assay,” (Figure 4B) the activated
PBMCs were treated with SB105-A10 for 1 hours at 4°C to allow
for interaction of the dendrimer with the cell surface. After several
washes, the activated PBMCs were incubated with HIV-1yy, or
HIV-1,4, for 1 hour at 4°C, washed, and shifted to a temperature
of 37°C. The analysis revealed that, at day 4 pi, and under these
experimental conditions, SB105-A10 consistently inhibited the
infections by both HIV-1 strains (Figure 4D), indicating that the
activity of the dendrimer might also depend on its interaction with
the PBMC membrane surface.

The “post-attachment assay” (Figure 4C) was performed to
evaluate whether SB105-A10 could also prevent infection by the
cell-bound virus. The activated PBMCs were incubated with
either HIV-1yy, or HIV-1,4, for 1 hour at 37°C and were
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three independent experiments in duplicate. * p<<0.05.
doi:10.1371/journal.pone.0076482.g003

repeatedly washed to remove the unbound virus. Subsequently,
SB105-A10 was added to activated PBMCs, and HIV-1 p24 was
analyzed at day 4 pi. The inhibition of the HIV-1 infection was
not detected by this experimental approach, suggesting that the
antiviral effect of SB105-A10 might be related to the interference
of HIV adsorption and/or entry (Figure 4D).

SB105-A10 interacts with HIV envelope proteins

We also investigated the possibility that at least some of the
antiviral effects might be related to a direct interaction between
the HIV particles and SB105-A10. Either HIV-1yy, or HIV-1,4,
was incubated with 20 pg/ml (4.2 uM) of SB105-A10 for 1 hour
at 4°C or 37°C. Following incubation, these mixtures were diluted
50-fold in a medium to reduce the concentration of dendrimer to
below the concentration capable of preventing the HIV infection;
the diluted mixtures were subsequently added to the activated
PBMCs. The analysis of HIV-1 p24 revealed that SB105-A10
significantly reduced the level of HIV-1 infection, suggesting the
direct activity of SB105-A10 on the virion structures (Figure 5).

To substantiate the hypothesis that SB105-A10 inhibits the HIV
infection by sequestering the virus in the extracellular environ-
ment, we investigated the dendrimer capacity to bind HIV-1 gp41
and/or gpl120. To this end, SB105-A10 was immobilized onto a
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SPR sensorchip, and evaluated for its capacity to bind the two
viral proteins when injected in the fluidic system of a BIAcore X-
100 apparatus. As displayed in Figure 6 (left panels), the
ectodomain of gp4l (amino acids 546-682) and full-lenght
gp120 interacted with SB105-A10. The specificity of the bindings
was proven by the observations that: ¢) both the HIV proteins did
not bind to a control surface containing only streptavidin; i) one
eukaryotic protein (BSA) and one glycosylated plant protein (SNA)
poorly bound the SB105-A10 surface (less than 5 RU and 34 RU,
respectively) when injected at 300 nM in the same experimental
conditions used for the HIV proteins (data not shown). Dose
response experiments allowed us to generate saturation curves
(Figure 6, right panels), from which dissociation constant (Kg)
values for the two interactions were calculated. In detail, SB105-
A10 binds to gp41 with an affinity that is 10 times higher than that
for gp120 (K4 equal to 3.9 nM and 46 nM, respectively). These
results suggest that the dendrimer might interact with the viral
envelope, most likely altering the virus attachment and entry.

SB105-A10 binds to heparan sulfates (HS) on activated
PBMC membranes

In addition to the direct activity of SB105-A10 on the envelope
glycoproteins, the pre-attachment assay indicated that the
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dendrimer might inhibit HIV infection through direct binding
with molecular targets on the cell membrane. Moreover, the
effects of SB105-A10 on the replication of viruses such as HSV,
HPV, RSV and HCMV have demonstrated that this molecule
binds to HSPGs [39-41]. Because HSPGs play an important role
in HIV adsorption and entry, we evaluated whether the binding
between SB105-A10 and HSPGs was also detectable in activated
PBMCs. A flow cytometry analysis performed using increasing
concentrations of the dendrimer (Figure 7), yielded a net
increased fluorescence following the FITC-SB105-A10 exposure
with a binding saturation at 25 pug/ml (5.3 puM). This interaction
was partially inhibited by pre-treatment with heparinase III, which
cleaved the HSPGs and significantly decreased, but did not
eliminate, the positive signal. Moreover, the activated PBMCs
treated with FITC-SB105-A10 and further washed with 2M NaCl,
which is a treatment that removes cationic peptides from HSPGs
in the cell membrane [44], displayed decreased fluorescence, as
measured by flow cytometry; however, the binding of FITC-
SB105-A10 with HSPGs was not abolished, thus suggesting that
the dendrimer might also recognize additional receptors on the
cell surface.

PLOS ONE | www.plosone.org

SB105-A10 inhibits the HIV-1 infection of cervicovaginal
tissues

To investigate the possible use of SB105-A10 as a microbicide,
we also examined its role in preventing the HIV-1 infection, using
a biologically organotypic model of cervicovaginal epithelial tissue.
To determine whether SB105-A10 acts as an antiretroviral agent
in vaginal tissues, cervico-vaginal samples were infected apically by
HIV-1,4. (100 ng HIV-1 p24/tissue) either with or without the
dendrimer (2 or 10 pg/tissue) and were incubated for 24 hours;
subsequently, the HIV-1 proviral DNA levels were determined by
quantitative real-time PCR at day 4 pi using two oligonucleotide
pairs specific for HIV-1 gag and pol genes. The samples that were
treated with SB105-A10 exhibited approximately 10-fold decrease
in their viral DNA burden compared with the untreated HIV-1-
infected vaginal tissue, suggesting that SB105-A10 inhibits the
HIV-1 infection of a biologically relevant human cervicovaginal
tissue model (Figure 8). Because the EpiVaginal tissue is ideally
suited to predict the vaginal toxicity of novel microbicides we also
evaluated the irritation and inflammatory potential of SB105-A10.
Briefly, 100 pg/ml (21 pM) of SB105-A10 was applied to the
apical surface at the air-tissue interface for 1, 4, and 18 hours at
37°C, and the tissues were subsequently analyzed for (i) the
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Significant decrease of HIV-1 p24 amount was detectable at day 4 pi. Data were expressed as the means (£SD) of HIV-1 p24 amount relative to
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doi:10.1371/journal.pone.0076482.g005

reduction of tetrazolium salt (MTT), to study the metabolic in the release of the cytoplasmic enzyme LDH was observed
activity of the living cells; (i) LDH release, to measure the between SB105-Al0-treated and untreated tissues. Finally, our
accumulation of dead cells; and (iii) the release of IL-1 a, to results indicate that SB105-A10-exposed human-derived vaginal
evaluate the inflammatory activation of cells (see the Materials and epithelial cells do not exhibit significant differences in the levels of
Methods for further details). As reported in Table 2, SB105-A10 the pro-inflammatory cytokine IL-lo, (Table 2), compared with
was not cytotoxic, and the time required to reduce tissue viability the untreated samples. Similar results were obtained when a 10-

to 50% (ET'50) was greater than 18 hours. No significant difference fold higher dose of SB105-A10 was applied to the EpiVaginal
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Figure 6. SPR analysis of the interaction of SB105-A10 with HIV-1 gp41 and gp120 proteins. Left panels: blank-subtracted sensorgrams
showing the binding of gp41 ectodomain (aminoacids 546-682; 10 nM) and full-lenght recombinant gp120 glycoprotein (100 nM) to the sensorchips
containing streptavidin and biotinylated SB105-A10 (straight line) or streptavidin alone (dotted line). Right panels: saturation curves of the binding of
gp41 and gp120 to immobilized SB105-A10 peptide. The saturation curves were obtained using the values of RU bound at equilibrium after the
injection of different concentrations (0.61, 1.25, 2.5, 5.0, 10 nM for gp41 and 12.5, 25, 50, 100 nM, for gp120). The %2 values of the fitting of the
saturation curves were equal to 2.6 and 4.3 for gp41 and gp120 respectively.

doi:10.1371/journal.pone.0076482.g006
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were incubated with heparinase Il for 2 h at 37°C or left untreated before the binding assay with 25 pug/ml of FITC-conjugated SB105-A10. Both
heparinase Ill and 2 M NaCl treatments reduce but not abolish the specific fluorescence signal suggesting an interaction between SB105-A10 and cell
membrane that is not related to HSPGs.

doi:10.1371/journal.pone.0076482.g007

tissue (data not shown). Overall, these results indicate that SB105- PBMCs. Interestingly, among the HIV-1 strains that were
A10 13 neither toxic nor pro-inflammatory to the vaginal mucosa. challenged by SB105-A10, it was observed that this dendrimer
was also able to suppress HIV-1 strains that were isolated from
Discussion HIV-1 naive patients and HIV-1-positive patients infected by
strains resistant to certain reverse transcriptase and protease

We aimed to determine whether the SB105-A10 dendrimer inhibitors. Hence, SB105-A10 exhibited an antiviral effect that
inhibits HIV-1 infection in activated PBMCs. The present study

mainly demonstrated that: 1) SB105-A10 inhibited HIV replication
of all of the tested reference and HIV-1 strains that were isolated
from HIV-positive patients in activated PBMCs, as indicated by
the HIV-1 p24 protein ELISA assay in the cell culture
supernatants; i) SB105-A10 interfered with the attachment/entry
of HIV-1 by multiple mechanisms targeting cell membrane
HSPGs and HIV virions; in particular, SB105-A10 bound gp41
and gpl20 as revealed by the SPR analysis; and iii) SB105-A10
also inhibited the HIV infection in a biologically organotypic
model of cervicovaginal epithelial tissue.

The antiviral effect of SB105-A10 was tested on a wide range of
R5, X4 and dual tropic R5/X4 HIV-1 strains, and a significant
and reliable decrease of HIV-1 p24 protein amount was detected
by the HIV-1 p24 ELISA assay in supernatants of the activated

was independent of the HIV strain tropism, with comparable ICjs,
values observed in the R5 and X4 strains.

Analysis of the antiretroviral mechanisms indicated that the
dendrimer might target an early event during the viral replication.
The pre-attachment and attachment assays revealed that SB105-
A10 effectively inhibited the HIV infection, whereas a significant
p24 protein decrease was not detected following the post-
attachment procedure. These observations suggest that SB105-
A10 may prevent HIV-1 infection by acting on the first phases of
the viral replication cycle, which are most likely represented by
viral attachment/entry. The initial interaction between HIV and
the cell membrane is facilitated by interactions between the
positively charged domains on gpl120 and the negatively charged
heparan-sulfated proteoglycans on the target cell membrane or by
interactions with cell membrane lectin-binding proteins such as
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Figure 8. Determination of HIV-1 proviral DNA content in
Epivaginal tissue infected by HIV-1,4,. EpiVaginal™ tissues were
challenged with HIV-1,4, (25 ng/ml) plus the SB105-A10 dendrimer (2
or 10 pg/tissue) for 24 hours, and total DNA was extracted and purified
from vaginal tissues at day 4 pi. HIV-1 DNA burden was determined by
SYBR Green-based quantitative real time PCR using either HIV-1 gag or
pol gene-specific primer pairs [45,46]. Data are expressed as the fold
decrease (=SD) of the DNA proviral content in dendrimer-treated cell
culture with respect to DNA proviral amount determined in untreated
cell cultures, obtained from two independent experiments in quadru-
plicate.

doi:10.1371/journal.pone.0076482.9008

DC-SIGN [47-49]. Protein gp120 then binds to CD4, and this
interaction induces a conformational shift of the gp120 structure
that causes the formation of a bridging sheet with the exposure of
the V1/V2 and V3 loop [50-52]. These steric changes allow for
the binding of gp120 to the CXCR4 and CCR5 co-receptors and
the fusion of the gp4l ectodomain with the cell membrane
[53,54]. The fusion is determined via the formation of a six-helical
bundle in which three gp41 N-terminal heptad repeats form a
trimeric inner core and three C-terminal heptad repeats are
packed in an antiparallel manner against the inner trimer [35].
The free energy that is released by the bundle formation leads to
the juxtaposition and subsequent fusion of the viral and target cell
membranes [56]. The SPR assay demonstrated that SB105-A10
bound at a high affinity to the HIV envelope protein gp41 and, to
lesser extent, gp120. It is conceivable that binding of SB105-A10
to the two viral envelope glycoproteins may determine, through
the dendrimer’s multivalency, an alteration in the correct steric
interaction between the viral envelope glycoproteins and the
cellular receptors thereby inhibiting HIV-1 entry into activated
PBMCs. Interestingly, the SPR indicated that the high-affinity
binding between SB105-A10 and gp4l is localized to the
ectodomain of gp41. SB105-A10 binds the ectodomain of gp41l
in a region that encompasses the amino acids between 546 and
682. This domain is strongly involved in the formation of the
bundle and plays a pivotal role in the fusion between the virus and
the cell surface [57,58]. SB105-A10 might then be considered a
factor that binds to both the gp41 and the gp120 envelope binding
glycoproteins. It is noteworthy that several anti-HIV agents bind
to the gp41 or gp120 glycoproteins. Among the agents that target
gp41, T-20 is the most important and is used in antiretroviral
therapy [59]. T-20 is derived from gp41 ectodomain sequences
and prevents formation of the viral gp41 bundle, as well as the
fusion and entry of HIV-1 into the target cell [60-61], by forming
heterotrimers with its counterparts in gp4l. The synthesis and
utilization of T-20 as an antiretroviral has promoted the
development of similar drugs that inhibit gp41 fusion by
competitive mechanisms; in fact, C52L and HR212 suppress
formation of the viral gp4l bundle and viral entry [62-63].
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Table 2. Evaluation of the irritation potential of 100 pug/ml of
SB105-A10 (21.3 uM) on the EpiVaginal tissue model.

Viability LDH Release IL-1 o Release

(%) (Abs) (pg/ml)
Untreated (1 hour) 100 0.9+0.1 13.4+29
SB105-A10 (1 hour) 81.8 0.9%0.1 11.7%45
Untreated (4 hours) 100 0.7%0.1 83%26
SB105-A10 (4 hours) 100.9 0.920.01 16.6*3.5
Untreated (18 hours) 100 1.3x0.1 33242
SB105-A10 (18 hours)  78.5 1.1+0.01 245*+3.0

doi:10.1371/journal.pone.0076482.t002

Conversely, other drugs have non-competitive mechanisms: RC-
101, which is a cationic derivate of the defensin theta, binds
directly to gp41 and suppresses the HIV infection by inhibiting
HIV entry [64—65]. Several molecules bind to gpl20, thereby
interfering with the interaction between gp120/CD4 and/or the
gpl120/co-receptors. Lectins, polyanions, agents targeting the
CD4-binding site of gp120 and antibodies have been described
and employed in some trials [9,48,66—68]. Mannose-rich glycans
are present on the envelope structure and are the target of several
anti-HIV molecules, such as the lectins [9]. Cyanovirin, Griffithsia
are two of the substances, with anti-HIV characteristics, that bind
to gpl20 glycosylated structures and inhibit the entry of the RS
and X4 HIV-1 isolates [69,70]. Moreover, polyanions such as
PRO 2000, PC-515 and cellulose sulfate recognize positively
charged regions on gpl120 [71,72]. PRO-2000 displays a wide
range of activity by recognizing gpl20, CD4 and co-receptors
showing antiviral effects, especially against X4 tropic strains [73].
Polyanions represent a classical group of HIV-entry inhibitors;
indeed two dendrimers with negatively charged branching arms
(namely SPL7103 and SPL 7115) have demonstrated gpl20-
binding activities [74]. Interestingly, experiments on non human
primates indicated that the intravaginally treatment of macaques
by 3-5% w/w SPL7013 gel effectively prevented the vaginal
transmission of SHIV89.6 chimeric virus strain [37]. SB105-A10
is a peptide-derived dendrimer that originates from the M6
prototype, which is a tetra-branched dendrimer [38]. This
molecule contains a lysine core that tethers four 9-mer peptide
chains [38] and exhibits a polycationic sequence of basic amino
acids in the branching arms, in contrast with the polyanionic
stretch of SPL7103 and SPL7115 [74]. The antiviral effectiveness
of SB105-A10 is related to this sequence of basic aminoacids. In
fact, the dendrimer SB104, which has a different sequence, did not
show any significant anti-viral activity. Polycation substances exert
opposite effects on the HIV infection; however, recently, defensin,
defensin-derived (RC-101) cationic peptides and other dendrimers
(polycationic viologen) have demonstrated reliable anti-HIV
effects via binding to gp4l and CXCR4, respectively
[64,65,75,76]. SB105-A10 exhibits a more complex antiretroviral
activity; in fact, the SB105-A10 administration prior to an HIV
challenge yields inhibitory effects on HIV replication suggesting an
additional cell-membrane target. As demonstrated recently, the
basic amino acids residues of SB105-A10 bind to the negatively
charged sulfated/carboxyl groups of the heparan sulfate chain of
HSPGs in several cell models and inhibit the attachment/entry of
several viruses, such as HSV-1, HSV-2, HPV, HCMV, RSV and
Ebola virus [39-41,77]. HSPGs are cell membrane receptors
composed of a core protein linked to sulfated glycosaminoglycans
(GAGs). GAGs are long, negatively charged polysaccharides that
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are linked to HS and that are widely detectable on cell membranes
of various cell types [78]. HSPGs are involved in the initial
attachment of many viruses to the cell surface [79]. Examples of
these viruses include Herpesviridae (HSV, HCMV), Papovaviridae
(HPV), Flaviviridae (HCV, dengue), Paramyxoviridae (RSV) and
Retroviridae (HIV, HTLV) [80-86]. HIV gp120 recognizes HS
through V3 loop that facilitates the attachment to the host cell and
subsequent infection [86—89]. Interestingly, the removal of HS or
the use of heparin as a competing molecule reduced both HIV
attachment and infection in several cell models such as CD4+
HeLa, T-cell lines and macrophages [90-92]. Moreover, HS are
involved in the gp4l-mediated fusion of HIV with the cell
membrane and play an important role in the HIV infection of
CD4-negative cell models (such as CD4 negative brain endothelial
cells) by affecting HIV attachment and entry [93,94]. SB105-A10
consistently binds to HS in activated PBMCs. Interestingly, the
activation of PBMCs by PHA induces a strong increase in heparan
sulfates exposed on the cell membrane compared with unactivated
PBMCis [85]. SB105-A10 binds to HS on the cell membrane of
activated PBMCs although the treatment with either heparinase or
NaCl did not completely inhibit the binding of SB105-A10 to the
cell membrane, suggesting that the dendrimer may also interact-
with additional cellular targets.

As reported above, SB105-A10 exhibits a broad antiviral
activity against several viruses, as has been demonstrated for
another dendrimer (SPL7013) that strongly inhibits the entry of
HIV, HSV-1 and HSV-2 [74]. SB105-A10 exerts its antiviral
activity against certain viruses that are transmitted by sexual
intercourse; these viruses include HPV and HSV, which recognize
cell targets through the viral anti-receptor binding of HS [39-41].
This characteristic indicates that SB105-A10 is a good candidate
for use as a broad-spectrum microbicide that counteracts not only
HIV but also HPV and HSV. It is noteworthy that the presence of
inflammatory and genital lesions due to HSV and HPV infections
facilitates the HIV infection transmission [9]. The microbicides
are compounds that would protect the user from sexually
transmitted infections when applied topically to mucosal structures
such as the vagina and rectum. This topical prevention strategy
represents a prophylactic approach that may be employed
especially in individuals who do not use condoms during sexual
intercourse. Interestingly, different classes of microbicides have
been proposed for prevention of the HIV infection. These
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compounds act on various stages of the HIV mucosal infection;
in fact, agents that disrupt the free virus, blocking cell capture, or
target the viral structure or cell receptors or specific viral
replication stages have been widely described as microbicides
although the majority of these compounds have not passed the
trials [21]. However, TDF administered orally or by gel [23] has
yielded effective results; however, certain studies have not
reproduced these results most likely because of low levels of
patient compliance [28,29]. Novel evidence has also supported
the use of other antiretrovirals, including combinations (ITDF and
emtricitabine) used in cART for oral prophylaxis, and promising
results have been obtained from the initial analyses [95,96].
SB105-A10 was challenged with R5 tropic HIV-1,4, strain in
human cervico-vaginal tissues [64]. The analysis of SB105-A10
antiviral activity against the R5 tropic HIV-1 strains is pivotal
because the HIV-1 R5 strains are predominantly involved in the
sexual transmission of HIV. The quantitative analysis of HIV-1
proviral DNA by real-time PCR demonstrated a strong decrease
of the HIV-1 DNA content in the SB105-Al0-treated samples
compared with the untreated samples. In addition, SB105-A10
does not elicit an inflammatory response or cytotoxicity in this
tissue model thus validating the potential use of this molecule as a
topical microbicide. However, toxicity and efficacy studies
conducted using non-human primate models must be performed
to validate SB105-A10 as a topical microbicide candidate for
prevention of the heterosexual transmission of HIV-1 and other
specific sexually transmitted viruses.

Acknowledgments

We thank the Programme EVA Centre for AIDS reagents (NIBSC, UK)
for the gp41 ectodomain and gpl120 glycoproteins. The ARV-2, RU132,
SE9173, MP535, CBL-4 and Bal. HIV-1 reference strains were obtained
from the Centre for AIDS Reagents, NIBSC HPA UK, supported by the
EC FP6/7 Europrise Network of Excellence, and NGIN consortia and the
Bill and Melinda Gates GHRC-CAVD Project.

Author Contributions

Conceived and designed the experiments: DG MCR DL MR SL.
Performed the experiments: IB DG MR DL AC SM AM AB SG GM
MCR. Analyzed the data: IB DG MR DL AC SM AM AB SG GM MCR
SL. Contributed reagents/materials/analysis tools: IB DG MR DL AC SM
AM AB SG GM MCR SL. Wrote the paper: DG MCR DL MR.

. Girard MP, Osmanov S, Assossouc OM, Kieny MP (2011) Human
immunodeficiency virus (HIV) immunopathogenesis and vaccine development:
A review. Vaccine. 29: 6191-6218.

. Cohen MS (2004) HIV and sexually transmitted diseases: lethal synergy. Top
HIV Med 12:104-107

. Higgins JA, Hoffman S, Dworkin SL (2010) Rethinking gender, heterosexual
men, and women’s vulnerability to HIV/AIDS. Am J Public Health 100:435—
445.

15. Lederman MM, Jump R, Pilch-Cooper HA, Root M, Sieg SF (2008) Topical
application of entry inhibitors as "virustats" to prevent sexual transmission of
HIV infection. Retrovirology 5:116.

. Klasse PJ, Shattock R, Moore JP (2008) Antiretroviral drug-based microbicides
to prevent HIV-1 sexual transmission. Annu Rev Med 59:455-471.

. Kuhmann SE, Hartley O (2008) Targeting chemokine receptors in HIV: a status
report. Annu Rev Pharmacol Toxicol 48:425-461.

. Smith RJ, Bodine EN, Wilson DP, Blower SM (2005) Evaluating the potential
impact of vaginal microbicides to reduce the risk of acquiring HIV in female sex
workers. AIDS 19:413-421.

. Foss AM, Vickerman PT, Alary M, Watts CH (2009) How much could a

microbicide’s sexually transmitted infection efficacy contribute to reducing HIV

risk and the level of condom use needed to lower risk? Model estimates. Sex

Transm Infect 85:276-282.

De Clerq E (2010) Antiretroviral drugs. Curr Opin Pharmacol 10:507-515.

McGowan I (2010) Microbicides for HIV prevention: reality or hope? Curr

Opin Infect Dis 23:26-31.

20.
21.

October 2013 | Volume 8 | Issue 10 | e76482



22.

23.

24.

30.

31.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

50.

Morris GC, Lacey CJ (2010) Microbicides and HIV prevention: lessons from the
past, looking to the future. Curr Opin Infect Dis 23:57-63.

Abdool KarimQ), Abdool KarimSS, FrohlichJA, GroblerAC, BaxterC, et al.
CAPRISA 004 Trial Group. (2010) Effectiveness and safety of tenofovir gel, an
antiretroviral microbicide, for the prevention of HIV infection in women.
Science 329:1168-1174.

McEnery R (2011) Oral tenofovir arm of VOICE trial discontinued early. IAVI
Rep 15:21.

. Van Damme L, Corneli A, Ahmed K, Agot K, Lombaard J, et al. (2012) FEM-

PrEP Study Group. Preexposure prophylaxis for HIV infection among African
women. N Engl J Med 367:411-422.

. Thigpen MC, Kebaabetswe PM, Paxton LA, Smith DK, Rose CE, et al. (2012)

TDF2 Study Group. Antiretroviral preexposure prophylaxis for heterosexual
HIV transmission in Botswana. N Engl J Med 367:423-434.

. Baeten JM, Donnell D, Ndase P, Mugo NR, Campbell JD, et al. (2012)

Antiretroviral prophylaxis for HIV prevention in heterosexual men and women.

N Engl ] Med 367:399-410.

. Grobler A, Abdool Karim S (2012) Declining adherence is a more likely

explanation than frailty of the apparent decline in efficacy in the CAPRISA 004
trial. AIDS 26:2261.

. Van der Straten A, Van Damme L, Haberer JE, Bangsberg DR (2012)

Unraveling the divergent results of pre-exposure prophylaxis trials for HIV
prevention. AIDS 26:F13-F19.

Cloninger MJ (2002) Biological applications of dendrimers. Curr Opin Chem
Biol 6:742-748.

McCarthy TD, Karellas P, Henderson SA, Giannis M, O'Keefe DF, et al.
(2005) Dendrimers as drugs, discovery and preclinical and clinical development
of dendrimer-based microbicides for HIV and STI prevention. Mol. Pharm
.2:312-318.

. Rosa Borges A, Schengrund CL (2005) Dendrimers and antivirals, a review.

Curr Drug Targets Infect Disord 5:247-254.

. Heegaard PM, Boas U (2006) Dendrimer based anti-infective and antiin-

flammatory drugs. Rec Pat Anti-Infect Drug Discov 1: 331-351

. Dezzutti CS, James VN, Ramos A, Sullivan ST, Siddig A, et al. (2004) In vitro

comparison of topical microbicides for prevention of human immunodeficiency
virus type 1 transmission. Antimicrob Agents Chemother 48:3834-3844.

. Abner SR, Guenthner PC, Guarner J, Hancock KA, Cummins JE Jr, et al.

(2005) A human colorectal explant culture to evaluate topical microbicides for
the prevention of HIV infection. J Infect Dis 192:1545-1556.

. Telwatte S, Moore K, Johnson A, Tyssen D, Sterjovski J, et al. (2011) Virucidal

activity of the dendrimer microbicide SPL7013 against HIV-1. Antiviral Res
90:195-199.

Jiang YH, Emau P, Cairns JS, Flanary L, Morton WR, et al. (2005) SPL7013 gel
as a topical microbicide for prevention of vaginal transmission of SHIV89.6P in
macaques. AIDS Res Hum Retroviruses 21:207-213.

Pini A, Giuliani A, Falciani C, Runci Y, Ricci C, et al. (2005) Antimicrobial
activity of novel dendrimeric peptides obtained by phage display selection and
rational modification. Antimicrob Agents Chemother 49:2665-2672.

Luganini A, Giuliani A, Pirri G, Pizzuto L, Landolfo S, et al. (2010) Peptide-
derivatized dendrimers inhibit human cytomegalovirus infection by blocking
virus binding to cell surface heparan sulfate. Antiviral Res 85:532-540.
Donalisio M, Rusnati M, Civra A, Bugatti A, Allemand D, et al. (2010)
Identification of a dendrimeric heparan sulfate-binding peptide that inhibits
infectivity of genital types of human papillomaviruses. Antimicrob Agents
Chemother 54:4290-4299.

Donalisio M, Rusnati M, Cagno V, Civra A, Bugatti A, et al. (2012) Inhibition of
human respiratory syncytial virus infectivity by a dendrimeric heparan sulfate-
binding peptide. Antimicrob Agents Chemother 56:5278-5288.

Gartner S, Popovic M (1990) Virus Isolation and production. In AldoviniA,
WalkerBD. Editors.HIV techniques, Stockton Press NY pp 53-69.

Svicher V, D’Arrigo R, Alteri C, Andreoni M, Angarano G, et al. (2010)
Performance of genotypic tropism testing in clinical practice using the enhanced
sensitivity version of Trofile as reference assay, results from the OSCAR Study
Group. New Microbiol 33:195-206.

Tyagi M, Rusnati M, Presta M, Giacca M (2001) Internalization of HIV-1 Tat
requires cell surface heparan sulfate proteoglycans. J Biol Chem 276:3254-3261.

. Gibellini D, Vitone F, Gori E, La Placa M, Re MC (2004) Quantitative

detection of human immunodeficiency virus type 1 (HIV-1) viral load by SYBR
green real-time RT-PCR technique in HIV-1 seropositive patients. J Virol Meth
115:183-189.

Gibellini D, Vitone F, Schiavone P, Ponti C, La Placa M, et al. (2004)
Quantitative detection of human immunodeficiency virus type 1 (HIV-1)
proviral DNA in peripheral blood mononuclear cells by SYBR green real-time
PCR technique. J Clin Virol 29:282-289.

Mondor I, Ugolini S, Sattentau QJ (1998) Human immunodeficiency virus type
1 attachment to HeLa CD4 cells is CD4 independent and gp120 dependent and
requires cell surface heparans. J Virol 72:3623-3634.

Moulard M, Lortat-Jacob H, Mondor I, Roca G, Wyatt R, et al. (2000) Selective
interactions of polyanions with basic surfaces on human immunodeficiency virus

type 1 gp120. J Virol 74:1948-1960.

. Tilton JC, Doms RW (2010) Entry inhibitors in the treatment of HIV-1

infection. Antivir Res 85: 91-100
Sattentau QJ, Moore JP, Vignaux F, Traincard F, Poignard P (1993)

Conformational changes induced in the envelope glycoproteins of the human

PLOS ONE | www.plosone.org

51.

52.

53.

54.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

SB105-A10 Dendrimer Inhibits HIV-1 Infection

and simian immunodeficiency viruses by soluble receptor binding. J Virol 67:
7383-7393

Wryatt R, Moore J, Accola M, Desjardin E, Robinson J, et al. (1995) Involvement
of the V1/V2 variable loop structure in the exposure of human immunodefi-
ciency virus type 1 gpl20 epitopes induced by receptor binding. J Virol 69:
5723-5733

Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J, et al. (1998) Structure
of an HIV gp120 envelope glycoprotein in complex with the CD4 receptor and a
neutralizing human antibody. Nature 393:648-659.

Rizzuto CD, Wyatt R, Hernandez-Ramos N, Sun Y, Kwong PD, et al. (1998) A
conserved HIV gp120 glycoprotein structure involved in chemokine receptor
binding. Science 280:1949-1953.

Basmaciogullari S, Babcock GJ, Van Ryk D, Wojtowicz W, Sodroski J (2002)
Identification of conserved and variable structures in the human immunodefi-
ciency virus gpl20 glycoprotein of importance for CXCR4 binding. J Virol
76:10791-10800.

. Weissenhorn W, Dessen A, Harrison SC, Skehel JJ, Wiley DC (1997) Atomic

structure of the ectodomain from HIV-1 gp41. Nature 387:426-430

. Liu S, Wu S, Jiang S, Liu S, Wu S, et al. (2007) HIV entry inhibitors targeting

gp4l, from polypeptides to small-molecule compounds. Curr Pharm Des
13:143-162

Chang DK, Chang-Sheng Hsu CS (2007) Biophysical evidence of two docking
sites of the carboxyl heptad repeat region within the amino heptad repeat region
of gp41 of human immunodeficiency virus type 1. Antivir Res 74:51-58
Blumenthal R, Durell S, Viard M (2012) HIV entry and envelope glycoprotein-
mediated fusion. J Biol Chem 287:40841-40849.

Kilby JM, Lalezari JP, Eron JJ, Carlson M, Coohen C, et al. (2002) The safety,
plasma pharmacokinetics, and antiviral activity of subcutaneous enfuvirtide (T-
20), a peptide inhibitor of gp41-mediated virus fusion, in HIV-infected adults.
AIDS Res Hum Retroviruses 18: 685-693.

Lalezari JP, Eron JJ, Carlson M, Cohen C, DeJesus E, et al. (2003) A phase II
clinical study of the long-term safety and antiviral activity of enfuvirtide-based
antiretroviral therapy. AIDS 17: 691-698.

Wild C, Greenwell T, Matthews T (1993) A synthetic peptide from HIV-1 gp41
is a potent inhibitor of virus-medated cell-cell fusion. AIDS Res Hum
Retroviruses 9:1051-1053.

Pang W, Wang RR, Yang LM, Liu CM, Tien P, et al. (2008) Recombinant
protein of heptad-repeat HR212, a stable fusion inhibitor with potent anti-HIV
action in vitro. Virology 377: 80-87.

Cai L, Jiang S (2010) Development of peptide and small-molecule HIV-1 fusion
inhibitors that target gp41. Chem Med Chem. 5:1813-1824

Cole AL, Yang OO, Warren AD, Waring AJ, Lehrer RI, et al. (2006) HIV-1
adapts to a retrocyclin with cationic amino acid substitutions that reduce fusion
efficiency of gp41. J Immunol 176:6900-6905.

. Cole AL, Herasimtschuk A, Gupta P, Waring AJ, Lehrer RI, et al. (2007) The

retrocyclin analogue RC-101 prevents human immunodeficiency virus type 1
infection of a model human cervicovaginal tissue construct. Immunology
121:140-145.

Hansen JE, Nielsen CM, Nielsen C, Heegaard P, Mathiesen LR, et al. (1989)
Correlation between carbohydrate structures on the envelope glycoprotein
gp120 of HIV-1 and HIV-2 and syncytium inhibition with lectins. AIDS 3:635—
641.

Balzarini J, Schols D, Neyts J, Van Damme E, Peumans W, et al. (1991) Alpha-
(1-3)- and alpha-(1-6)-D-mannose-specific plant lectins are markedly inhibitory
to human immunodeficiency virus and cytomegalovirus infections in vitro.
Antimicrob. Agents Chemother 35:410-416.

Calarese DA, Scanlan CN, Zwick MB, Deechongkit S, Mimura Y, et al. (2003)
Antibody domain exchange is an immunological solution tocarbohydrate cluster
recognition. Science 300:2065-2071.

Tsai CC, Emau P, Jiang Y, Tian B, Morton WR. et al. (2003) Cyanovirin-N gel
as a topical microbicide prevents rectal transmission of SHIV89.6P in macaques.
AIDS Res Hum Retroviruses. 19:535-541.

Mori T, O'Keefe BR, Sowder RC 2nd, Bringans S, Gardella R, et al. (2005)
Isolation and characterization of griffithsin, a novel HIV-inactivating protein,
from the red alga Griffithsia sp. J Biol Chem 280:9345-9553.

Huskens D, Vermeire K, Profy AT, Schols D (2009) The candidate sulfonated
microbicide, PRO 2000, has potential multiple mechanisms of action against
HIV-1. Antiviral Res.84: 38-47.

Cummins JE Jr, Guarner J, Flowers L, Guenthner PC, Bartlett J, et al. (2007)
Preclinical testing of candidate topical microbicides for anti-human immuno-
deficiency virus type 1 activity and tissue toxicity in a human cervical explant
culture. Antimicrob Agents Chemother 5:521770-1779.

Lackman-Smith C, Osterling C, Luckenbaugh K, Mankowski M. Snyder B, et
al. (2008) Development of a comprehensive human immunodeficiency virus type
1 screening algorithm for discovery and preclinical testing of topical
microbicides. Antimicrob Agents Chemother 52:1768-1781.

Tyssen D. Henderson SA, Johnson A, Sterjovski J, Moore K, et al. (2010)
Structure activity relationship of dendrimer microbicides with dual action
antiviral activity. PLoS ONE 5: ¢12309.

. Asaftei S, Huskens D, Schols D (2012) HIV-1 X4 activities of polycationic

“Viologen™ based dendrimers by interaction with the chemokine receptor
CXCR4, study of structure-activity relationship. J. Med. Chem. 55, 10405—
10413

October 2013 | Volume 8 | Issue 10 | e76482



77.

78.

79.

80.

81.

86.

. Roan NR, Miinch J, Arhel N, Mothes W, Neidleman J, et al. (2009) The cationic

properties of SEVI underlie its ability to enhance human immunodeficiency
virus infection. J Virol 83:73-80.

Salvador B, Sexton NR, Carrion R Jr, Nunneley J, Patterson JL, et al. (2013)
Filoviruses utilize glycosaminoglycans for their attachment to target cells. J Virol
87: 3295-3304.

Sarrazin S, Lamanna WC, Esko JD (2011) Heparan sulfate proteoglycans. Cold
Spring Harb Perspect Biol 3:7.

Spillmann D (2001) Heparan sulfate, anchor for viral intruders? Biochimie
83:811-817.

Shich M'T, Dunn DW, Montgomery RI, Esko JD, Spear PG (1992) Cell surface
receptors for herpes simplex virus are heparan sulfate proteoglycans. J Cell Biol
116:1273-1281.

Giroglou T, Florin L, Schafer F, Streeck RE, Sapp M (2001) Human
papillomavirus infection requires cell surface heparan sulfate. J Virol 75:1565—
1570.

. Feldman SA, Audet S, Beeler JA (2000) The fusion glycoprotein of human

respiratory syncytial virus facilitates virus attachment and infectivity via an
interaction with cellular heparan sulfate. J Virol 74:6442-6447.

. Barth H, Schafer C, Adah MI, Zhang F, Linhardt R]J, et al. (2003) Cellular

binding of hepatitis C virus envelope glycoprotein E2 requires cell surface

heparan sulfate. J Biol Chem 2003; 278: 41003-41012.

. Chen Y, Maguire T, Hileman RE, Fromm JR, Esko J, et al. (1997) Dengue virus

infectivity depends on envelope protein binding to target cell heparan sulfate.

Nat Med 3:866-871.

. Jones K8, Petrow-Sadowski C, Bertolette DC, Huang Y, Ruscetti FW (2005)

Heparan sulfate proteoglycans mediate attachment and entry of human T-cell
leukemia virus type 1 virions into CD4+ T cells. J Virol 79:12692-12702.
Patel M, Yanagishita M, Roderiquez G, Bou-Habib DC, Oravecz T, et al.
(1993) Cell-surface heparan sulfate proteoglycan mediates HIV-1 infection of T-
cell lines. AIDS Res Hum Retroviruses 9:167-174.

PLOS ONE | www.plosone.org

13

87.

88.

89.

90.

91.

92.

93.

94.

96.

SB105-A10 Dendrimer Inhibits HIV-1 Infection

Ugolini S, Mondor I, Sattentau QJ (1997) HIV-1 attachment, another look.
Trends Microbiol 7:144-149.

Vives RR, Imberty A, Sattentau QJ, Lortat-Jacob H (2005) Heparan sulfate
targets the HIV-1 envelope glycoprotein gpl20 coreceptor binding site. J Biol
Chem 280: 21353-21357.

Roderiquez G, Oravecz T, Yanagishita M, Bou-Habib DC, Mostowski H, et al.
(1995) Mediation of human immunodeficiency virus type 1 binding by
interaction of cell surface heparan sulfate proteoglycans with the V3 region of
envelope gpl120-gp41. J Virol 69:2233-2239.

Ohshiro Y. Murakami T, Matsuda K, Nishioka K, Yoshida K, et al. (1996) Role
of cell surface glycosaminoglycans of human T cells in human immunodeficiency
virus type-1 (HIV-1) infection. Microbiol Immunol 40: 827-835

Mondor I, Ugolini S, Sattentau QJ (1998) Human immunodeficiency virus type
1 attachment to HeLa CD4 cells is CD4 independent and gp120 dependent and
requires cell surface heparans. J Virol 72:3623-3634

Saphire ACS, Bobardt MD, Zhang 7, David G, Gallay PA (2001) Syndecans
serve as attachment receptors for human immunodeficiency virus type 1 on
macrophages. J Virol 75:9187-9200

Argyris EG, Acheampong E, Nunnari G, Mukhtar M, Williams KJ, et al. (2003)
Human immunodeficiency virus type 1 enters primary human brain
microvascular endothelial cells by a mechanism involving cell surface
proteoglycans independent of lipid rafts. J Virol 77:12140-12151.

Cladera J, Martin I, O'Shea P (2001) The fusion domain of HIV gp41 interacts
specifically with heparan sulfate on the T-lymphocyte cell surface. EMBO J
20:19-26.

. Abraham BK, Gulick R (2012) Next-generation oral preexposure prophylaxis,

beyond tenofovir Curr Opin HIV AIDS 7:600-606
Baeten JM, Donnell D, Ndase P (2012) Partners PrEP Study Team.
Antiretroviral prophylaxis for HIV prevention in heterosexual men and women.

N Engl ] Med 367: 399-410.

October 2013 | Volume 8 | Issue 10 | e76482



