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Abstract: Topical microbicides to stop sexually transmitted diseases, such as herpes simplex 

virus type 2 (HSV-2), are urgently needed. The emerging field of nanotechnology offers novel 

suitable tools for addressing this challenge. Our objective was to study, in vitro and in vivo, 

antiherpetic effect and antiviral mechanisms of several polyanionic carbosilane dendrimers 

with anti-HIV-1 activity to establish new potential microbicide candidates against sexually 

transmitted diseases. Plaque reduction assay on Vero cells proved that G2-S16, G1-S4, and 

G3-S16 are the dendrimers with the highest inhibitory response against HSV-2 infection. 

We also demonstrated that our dendrimers inhibit viral infection at the first steps of HSV-2 

lifecycle: binding/entry-mediated events. G1-S4 and G3-S16 bind directly on the HSV-2, 

inactivating it, whereas G2-S16 adheres to host cell-surface proteins. Molecular modeling 

showed that G1-S4 binds better at binding sites on gB surface than G2-S16. Significantly 

better binding properties of G1-S4 than G2-S16 were found in an important position for 

affecting transition of gB trimer from G1-S4 prefusion to final postfusion state and in sev-

eral positions where G1-S4 could interfere with gB/gH–gL interaction. We demonstrated 

that these polyanionic carbosilan dendrimers have a synergistic activity with acyclovir 

and tenofovir against HSV-2, in vitro. Topical vaginal or rectal administration of G1-S4 

or G2-S16 prevents HSV-2 transmission in BALB/c mice in values close to 100%. This 

research represents the first demonstration that transmission of HSV-2 can be blocked by 

vaginal/rectal application of G1-S4 or G2-S16, providing a step forward to prevent HSV-2 

transmission in humans.
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Introduction
Genital herpes is the most prevalence sexually transmitted disease (STD). There are 

417 million herpes simplex virus type 2 (HSV-2)-infected people worldwide and 

approximately 19 million of new infections occur each year.1 The HSV-2 is associated 

with the appearance of sores and painful ulcers around the genital area or rectum2 and 

its viral genome is maintained within neurons of the sensory sacral ganglia in latency.3 

Herpes infection is incurable; it can be mitigated or modulated through current antiviral 

treatment, but latent infection cannot be eliminated.4 Moreover, no effective human 

vaccine candidates to date in clinical trials have been licensed for use in humans.1,5 

Therefore, prevention strategies are essential within the fight against the STD, with 

the development of safe topical microbicides that allow women to actively avoid STD 

acquisition, especially when HSV-2 infection is associated with a three- to fourfold 

increased risk of HIV infection.6
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Dendrimers, nanotech-derived particles characterized 

by their high branching, defined size, and three-dimensional 

structure, showed potential as HIV-1 and HIV-2 microbicide 

candidates.7–11 Several dendrimers, functionalized with 

chemical groups at their periphery, were evaluated as anti-

viral agents against HSV-2.12 Notably, sulfonate-terminated 

anionic poly(lysine)-based dendrimer SPL7013, formulated 

as VivaGel™, showed efficacy against HIV and HSV in clini-

cal trials.13 We previously showed that dendrimers act at the 

entry step of HIV-1 infection, preventing the establishment 

of viral infection.7,8,14 Entry inhibitors could be excellent 

candidates for the development of topical microbicides since 

they block HSV-2 transmission at the mucosal surface, thus 

providing a method of prophylactic intervention.13

Polyanionic carbosilane dendrimers showed antiviral 

activity and potential as microbicides.7,8,14 They are distin-

guished from other dendrimers in their high apolarity of cen-

tral core and high mobility of peripheral branches, features that 

turn them into outstanding candidates to be used in biomedical 

applications. Carbosilane dendrimers were effective to inhibit 

HIV infection and transmission within genital mucosa and 

were safe in mice models.7,8,14 Thus, potent antiviral activ-

ity of these nanosystems against other sexually transmitted 

pathogens, such as HSV-2, could be extremely important in 

order to develop broad-spectrum effective microbicides.

We have studied in vitro and in vivo the antiherpetic 

effect and antiviral mechanisms of polyanionic dendrimers to 

establish a new potential microbicide that could stop HSV-2 

spreading through sexual contact. We focus on mechanism 

of action against HSV-2 infection of these dendrimers and, 

most relevant, we show that vaginal and rectal application 

of a gel formulation of dendrimers protect against HSV-2 

challenge in BALB/c mice.

Materials and methods
Compounds
G1-C8, G1-S4, G3-S16, G2-NF16, G2-S16, G2-STE16, 

G2-CTE16, and G2-S24P were synthesized according to the 

methods reported by Dendrimers for Biomedical Applica-

tions group (Figure S1).8,9,14,15 Eight dendrimers were dis-

solved in distilled water in a final concentration of 1 mM. 

Dilutions to µM range were generated in distilled water 

from the stock.

ACV was purchased from GlaxoSmithKline (Middlesex, 

UK), TFV disoproxil fumarate (Gilead Science, Foster City, 

CA, USA) was obtained in tablet form. Dextran (Sigma-

Aldrich, St Louis, MO, USA), a harmless molecule, and 

dimethyl sulfoxide were used as negative and positive control 

of cellular toxicity, respectively.

Cells and viruses
Vero cells (ATCC CCL-81, Manassas, VA, USA), African 

green monkey kidney cells, VK2/E6E7 (ATCC CRL-2616, 

Manassas, VA, USA), human epithelial cell line from vaginal 

mucosa tissue and HEC-1A (ATCC HTB-112, Manassas, 

VA, USA), epithelial cell line derived from a human endo-

metrial carcinoma, were grown as previously described.16 

HSV-2 strain 333 isolate was provided by Dr A. Alcamí 

(Severo Ochoa Centre for Molecular Biology (CBMSO), 

Spain). Stock of HSV-2 was prepared and titrated by plaque 

assay16 and stored at −80°C. Human cell lines have been 

used following the principles outlined in the Declaration of 

Helsinki, and no ethics committee approval was required for 

this set of experiments.

Cell viability and antiviral assays
Cell viability was determined by MTT assay (Sigma-Aldrich) 

at 24 hours postexposure according of manufacturer’s 

instructions.

To screen the potential anti-HSV-2 activities of selected 

dendrimers, 60×103 Vero or HEC-1A cells were seeded 

in 48-well plates. After 24 hours, cells were treated with 

dendrimers for 1 hour at 37°C before HSV-2 infection at 

a multiplicity of infection of 0.1. After 6 hours, cells were 

washed to remove unabsorbed virus. At 30–40 hours HSV-2 

pi, culture supernatants were collected and their infectivity 

was assessed by plaque reduction assay. Briefly, Vero cells, 

seeded in six-well plates, were treated with 100 µL of various 

supernatant dilutions for 1 hour at 37°C. Then, Vero cells 

were covered with Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 2% fetal bovine serum (FBS) and 0.4% 

of immunoglobulin (Ig) (Beriglobin; Behring, King of Prus-

sia, PA, USA) and incubated for 48 hours. Subsequently, 

Vero cells were stained with 0.03% methylene blue in dis-

tilled water and viral plaques were counted. VK2/E6/E7 cells 

seeded in 24-well plates were exposed to maximum nontoxic 

concentration of dendrimers for 1 hour before HSV-2 expo-

sure at an inoculum to 150 PFU/well. VK2/E6/E7 cells were 

incubated for 2 hours at 37°C and then washed and overlaid 

with DMEM containing 0.4% human Ig. Viral plaques were 

counted after 48 hours and the percentages of plaques relative 

to plaques on control wells were calculated.

Effect of pH in anti-HSV-2 activity
Selected dendrimers were incubated at pHs 3, 4, 5.5, and  

7 solutions of PBS for 1 hour. Afterward, Vero cells were 

pretreated 1 hour with maximum dendrimers and infected 

with 150 PFU/well HSV-2 for 2 hours. Then, cells were 

washed and covered with 2% FBS DMEM containing human 
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Ig. HSV-2 infection, measured as number of viral plaques, 

was determined at 48 hours pi.

Time-of-addition experiment
Vero cells were infected with HSV-2 and antiviral compounds 

and dendrimers were added at 0, 1, 2, 4, 6, 8, and 24 hours pi. 

After 2 hours pi, cells were washed and covered with medium 

containing human Ig. The viral plaques were counted after 

48 hours to determine the HSV-2 infection.

Attachment assay
The effect of dendrimers on viral attachment was assessed 

as previously described.17 Briefly, prechilled Vero cell 

monolayers in 24-well plates (175×103 cells/well) were 

treated with dendrimers for 1 hour at 4°C and infected with 

150 PFU/well HSV-2 for 2 hours at 4°C. Cells were washed 

with cold 2% FBS/DMEM to remove unattached dendrimers 

and unabsorbed HSV-2 and overlaid with medium containing 

human Ig. After 48 hours at 37°C, cells were stained with 

methylene blue and viral plaques were counted.

HSV-2 inactivation assay
Dendrimers were incubated with 104 PFU of HSV-2 at 4°C 

for 30 minutes, 1 or 2 hours. After incubation, 150 PFU of 

HSV-2 treated with dendrimers at concentration not active 

in the antiviral assay were added to Vero cells in order of 

their titration. The viral plates were stained and counted at 

48 hours pi.

Binding of dendrimers to cell surface 
molecules
Vero cells were pretreated with dendrimers for 1 hour. After 

incubation, cells were extensively washed and infected with 

150 PFU of HSV-2. After 48 hours pi, cells were stained and 

HSV-2 plaques were counted.

Molecular modeling of dendrimers with 
HSV-2 surface protein gB
Three-dimensional computer models of G2-16 and 

G1-S4 structures were created using dendrimer builder, 

as implemented in Materials Studio software package 

from BIOVIA (San Diego, CA, USA). RESP charges18 

were calculated using R.E.D.-IV tools19 and GAMESS.20 

GAFF force field, was used for parameterisation of den-

drimers. Missing force field parameters were fitted by 

minimizing the differences between quantum mechanics  

and force field-based relative energies of properly chosen 

molecular fragments. Quantum mechanics energies were 

calculated at MP2/HF/6-31G** level of theory using 

GAMESS and fitting was accomplished using paramfit 

from AMBER14  software.21 Slightly adjusted van der 

Waals parameters for Si atoms from MM3 force field were 

used. The protein components were parameterized using 

force field ff14SB. As the template for the main part of the 

simulated structure of residues 97–720 of gB glycoprotein, 

the experimental structure of the HSV-1 gB (PDB:4BOM) 

was used.22 The protein part “RKPRNATPAPLREAP-

SANASVER”, which is the short loop missing sequence 

471–489 (Figure S2) extended at each end with 2 amino 

acids (aa), was created and simulated in explicit solvent for 

28 nanoseconds. Then was attached to all three monomers of 

4BOM structure and necessary mutations were performed to 

match primary sequence of the HSV-2 gB residues 98–720 

(Figures S3 and S4). The edited 4BOM structure was shortly 

simulated in explicit solvent (5 nanoseconds) to adjust prop-

erly the configurations of newly added residues. Then one 

monomer was chosen for consequent processing. The initial 

configuration of the missing residues 721–904 (C-terminal 

part) was generated and attached to the previously prepared 

residues 98–720 HSV-2 gB. HSV-2 gB monomer fragment 

residues 98–904 were simulated in implicit solvent for 153 

nanoseconds with restrained part (residues 98–720, restraint 

80 kcal/mol Å2) to obtain sufficiently stable configuration of 

the added C-terminal. Preparation of this HSV-2 gB part was 

finished by simulation in explicit water (66 nanoseconds) 

with restrained part (residues 98–720, restraint 20  kcal/

mol  Å2) during the first 30 nanoseconds and the rest (36 

nanoseconds) without any restraints. The added C-terminal 

was incorporated into the simulated structure just to “natu-

rally” close this incomplete gB end and stabilize structure of 

simulated monomer. In reality, most of the gB part anchored 

in viral membrane has tertiary structure different from that 

obtained by our simulations. Preparation of N-terminal of 

the HSV-2 gB comprising residues 1–100 was as follows: 

the initial configuration of this protein part was generated 

based on known primary sequence and consequently the ter-

tiary structure was estimated by using simulation in implicit 

solvent for 862 nanoseconds. Protein tertiary structure was 

consequently finalized by using simulation in explicit water 

(41  nanoseconds). Models of dendrimers were simulated 

in explicit solvent (G1-S4 for 10 nanoseconds, G2-S16 for 

36 nanoseconds) and then the most representative confor-

mations were chosen using cluster analysis of the resulting 

molecular dynamics (MD) trajectories. The dendrimer/

HSV-2 gB monomer fragment (residues 98–904) systems 

(cases A–F) were simulated in explicit water for 70 nanosec-

onds dendrimer/HSV-2 gB N-terminal (residues 1–100) for 

50 nanoseconds. Initial configurations of the missing protein 
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parts were generated using LEaP routine from Amber 14. 

Mutations and attachments of the missing parts to the main 

fragment as well as creation of the initial configurations of 

dendrimer–protein complexes and all visualizations were 

performed using UCSF Chimera software.23 Cluster analysis 

and postprocessing of MD trajectories were performed using 

cpptraj module from Amber 14.

Simulation details
In case of simulations in explicit solvent, the molecules were 

solvated in explicit water (TIP3P model) with the proper 

number of Na+ and Cl- ions to preserve neutrality of the 

system and to ensure the correct ionic strength (0.15 M).24 

First, the solvated molecular systems were minimized (5,000 

steps with 2 kcal/(mol Å2) restraint +5,000 without restraint), 

heated (200 ps network virtual terminal) to 310 K and then 

equilibrated using MD simulation in NPT ensemble (T=310 

K, P=105 Pa – lengths of simulations are mentioned in each 

case above). The first 0.5 nanoseconds with restrained solute 

(2 kcal/[mol Å2] restraint). Hydrogens were constrained with 

the SHAKE algorithm to allow 2 fs time step and Langevin 

thermostat with collision frequency 2 ps-1 was used for all 

MD runs.25 The pressure relaxation time for weak-coupling 

barostat was 2 ps. Particle mesh Ewald method (PME) was 

used to treat long-range electrostatic interactions under peri-

odic conditions with a direct space cutoff of 10 Å. The same 

cutoff was used for van der Waals interactions. In case of 

simulations in implicit solvent, the optimized GBn implicit 

solvent model (ibg =8) was used together with recommended 

Born radii set mbondi3.26 Infinite cutoff (cut =9,999.0) for 

nonbond interactions was used and temperature was con-

trolled with Langevin thermostat. The pmemd.cuda module 

from Amber 14 package was used for all the above-described 

simulation steps.27 The last 10 nanoseconds of the whole 

simulation were used for energetic analyses (enthalpic con-

tribution, dH, calculated with 0.1 nanoseconds sampling step, 

ie, 100 frames used), entropic contribution (TdS) calculated 

using 3 nanoseconds sampling step (ie, four frames used) by 

using the molecular mechanics/Poisson–Boltzmann surface 

area methodology + normal mode analysis as implemented 

in Amber 14 routine MMPBSA.py to obtain estimates of 

free energies of binding.28 Poisson–Boltzmann surface 

area calculations were performed using Adaptive Poisson–

Boltzmann Solver sander. APBS from Amber 14.29 The 

probe radius used for calculation of solvent accessible sur-

face area was 1.4 Å. Default Adaptive Poisson–Boltzmann 

Solver value a=0.02508 kcal/mol/A2 of cavity SURFTEN 

parameter for calculation of the nonpolar solvent contribution 

ENPOLAR =a × solvent accessible surface area was used. 

The dielectric constant of the solute was set to 1 and in the 

case of solvent to 80. Normal mode analysis was performed 

taking into account solvation using HCT generalized Born 

implicit solvation model.30 Single trajectory approach was 

used in this work.

Dendrimer–antiviral combination analysis
To evaluate the combined inhibitory effects of dendrimers 

and antivirals, such as ACV or TFV, on HSV-2 replication, 

the combination studies were performed using plaque reduc-

tion assays. Briefly, Vero cells were treated with various 

concentrations of the tested compounds or their combina-

tions for 1 hour before HSV-2 infection with 150 FPU/well. 

After 2 hours, cells were washed and then covered with 2% 

FBS/DMEM containing human Ig and treated again with 

dendrimer alone or in combination with ACV at the same 

ratio. After 48 hours, Vero cells were then fixed and stained 

with metilen blue 0.4% for 1 hour and viral plaques were 

counted. The 50%, 75%, and 90% effective concentrations 

(EC
50

, EC
75

, and EC
90

, respectively) were determined, and 

synergism analysis was performed using the CalcuSyn soft-

ware (Biosoft) based on the median effect principle. The CI 

values between 0.1 and 0.9 indicated a synergistic effect, 

whereas values between 0.9 and 1.1 represented an additive 

effect, and .1.1 represented antagonism.

In vivo vaginal challenge assay
G2-S16 and G1-S4 were selected for analyzing their 

inhibitory activity against HSV-2 infection in BALB/c mice 

(Charles River Laboratories, Wilmington, MA, USA). 

Previously, we showed that both dendrimers did not induce 

vaginal irritation or inflammation in BALB/c mice and they 

were well tolerated for topical application.8,17,31 Female 

BALB/c mice (20±2 g) that were 6–8 weeks old were 

housed at the CBMSO. Animal studies were conducted and 

approved by the CBMSO Institutional Animal Care and 

Use Committee (CEEA-CBMSO, Madrid, Spain). An HEC 

(NIH-ARRRP) placebo gel was formulated by mixing HEC 

gel with sterile PBS to obtain a final concentration of 1% 

w/v. G2-S16 or G1-S4 was added to 1% HEC placebo gel 

to a final concentration of 3% w/v. Prior to vaginal HSV-2 

challenge, mice received a 2 mg subcutaneous injection of 

medroxyprogesterone acetate (Depo-Provera [depo]; Pfizer, 

New York, NY, USA) to increase susceptibility to HSV-2 

infection.32 Five days later, mice were anesthetized with iso-

flurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane; 

Forane, Abbott, Perú) for gel applications and HSV-2 infec-

tion. BALB/c mice were randomized into four groups of ten 

mice; placebo group received 30 µL 1% HEC gel vaginally, 
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G2-S16 group received 1% HEC gel with 3% G2-S16, G1-S4 

group was treated with G1-S4 1% HEC with 3% G1-S4 

and control group did not receive treatment. One hour later, 

mice were inoculated intravaginally with 105 PFU/20 µL of 

HSV-2 and maintained in a supine position for 15 minutes 

postapplication.

Mice were examined daily for body weight and genital 

pathology over 16 days. Disease score was graded accord-

ing to a 4-point scale: 0, no apparent infection; 1, genital 

erythema; 2, moderate genital infection; 3, purulent genital 

ulceration and hair loss, generally poor condition; and 4, 

severe ulceration of genital and surrounding tissue, and hind 

limb paralysis (leading to euthanasia).

In vivo rectal challenge assay
The rectal assays were performed by dissolving dendrimers 

in PBS. The experiment was conducted in female and male 

BALB/c mice, five female and ten male mice per group 

(nontreated (NT), G1-S4 treated, and G2-S16 treated). Six 

to 8-week-old mice were fasted for 24 hours before the rectal 

HSV-2 challenge, but water complemented with 1% glucose 

was available ad libitum. Following initial infection, food 

and water were available ad libitum. Mice were anesthe-

tized for both immobilizing them and preventing defecation 

using an intraperitoneal injection with Ketamine–Xylazine 

(100 mg/kg/10 mg/kg) and randomized into three groups of 

five mice per group. Mice were treated with 25 µL of test 

formulation, PBS 3% G1-S4, PBS 3% G2-S16, and PBS 

rectally with a gavage needle and maintained in a supine 

position with slight elevation of the pelvis for 30 minutes 

postapplication. Subsequently, 105 PFU of HSV-2 diluted 

in PBS to a final volume 10 µL was applied atraumatically 

to the rectum mucosa of anesthetized mice maintained in a 

supine position until they woke up. Moreover, two more rectal 

experiments with the same protocol were held; first one with 

18 male mice (6 NT, 6 3% G2-S16 treated, and 6 3% G1-S4 

treated) but increasing HSV-2 dose to 106 PFU for inocula-

tion; second one with 12 mice (6 NT and 6 3% G2-S16 +1% 

TFV treated). BALB/c mice were examined daily for body 

weight and genital pathology over 18 days. Disease score was 

evaluated as in the case of vaginal challenge assay.

Statistical analysis
Statistical analysis, including the calculation of the mean, 

standard deviation, and P-values, was performed using Mann–

Whitney U nonparametric test. The significance level was set 

as P=0.05. GraphPad Prism V6.0 software (San Diego, CA, 

USA) was used. All data were generated from duplicate or 

triplicate wells in at least three independent experiments.

Results
Screening of polyanionic carbosilane 
dendrimers antiviral activity against HSV-2
Several dendrimers showed a great anti-HIV-1 and anti-

HIV-2 activity against clinical viral strains.7–9,17 However, 

their ability to inhibit other sexually transmitted infections 

is unknown. In this work, antiviral activity against HSV-2 of 

eight dendrimers, which previously showed high anti-HIV 

activity were researched.

Toxicity assays were performed to evaluate the bio-

compatibility of dendrimers in Vero cells (Figure 1). Den-

drimers concentrations with viability .80% in comparison 

with control were regarded as nontoxic. G2-CTE16 was 

the most toxic, with a limit of viability of 0.1 µM. G3-S16 

and G2-NF16 were nontoxic at 0.5 µM and G2-S24P and 

G2-STE16 at 1 µM. G2-S16 was nontoxic at 10 µM as 

previously reported in other cells.8 G1-C8 and G1-S4 were 

nontoxic at 5 and 10 µM, respectively.

Once nontoxic working concentrations for each den-

drimer were established in vitro, a primary screening to test 

the ability of these dendrimers inhibiting HSV-2 infection in 

Vero cells was performed. Four of the studied dendrimers, 

G2-S16, G1-S4, G3-S16, and G2-STE16 inhibited signifi-

cantly the HSV-2 (Figure 2A). We achieved 100% anti-HSV-2 

inhibitory activity when Vero cells were pretreated with 10 

µM of G2-S16. G1-S4, G3-S16, and G2-STE16 dendrimers 

achieved a reduction of anti-HSV-2 activity of 77%, 68%, 

and 28%, respectively. G2-S16, G1-S4, and G3-S16 were 

chosen for a more detailed in vitro study.

Figure 1 Biocompatibility of polyanionic carbosilane dendrimers in Vero cells.
Notes: Viability of epithelial Vero cells was evaluated by MTT assay after 24 hours of 
exposure to a range of dendrimer concentrations; 80% of viability was set as the limit 
of toxicity for all dendrimers. Dextran 20 μM and DMSO 10% were used as negative 
and positive control of cellular death, respectively. Data were represented as mean ±  
standard deviation of three independent experiments.
Abbreviation: DMSO, dimethyl sulfoxide.
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Anti-HSV-2 activity of dendrimers in 
human genital tract epithelial cells
We studied the antiviral activity of G2-S16, G1-S4, and 

G3-S16 selected dendrimers in HEC-1A and VK2/E6E7, 

human epithelial cell lines (Figure 2B). When HEC-1A 

and VK2/E6E7 were pretreated with 10 µM of G2-S16, the 

HSV-2 inhibition was 68% and 98%, respectively and when 

pretreated with G1-S4 at 10 µM, the HSV-2 inhibition was 

92% and 99%, respectively. Finally, a decrease of 72% and 

94% of HSV-2 infection was achieved in HEC-1A and VK2/

E6E7 cells when pretreated with G3-S16 at 0.5 µM. In con-

clusion, dendrimers were highly effective in inhibiting the 

infection of HSV-2 in both epithelial cell lines.

Antiherpetic efficacy of dendrimers at 
various pH
One critical point to develop microbicidal compounds is 

to evaluate their stability and biological activity during the 

critical change of vaginal pH from 4.5 to 7.0, which occurs 

at the time of ejaculation.33 G2-S16, G1-S4, or G3-S16 was 

incubated in pH solutions from 3.0 to 7.0. Afterward, Vero 

cells were pretreated with these solutions of each dendrimer 

and infected with HSV-2. The three dendrimers retained their 

activity against HSV-2 after incubation at pH from 3 to 7 for 

1 hour (Figure 2C).

Evaluation of the mechanism of 
dendrimers’ anti-HSV-2 action
To determine the stage of the HSV-2 lifecycle where G2-S16, 

G1-S4, or G3-S16 dendrimers act, a time-of-addition assay 

was performed (Figure 3A). Acyclovir (ACV) was used 

as control. Very strong inhibition of HSV-2 infection was 

only found when G2-S16, G1-S4, or G3-S16 was added as 

a pretreatment or one hour postinfection (pi). It is important 

to note that the dendrimers G1-S4 and G3-S16 lost their 

inhibitory action when added at one hour pi. However, in 

case of G2-S16, approximately 50% of anti-HSV-2 activ-

ity was retained when added at 8 hours pi. In conclusion, 

Figure 2 Dendrimers anti-HSV-2 activity.
Notes: (A) Primary screening of candidates inhibitory activity against HSV-2. Vero cells were pretreated with nontoxic concentrations of the compounds for 1 hour and 
then infected with HSV-2. Percentage of infection was determined after 48 hours. (B) Inhibition of HSV-2 by dendrimers in VK2/E6E7 and HEC-1A human epithelial cell lines. 
VK2/E6E7 or HEC-1A cells were treated with polyanionic dendrimers for 1 hour before infection with HSV-2. At 30–40 hours postinfection, supernatants were collected 
and their infectivity was assessed in a plaque reduction assay. (C) Effect of pH in dendrimer anti-HSV-2 activity. Tested dendrimers were incubated in different pH solutions 
of PBS (pH 3, 4, 5.5, and 7) for 1 hour. Afterward, Vero cells were pretreated for 1 hour with compounds and then infected with 150 FPU/well of HSV-2 for 2 hours. 
Viral infection, measured as number of viral plaques, was determined at 48 hours postinfection. Data were represented as mean ± standard deviation of three independent 
experiments (*P,0.05 vs control).
Abbreviations: ACV, acyclovir; DMEM, Dulbecco’s Modified Eagle’s Medium; HSV-2, herpes simplex virus type 2; NT, nontreated.
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the role of these dendrimers is in the very first steps of the 

HSV-2 lifecycle, except for G2-S16 that, in addition, has 

other secondary targeting levels.

The antiviral activity of polyanionic dendrimers is asso-

ciated with the establishment of electrostatic interactions 

between the viral envelope proteins and the anionic functional 

peripheral groups of dendrimers.8,14,15,17 The effect of polyan-

ionic dendrimers in HSV-2 binding was studied (Figure 3B). 

The attachment of HSV-2 to Vero cells was inhibited in a dose–

response effect by the three dendrimers (Figure 3B). G2-S16, 

G1-S4, and G3-S16 achieved 91%, 87%, and 42% of reduction 

of HSV-2 binding in Vero cells, respectively, in comparison 

with HSV-2-infected nontreated Vero cells (Figure 3B).

We studied how dendrimers performed their antiviral 

activity by using a virus inactivation assay (Figure 3C). 

G1-S4 and G3-S16 inhibited HSV-2 infection in Vero cells 

approximately 85% after 30 minutes of coincubation with 

HSV-2, and viral inactivation was complete after 2 hours of 

coincubation. Our results suggest that G1-S4 and G3-S16 

bind directly on viral proteins at the surface of HSV-2 and 

block and inactivate HSV-2, and G2-S16 is ineffective in 

reducing HSV-2 infectivity (Figure 3C). Thus, one assay was 

performed to evaluate the binding ability of G2-S16, G1-S4, 

or G3-S16 onto cellular surface proteins and, therefore, block 

the HSV-2 attachment and entry (Figure 3D). After incuba-

tion of G2-S16, G1-S4, or G3-S16 with Vero cells, only the 

G2-S16 reduced 50% the HSV-2 infection. G2-S16, unlike 

G1-S4 and G3-S16, was performing its inhibitory effect by 

binding to molecules on the surface of host cell. In conclu-

sion, G1-S4 and G3-S16 bind to HSV-2 to perform their 

antiherpetic activity, whereas G2-S16 does it by binding to 

the cellular surface of molecules in host cell.

Figure 3 Mode of action of polyanionic carbosilane dendrimers against HSV-2 infection.
Notes: (A) Time of addition assay. To establish the stage of viral cycle where dendrimers are acting, Vero cells were infected with HSV-2 and dendrimers were added 
at 0, 1, 2, 4, 6, 8, and 24 hours postinfection. Percentage of infection was determined after 48 hours. (B) Effect of anionic dendrimers on HSV-2 binding. Vero cells were 
prechilled at 4°C for 20 minutes and then treated with the dendrimers for 1 hour before infection with HSV-2 for 2 hours at 4°C. (C) HSV-2 inactivation by dendrimers. To 
test the ability of dendrimers to bind to the viral surface, 104 FPU of HSV-2 were incubated with the dendrimers at their maximum nontoxic concentration for 1 hour. Vero 
cells were then infected with 150 FPU/well of dendrimer-treated HSV-2. Viral infectivity, measured as number of viral plaques, was determined at 48 hours postinfection. 
(D) Binding of dendrimers to cellular surface proteins. Vero cells were pretreated with dendrimers for 1 hour. After incubation, cells were washed to eliminate unbound 
dendrimer and then infected with HSV-2. After 48 hours, cells were stained and viral plaques were counted. Data were represented as mean ± standard deviation of three 
independent experiments (*P,0.05 vs control).
Abbreviations: ACV, acyclovir; HSV-2, herpes simplex virus type 2; NT, nontreated.
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Modeling the interactions of dendrimers 
with HSV-2 surface protein gB
We focused on G2-S16 and G1-S4 for molecular modeling 

studies due to the fact that these dendrimers caused the 

maximum reduction of HSV-2 binding in Vero cells. 

The fusion protein gB is one of the most conserved in the 

HSV-2 surface. It, together with the help of the fusion regu-

lator gH–gL and receptor binding gD, mediates HSV-2/cell 

fusion. We used computer simulations to study whether G1-S4 

and G2-S16 bind the gB from HSV-2 and the differences in 

binding modes of both dendrimers22 (Figure S5A and B).  

The simulation test of dendrimer/gB complexation at six 

binding sites on gB surface showed the creation of stable 

complexes in all cases (Figures 4, S6). The binding ener-

gies dG and their components are summarized in Table 1. 

The domains A and B are the binding area for the interac-

tion with heterodimer gH–gL (Figure S7A and B).34 It is a 

cationic area suitable for binding of both anionic dendrim-

ers as shown in Table 1. The G1-S4 binding affinity was 

clearly better than the G2-S16 binding affinity. Case C 

represents the binding area to the putative fusion loops or 

their proximity. Although  binding energies were smaller 

than in cases A and B, the G1-S4 anionic dendrimer was 

slightly better than G2-S16. However, the G2-S16 anionic 

dendrimer interacted directly with fusion loops, whereas 

the G1-S4 interacted partly with fusion loops and partly 

with simulated C-terminal (Figure S7C). Above the fusion 

loops there is cationic area so the another potential binding 

interface for anionic molecules – case D. (Figure S7D). 

G2-S16 provided here the worst result among all the tested 

binding positions. The dendrimer bound in position D may 

have the best possibility to disturb the suggested transition 

of the gB trimeric state from the more open prefusion to the 

final closed postfusion (Figure S8).34 Both anionic dendrim-

ers partially interact with C-terminal of the given gB, which 

is not possible in the gB trimeric state since the C-terminal 

part of the given gB monomer is located too far from its D 

position. However, both dendrimers interact very similarly 

with C-terminal of the opposite gB monomer (Figure S8). 

Simulation case E is an anionic area with a “pocket” shape 

character composed of the top-inner edge of gH–gL binding 

interface (Figures S5A, B and S7E). The electrostatic interac-

tion of G2-S16 and G1-S4 with protein in vacuum conditions 

is unfavorable for both dendrimers, but in water this is com-

pensated by the energy contribution from the electrostatic 

interactions of solvated molecules. Thus, stable complexes 

Figure 4 Final G2-S16/gB (top) and G1-S4/gB (bottom) complexes obtained from the initial configurations (A–F) – see Supplementary materials.
Notes: The main part of the supposed binding interface for the gH–gL is highlighted in magenta. The putative fusion loops are in red and the C-terminal part comprising 
residues 722–904 is in tan. This terminal part of the gB was not included in our template structure (4BOM), Therefore, we simulated it from the primary amino acid sequence 
just to “naturally” close this incomplete part. In reality, most of this gB part anchored in viral membrane has different tertiary structure. Atoms of dendrimers are colored as 
follows: C, black; O, red; Si, gray; S, yellow; N, blue; H, white. 
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were obtained in both cases. G1-S4 binds here with signifi-

cantly higher affinity dG =-58.85 kcal/mol (Table 1), mainly 

due to the more significantly favorable van der Waals com-

ponent -65.73 kcal/mol than -36.58 kcal/mol in the case of 

G2-S16. This result is due to the small and flexible G1-S4 

with better accessible “uncharged” C-Si inner part. Moreover, 

G1-S4 with smaller anionic charge better accommodates in 

the pocket site and has more “van der Waals contacts” 

with protein than G2-S16. G1-S4 has also a more favor-

able estimate for nonpolar contribution part, which means 

that the complexation reduced the total (dendrimer + gB)  

solvent accessible molecular surface better than in the case 

of bigger dendrimer.

Surprisingly, strong binding affinity was found in simula-

tion case F, where dendrimers interacted with the top part 

of the protein (Figure S7F). Both dendrimers achieved here 

their best results regarding binding energy. It was the only 

case where G2-S16 (dG =-91.44 kcal/mol) overperformed 

G1-S4 (dG =-82.46 kcal/mol) (Figure S9). Unfortunately, 

the N-terminal end of our gB structure is incomplete, having 

the first 97 aa missing. The experimental structure of this gB 

N-terminus part from HSV-2 is not at disposal. We simulated 

N-terminus fragment comprising 1–100  aa to obtain its 

approximate tertiary structure (Figure S10) and to check if 

this part can be targeted with dendrimers or if position F is the 

only suitable dendrimer-binding site in N-terminus area. This 

small terminal part has a quite cationic character (the total 

net charge +12) and can serve as an attractive target for any 

anionic molecules (Figure S10). Thus, HSV-2 gB can interact 

with anionic cell glycosaminoglycans like heparan sulfate. 

This N-terminal part is attractive for our G1-S4 and G2-16 

anionic dendrimers (Figure S11 and Table 1). G2-S16 binds 

Table 1 MM-PBSA estimates of free energies of binding (dG) together with all important energetic components and numbers of 
dendrimer/protein H-bonds detected in final configurations

Dendrimer dH TdS dG VDW EEL EPB ENP H-bonds

G2_S16 (A) -106.78 −46.70 −60.08 −59.03 −526.49 516.57 −37.83 21
(26.15) (9.30) (27.76) (14.15) (130.25) (129.77) (7.82)

G2_S16 (B) −109.21 −50.57 −58.64 −71.34 −343.05 345.61 −40.43 11
(19.36) (11.17) (22.35) (7.13) (70.77) (69.53) (2.02)

G2_S16 (C) −101.43 −47.45 −53.97 −62.41 117.49 −119.16 −37.34 7
(20.43) (8.99) (22.32) (6.91) (137.20) (137.33) (3.62)

G2_S16 (D) −70.98 −50.09 −20.89 −41.51 −341.54 340.26 −28.19 15
(17.53) (7.08) (18.90) (7.58) (66.61) (68.62) (3.99)

G2_S16 (E) −66.65 −42.12 −24.54 −36.58 297.45 −299.85 −27.67 11
(22.11) (10.18) (24.34) (5.73) (92.03) (95.06) (2.42)

G2_S16 (F) −151.57 −60.13 −91.44 −89.16 −413.22 402.39 −51.58 19
(21.33) (12.62) (24.79) (7.83) (67.98) (69.24) (2.11)

G2_S16 −140.61 −64.97 −75.65 −74.32 −3,682.17 3,663.67 −47.80 22
(N-term) (10.98) (5.60) (12.33) (5.77) (170.52) (169.95) (2.65)
G1_S4 (A) −120.80 −45.54 −75.26 −74.92 −269.87 265.27 −41.28 7

(8.49) (4.34) (9.54) (6.55) (44.99) (44.09) (2.19)
G1_S4 (B) −113.17 −43.17 −70.01 −73.51 −188.86 186.81 −37.61 6

(12.74) (11.74) (17.32) (9.51) (40.40) (39.35) (2.97)
G1_S4 (C) −100.13 −41.24 −58.88 −63.51 −197.97 196.96 −35.61 5

(12.99) (5.45) (14.08) (9.33) (63.33) (62.63) (3.58)
G1_S4 (D) −88.92 −34.52 −54.40 −55.02 −246.20 242.40 −30.10 6

(8.28) (9.66) (12.73) (6.01) (46.48) (45.52) (2.76)
G1_S4 (E) −104.28 −45.43 −58.85 −65.73 20.09 −21.39 −37.25 6

(10.37) (7.08) (12.56) (7.48) (30.60) (30.10) (3.23)
G1_S4 (F) −126.48 −44.02 −82.46 −81.21 −190.90 188.06 −42.43 5

(8.64) (4.16) (9.59) (5.78) (35.65) (36.18) (1.71)
G1_S4 −99.86 −38.60 −61.27 −58.89 −1,321.18 1,311.29 −31.09 9
(N-term) (8.50) (2.08) (12.33) (5.21) (54.82) (54.22) (1.58)

Notes: The units are in kcal/mol. dH = VDW + EEL + EPB + ENPOLAR, dG = dH - TdS. Values of dH and TdS were not calculated from the identical MD frames so the 
standard deviation for dG obtained from the population of dH - TdS values are not available. Instead, the square root of the sum of squares of the standard deviations for dH 
and TdS is provided as the upper bound estimate for dG deviation. The significance of the bold values are the total enthalpic contribution to free binding energy deviation.
Abbreviations: dH, total enthalpic contribution to free binding energy; dS, solute entropy change due to binding; EEL, electrostatic contribution in vacuum (ie, without 
considering solvent); ENP, estimate for nonpolar contribution; EPB, energetic contribution that arises from electrostatic solvent–solute interaction (desolvation penalty); 
MD, molecular dynamics; MM/PBSA, molecular mechanics/Poisson–Boltzmann surface area; T, absolute temperature; VDW, van der Waals contribution to binding 
enthalpy.
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with higher affinity (dG =-75.65) to this N-terminal target 

than G1-S4 (dG =-61.27) similarly as in position F.

Increased efficiency of dendrimer/
antiviral drug combination
Since polyanionic carbosilane dendrimers seem to target 

different steps in viral life cycle in comparison with other 

antivirals such as ACV and tenofovir (TFV), the potential 

combinatorial profile of dendrimer and ACV or dendrimer 

and TFV was tested against HSV-2. Interestingly, the 

nucleoside reverse-transcriptase inhibitor TFV is the only 

microbicide candidate, which shows high efficacy to date. 

Neither the combinations nor the individual drug concentra-

tions were toxic for Vero cells after 24 hours of exposure 

(data not shown). The combinations of G2-S16, G1-S4, and 

G3-S16 dendrimers with ACV or TFV resulted in a more 

efficient inhibitory profile against HSV-2 for most of the 

concentrations tested, measured as viral plaque formation 

(Figure S12).

In addition, the combination indexes (CI) were calculated 

to evaluate the type of dendrimer–ACV or dendrimer–

TFV interactions (Table 2). CalcuSyn software (Biosoft, 

Cambridge, UK) based on the median effect principle was 

used. The CI values between 0.1 and 0.9 indicate a synergistic 

effect, whereas values between 0.9 and 1.1 represent an addi-

tive effect, and those .1.1 represent antagonism. Synergistic 

profiles (CI values between 0.442 and 0.705) were found at 

the calculated EC
75

 and EC
90

 for G2-S16 and G1-S4 when 

combined with ACV against HSV-2. G3-S16/ACV combina-

tion at 1:10 ratio showed slight and moderate synergism at 

the EC
50

 and EC
75

, respectively, although only an additive 

effect was found at high concentrations (EC
90

). All dendrim-

ers showed a synergistic profile with TFV at EC
90

. However, 

nonpositive interactions or only an additive profile for G1-S4 

dendrimer were found at the calculated EC
50

. These results 

support that the combinations of nanoplatforms like dendrim-

ers and other inhibitory drugs targeting different stages in 

virus life cycle are essential to develop more powerful and 

effective microbicides and to improve the existing ones.

Antiherpetic activity of dendrimers, 
vaginal challenge
This study was carried out to demonstrate the in vivo 

efficacy of topical G2-S16 and G1-S4 to prevent vaginal 

HSV-2 transmission. G2-S16 and G1-S4 proved capable to 

halt the infection in 100% and 90% of female mice, respec-

tively, upon exposure to a lethal dose of HSV-2, showing 

significant differences compared with control and placebo 

groups (G2-S16 P=0.0003 vs placebo) (G1-S4 P=0.001 vs 

placebo) (Figure 5A). The weight of female mice in control  

and placebo groups decreased steadily from day 6 pi. BALB/c 

groups treated with G2-S16 or G1-S4 body weight main-

tained its normal growth ratio (Figure 5B). No female mice 

treated with G2-S16 showed signs of HSV-2 infection and 

only one female mouse treated with G1-S4 showed signs of 

HSV-2 infection. Accordingly, untreated BALB/c female 

mice and those just treated with placebo started showing the 

first signs of redness and inflammation on day 3 pi, increasing 

the symptomatology until the moment of sacrifice between 

days 8 and 16 pi. (Figure 5C).

Table 2 Combination index (±standard deviation) and combinatorial profiles for different antiretrovirals (ACV and TFV) and G2-S16, 
G1-S4, and G3-S16 dendrimer combinations at equipotent ratio against HSV-2 strain 333 isolate in Vero cells

Dendrimer ARV Combination 
ratio

CI

EC50 EC75 EC90

G2-S16 ACV 1:1 1.055±0.122
(±)

0.705±0.053
(++)

0.528±0.041
(+++)

TFV 1:1 1.305±1.147
(-)

1.013±0.702
(±)

0.843±0.455
(++)

G1-S4 ACV 1:1 0.912±0.103
(±)

0.616±0.139
(+++)

0.442±0.146
(+++)

TFV 1:1 0.976±0.244
(±)

0.826±0.282
(++)

0.754±0.315
(++)

G3-S16 ACV 1:10 0.852±0.160
(+)

0.767±0.231
(+)

0.911±0.596
(±)

TFV 1:20 1.108±0.415
(-)

0.792±0.369
(++)

0.597±0.286
(+++)

Notes: CI calculated at the EC50, EC75, and EC90 level. CI ,0.9 indicates synergism; 0.9, CI ,1.1 indicates additive effects, and CI .1.1 indicates antagonism (-). Synergy 
level: 0.85, CI ,0.9 + (slight synergism); 0.7, CI ,0.85 ++ (moderate synergism); 0.3, CI ,0.7 +++ (synergism). None of the results have the values of 0.1,Cl,0.3 ++++ 
(potent synergism); 0.1. CI +++++ (very strong synergism). Data are represented as mean ± standard deviation of three independent experiments.
Abbreviations: ACV, acyclovir; ARV, antiretroviral; CI, combination index; TFV, tenofovir.
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Antiherpetic activity of dendrimers: rectal 
challenge
This work was performed to show the in vivo efficacy 

of topical G2-S16 and G1-S4 to prevent rectal HSV-2 

transmission. The experiments were conducted in the 

rectum of male and female BALB/c mice separately, using 

15 BALB/c mice for each sex. Five females and ten males 

were pretreated only with phosphate-buffered saline (PBS), 

five females and ten males were pretreated with PBS 3% 

G2-S16, and five females and ten males were pretreated with 

PBS 3% G1-S4 rectally. As expected, when we compare the 

antiherpetic activity obtained in both sexes, no significant 

differences were found (Figure S13). Thus, we put together 

the rectal results of both experiments, with 45 BALB/c mice 

(15 control received topical PBS, 15 PBS with 3% G2-S16, 

and 15 PBS with 3% G1-S4) that were exposed to HSV-2. 

Four out of 15 mice of the PBS control group were not HSV-2 

infected, while 7 out of 15 of G2-S16-treated group and 14 

out of 15 of G1-S4-treated group were protected. G2-S16 was 

unable to stop the rectal infection in a significant way, but 

G1-S4 reached inhibition rectal values over 90% (Figure 6A), 

showing significant differences (P,0.0001 vs control).

The antiherpetic activity of G1-S4 and G2-S16 was 

smaller in the case of rectal HSV-2 exposure than for vaginal 

exposure, leading to a faster appearance of the symptoms and 

death of the animals. Despite this, we observed a significant 

decrease in body weight in the control group and the G2-S16-

treated group, while mice rectal pretreated with G1-S4 

maintained their normal body growth ratio (Figure 6B). Only 

one mouse pretreated with G1-S4 rectally showed signs of 

HSV-2 infection. Untreated BALB/c mice started showing 

first signs of redness and inflammation on day 5 pi, increasing 

the symptomatology until the moment of sacrifice between 

days 6 and 18 pi. (Figure 6C).

In order to confirm antiherpetic activity of G1-S4, we 

performed the viral challenge by using 106 plaque-forming 

units (PFU) of HSV-2 per mouse. At such a high viral chal-

lenge, we demonstrated that G1-S4 increased the inhibition of 

HSV-2 rectal infection in BALB/c mice by 90% (P,0.0001 

vs control) (Figure S14).

Figure 5 Polyanionic carbosilane dendrimers prevent vaginal high-dose HSV-2 infection.
Notes: Medroxyprogesterone acetate-treated BALB/c mice were vaginally challenged with 105 PFU HSV-2 1 hour after applying the indicated gel (10 mice/group). Mice 
were examined daily for body weight and genital pathology over 16 days. (A) Percentages of infection over time are shown for each treatment group. Dendrimer-based gels 
containing 3% dendrimer were significantly more protective than vehicle alone (***P,0.001 vs placebo). (B) Body weight changes were expressed as the mean values of ten 
animals in the same group. Each mean value was calculated by subtracting the weight at day 0 from the weight at day N after infection. (C) Clinical pathology was scored as 
described in the text for 16 days. Lesion scores were expressed as the mean values of ten mice in the same group.
Abbreviations: HSV-2, herpes simplex virus type 2; PFU, plaque-forming units.
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To improve the protection values obtained with G2-S16 

against rectal HSV-2 infection and due to the good results 

obtained with this dendrimer in combination with TFV, 

we performed another rectal challenge assay to evaluate a 

combination of 3% G2-S16 and 1% TFV, demonstrating that 

this combination was able to increase the protection levels 

over 65% (Figure 6D–F).

Discussion
Genital herpes is the STI with the highest global prevalence 

and appears frequently associated with other infections.35 

Epidemiological studies suggest that HSV-2 increases the 

risk of HIV-1 acquisition by approximately threefold.2 This 

risk could be even higher in those with newly acquired 

HSV-2 infection. Among people infected with HIV-1, HSV-2 

infection increases transmissibility of HIV-1 up to fivefold 

through genital ulcer and may accelerate the development 

to AIDS.1 In populations with high HSV-2 prevalence, 

approximately  50% of HIV-1 infections are attributable 

to HSV-2 coinfection. Therefore, HSV-2 infection is an 

important cofactor in the HIV-1 transmission; this highlights 

the need for a safe and effective user-controlled strategy to 

prevent this infection.1 Consistent with this, polyanionic 

carbosilane dendrimers could be great candidates for the 

Figure 6 Polyanionic carbosilane dendrimers prevent rectal high-dose HSV-2 infection.
Notes: BALB/c mice were rectally challenged with 105 PFU HSV-2 30 minutes after applying the indicated gel (15 mice/group). Mice were examined daily for body weight 
and genital pathology over 18 days. (A and D) The percentages of infection over time, based on symptoms, are shown for each treatment group. G1-S4 was significantly 
protective (***P,0.005 vs control). (B and E) Body weight changes were expressed as the mean values of ten mice in the same group. Each mean value was calculated by 
subtracting the weight at day 0 from the weight at day N after infection. (C and F) Clinical pathology was scored as described in the text for 18 days. Lesion scores were 
expressed as the mean values of ten mice in the same group. See also Figures S9 and S10.
Abbreviations: HSV-2, herpes simplex virus type 2; PFU, plaque-forming units; TFV, tenofovir.
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development of an anti-HSV-2 microbicide due to their 

synthesis, structure, molecular modeling, and their mode of 

antiviral action.8,14,17,36

We performed a screening of eight selected polyanionic 

dendrimers that previously demonstrated anti-HIV-1 activity in 

vitro and in vivo11 to select proper candidates for the develop-

ment of a topical microbicide against HSV-2 infection. Plaque 

reduction assay showed that G1-S4, G2-S16, and G3-S16 have 

strong antiviral activity against HSV-2 in vitro by inhibiting 

HSV-2 binding and internalization into the Vero cells. Time 

of addition assay demonstrated strong inhibition of HSV-2 

infection when dendrimers were added at the first hour after 

HSV-2 infection, indicating that dendrimers act at early phases 

of the HSV-2 lifecycle. The fact that G2-S16 is able to keep its 

inhibitory effect close to 50% 8 hours pi suggests that it acts 

both at the early and late stages of the HSV-2 life cycle.

HSV-2 gB plays an important role in HSV-2 entry by bind-

ing to cell-surface heparan sulfate.37 G1-S4 and G3-S16 have 

sulfate groups on their surface, which lead to the hypothesis 

that our dendrimers could bind to HSV-2 gB and achieve 

their inhibitory effect. Viral inactivation assay showed that 

functionalized dendrimers with sulfate could bind directly on 

viral proteins on the surface of HSV-2 particles and block and 

inactivate HSV-2 infectivity. However, G2-S16, a sulfonate 

dendrimer, proved to carry out its inhibitory effect by binding 

to cellular surface molecules of host cell. Hence, it is possible 

that different polyanionic dendrimers show different binding 

specificities, although these dendrimers are generally consid-

ered nonspecific. This difference is due to the variability in 

the number of charged groups, the size, the structure of the 

polyanion, or the type of functional groups involved.

Molecular modeling showed that G1-S4 and G2-S16 were 

able to bind the gB protein in all selected binding sites includ-

ing suggested binding area for gH-gL. Better results were 

achieved with G1-S4 than G2-S16 except the binding site on 

the top of the gB. Therefore, both dendrimers can successfully 

block the viral fusion machinery. However, G1-S4 and G2-S16 

differ in reaching the key binding sites. Thus, the smaller, more 

flexible, and faster moving dendrimer G1-S4 is better suited to 

reach worse accessible binding sites than G2-S16. If we focus 

on the proposed gH–gL binding area, G2-S16 could have prob-

lem to reach position A, B of HSV-2 gB and G1-S4 could reach 

at least the edge of A, B area (case E) and disturb gH–gL/gB 

binding process. G1-S4 unlike G2-S16 could penetrate inside 

the gB trimer in its more open prefusion state and block the 

right fusion state of the gB trimer. Another interesting result 

which favors dendrimer G1-S4 in the context of interference 

with gB/gH-gL interaction is significantly higher affinity 

of dendrimer G2-S16 in position F comparing to the most  

“gB/gH-gL” relevant positions A, B which is not the case for 

dendrimer G1-S4. In other words, unlike dendrimer G1-S4, 

for G2-S16 dendrimer is significantly more preferable position 

F comparing to A, B. Ability of G1-S4 and G2-S16 to bind 

in position F and to the missing N-terminus part (Figure S7F) 

can influence the interaction of gB with its eventual cell recep-

tor and cell glycosaminoglycans, but experimental results 

with G2-S16 suggest that this effect has small impact on the 

HSV-2 fusion machinery. Dendrimer binding on the top of 

HSV-2 gB (mainly position F, eventually beginning part of 

N-terminus) could somewhat decrease the probability that the 

more important place on this protein (eg, gB/gH–gL binding 

area) will be achieved by another dendrimer in the solution 

due to the electrostatic repulsion. (Figure S9)

This electrostatic repulsion will be more significant in case 

of G2-S16 which has four times higher charge than G1-S4. 

Interestingly enough, the fact that G2-S16 exhibited only small 

inhibition effect when previously mixed and incubated with 

HSV-2 suggests that successful blocking of the gB/receptor 

binding can prevent HSV-2 fusion, but preferred precise bind-

ing site position and/or the insufficient affinity of G2-S16 to the 

N-terminal cationic part can be the reason for the less efficient 

blocking effect of G2-S16 in comparison with G1-S4. These 

molecular modeling observations would explain our in vitro 

results. G1-S4 binds directly to the virus particle hindering 

HSV-2 fusion through gB with host cell, while G2-S16 acts 

binding to cell-surface receptors, then the affinity of binding 

site may depend on the target cells of different epitheliums 

decreasing its effectiveness antiviral. The hypothesis that 

G1-S4 and G2-S16 dendrimers work in a different manner 

opens up the gate to alternative strategies such as the combi-

nation of the dendrimers not only with antiviral, but also with 

various non-specific compounds acting at different stages of 

the HSV-2 life cycle. This strategy has proven to be effective 

against other viruses, such as HIV or HCV.14,38

To potentially limit the selection of resistant strains that 

may compromise the treatment options and improve the effi-

cacy of current antivirals, the use of combinations of different 

agents could be an interesting approach.8,9,14,17 Our dendrimers 

have shown an additive or synergistic profile when combined 

with ACV or TFV. The obtained synergy can be due to the fact 

that the dendrimers and ACV or TFV act at different steps in 

the viral cycle. We have demonstrated that dendrimers act at 

the attachment and entry step, whereas ACV plays a role at rep-

lication level and TFV inhibits HSV-2 DNA polymerase.39

Microbicides are applied directly to the genital tract or 

rectum before intercourse to protect against STI. However, 

the activity of vaginal microbicides can be altered by the 

physiological characteristics of the vagina. Consequently, 
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we studied the anti-HSV-2 activity of our candidates at 

various pHs and we proved that the vaginal pH exercised 

no significant influence on the antiherpetic activity of den-

drimers. Certain polyanions, despite their inhibitory activity 

against viruses, cause vaginal irritation.40 We previously 

demonstrated that G1-S4 and G2-S16 displayed a good 

safety profile and did not cause histopathological alterations 

in the vaginal epithelium in BALB/c mice and New Zealand 

White rabbits.8,17,31 In particular, we have also demonstrated 

in female h-BLT mice that transmission of HIV-1 was effi-

ciently blocked by vaginally applied G2-S16.

Topical microbicides can reach high local drug concentra-

tions for preventing HSV-2 and HIV-1 transmission without 

toxicity due to the many potential benefits associated with 

the drug delivery route.41 Mortality statistics have been used 

as an evaluation index for drug screening in HSV-2 animal 

models.42 Vaginitis appears in female BALB/c mice when a 

105 PFU challenge dose of HSV-2 is administered. Our results 

showed that ten BALB/c female mice resisted becoming 

infected after treatment with topical 1% hydroxyethylcel-

lulose (HEC) gel with 3% G2-S16 before vaginal HSV-2 

challenge, whereas 1% HEC gel with 3% G1-S4 protected 

nine out of ten BALB/c female mice. Eight out of ten place-

bo-treated BALC/c mice became infected. However, when 

BALB/c mice were exposed at the 105 PFU lethal concentra-

tion of HSV-2 rectally, 90% of mice treated with PBS 3% 

G1-S4 were protected, while only 33% of mice treated with 

PBS 3% G2-S16 were protected. In addition, we achieved 

65% of protection when G2-S16 was combined with TFV 

against HSV-2 rectal infection. TFV is an ideal candidate to 

achieve this objective due to its ability to inhibit HSV-2 by 

inhibiting DNA polymerase. It has previously been published 

that the ability of this antiretroviral inhibits the HSV-2 rep-

lication in vivo, vaginally and rectally.43

HSV-2 vaginal and rectal challenge results reached in vivo 

are promising, G2-S16 has shown 100% protection against 

vaginal HSV-2 infection and G1-S4 has shown 90% of 

protection against vaginal HSV-2 infection and 90% against 

rectal HSV-2 infection. The high inhibitory capacity of G1-S4 

against HSV-2, equally to vaginal or rectal, could be due in 

large part to its ability to perform its function by direct binding 

to the particle virus, regardless of the environment in which 

it is found. The great morphological and structural difference 

between the vaginal and rectal epithelium could be the cause 

between different inhibitory activities shown with G2-S16, 

even more considering that this dendrimer attaches to proteins 

on the surface epithelial cells to carry out their antiherpetic 

activity. The multilayered epithelium of the vagina could offer 

a structural advantage over the simple columnar epithelium 

and stratified squamous epithelium of the rectum.44

Our work reveals that G1-S4 and G2-S16 are ideal anti-

virals because they play a major role in a multifunctional 

manner and are effective at noncytotoxic concentrations 

easily achievable in BALB/c. G1-S4 acts directly on the 

HSV-2, inactivating it. Interestingly, G2-S16 provides protec-

tion due to its ability to bind to the host cell rather than to the 

viral particles. This has been showed previously for HIV-1 

prevention, in which G2-S16 binds to the CD4-receptor and 

HIV CCR5/CXCR4-coreceptors of the cells, in addition to 

binds to the gp120 of HIV.8 With our results, one can specu-

late on the existence of a second mechanism of action that 

can allow G2-S16 to maintain the 50% of its antiherpetic 

effect when it is applied 8 hours later on exposure to HSV-2, 

suggesting that G2-S16 also exerts its inhibition at one dif-

ferent level than the virus cell attachment. This mechanism 

should be linked with later stage of the HSV-2 lifecycle. In 

keeping with these results, we showed in h-BLT mice that 

transmission of HIV-1 was efficiently blocked by vaginally 

applied G2-S16.11 Both findings provide a strong step forward 

in the development of G2-S16-based vaginal microbicides to 

prevent vaginal HSV-2 and HIV-1 transmission in humans.

Summarizing, achieving 100% inhibition of HSV-2 

vaginal infection not only halts the transmission of HSV-2, 

but also avoids HIV-1 infections associated with HSV-2. This 

coupled with the previously published ability of G2-S16 to 

inhibit vaginal transmission of HIV in vivo, makes this den-

drimer ideal for the development of a microbicide. Although, 

65% inhibition of rectal HSV-2 infection was achieved, our 

next step will be study these dendrimers in combination with 

antivirals, such as TFV or ACV, in order to block the effect of 

the viruses in different steps of the HIV-1 and HSV-2 cycles 

and achieve 100% inhibition.
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