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SUMMARY 

The human immunodeficiency virus type 1(HIV-1)/hepatitis C virus (HCV) co-infection 

remains a growing and evolving epidemic, but new developments and enhanced models offer 

promising outcomes. Nanotechnology and specially dendrimers are considered emerging and 

exponential technologies with great potential to develop novel therapeutic and preventive 

strategies against HIV-1 and HCV infections due to similar sizes with biological structures. 

The most common way to be infected with HIV-1 is through sexual exposure. In the 

absence of an effective vaccine, self-applied topical microbicides provide a female-controlled 

preventive option that not requires negotiation, consent or their partners knowing. Three 

percent of vaginally-applied G2-S16 microbicide, a polyanionic carbosilane dendrimer 

(PCD), in humanized BLT mice showed a good safety profile preventing the HIV-1 

transmission at 84%. G2-S16 inhibited the HIV-1 infection at early stages by blocking the 

HIV-1 entry, particularly the gp120/CD4 interaction. G2-S16 inactivated HIV-1 particles by 

tight binding to HIV-1 envelope proteins provided a barrier to the infection for long periods 

and prevented the HIV-1 cell-to-cell transmission. 

With the failure of clinical trials of the non-specific microbicides and that the use of single 

ARV as vaginal microbicides has not demonstrated to have a sufficient effect, more efforts to 

develop combinatorial approaches targeting entry and post-replication steps can be the best 

strategy to prevent the HIV-1 spread. Combinations based on G2-STE16/PCD (G2-S24P or 

G2-S16), G2-STE16/tenofovir (TFV) and G2-STE16/maraviroc (MRV) or PCD/PCD/PCD, 

PCD/PCD/TFV, PCD/PCD/MRV and PCD/TFV/MRV showed a synergistic activity profile 

and a reduction in EC50 against a broad-spectrum of HIV-1 isolates. These combinations 

maintained their potent anti-HIV-1 activity in the presence of acidic pH and seminal plasma 

and did not produce vaginal irritation after administration in a BALB/c mouse model. 

Direct acting agents (DAA) have been successfully developed for the treatment of the 

chronic HCV infection. However, the lack of a HCV vaccine and the emergence of resistance 

makes of the development of novel agents an urgent need. By using an unbiased cell-based 

screening, we identified a family of seven PCD that inhibit the HCVcc infection. PCD 

inhibited early aspects of the HCV infection, interfered in the HCV entry against HCVpp and 

bona fide virions from different genotypes, had effect during viral adsorption and did not 

irreversibly alter the HCV virion infectivity with the exception of G2-S24P. G2-S24P was 

virucidal at high doses against the HCV infection. In summary, these results suggest that G2-

S24P in combination with DAA can be effective antiviral agents, supporting further clinical 

research on these as potential therapies in the context of blocking the HCV transmission. 



RESUMEN 
 

 

La co-infección por el virus de la inmunodeficiencia humana tipo 1 (VIH-1) y el virus de la 

hepatitis C (VHC) continua en crecimiento, pero nuevos modelos mejorados están dando 

resultados prometedores. La nanotecnología, en la que se encuentran los dendrímeros, se 

considera una tecnología emergente y exponencial con gran potencial para desarrollar 

estrategias terapéuticas y preventivas nuevas contra la co-infección por el VIH-1/VHC. 

La transmisión sexual es el método más común de infección por el VIH-1. En ausencia de 

una vacuna eficaz, los microbicidas tópicos que pueden ser controlados por la mujer, son una 

opción preventiva que no requiere negociación, consentimiento o conocimiento de la pareja. 

La aplicación tópica vaginal del G2-S16 al 3%, un dendrímero carbosilano polianiónico 

(DCA), en ratonas humanizadas BLT mostró un buen perfil de seguridad al prevenir la 

transmisión del VIH-1 en un 84%. El dendrímero G2-S16 inhibió la infección por el VIH-1 en 

las primeras etapas del ciclo viral bloqueando la interacción gp120/CD4, inactivó las 

partículas virales por una fuerte unión con las proteínas de la envuelta del VIH-1, protegió a 

las células en un largo periodo de tiempo y bloqueó la transmisión del VIH-1 célula-célula. 

Debido al fracaso en ensayos clínicos de los microbicidas vaginales no específicos y que el 

uso de los antirretrovirales no ha demostrado un efecto suficiente, el desarrollo de estrategias 

de combinación para prevenir la transmisión del VIH-1 podría ser una buena alternativa. Las 

combinaciones basadas en G2-STE16/DCA (G2-S24P o G2-S16), G2-STE16/tenofovir 

(TFV), G2-STE16/maraviroc (MRV), DCA/DCA/DCA, DCA/DCA/TFV, DCA/DCA/MRV y 

DCA/TFV/MRV mostraron sinergia frente a varios aislados del VIH-1 reduciendo la EC50 de 

cada compuesto. Las combinaciones mantuvieron su actividad frente al VIH-1 en presencia de 

pH ácido y plasma seminal y no produciendo irritación vaginal tras la administración repetida 

de las distintas combinaciones en ratonas BALB/c. 

Los agentes de acción directa (ADD) se desarrollaron para el tratamiento de la infección 

crónica por el VHC. Sin embargo, la ausencia de una vacuna y la aparición de resistencias a 

los fármacos hacen necesaria la búsqueda de compuestos nuevos. En un primer lugar se 

realizó un cribado basado en células de hepatocitos e identificamos 7 DCA que inhiben la 

infección VHCcc. Los DCA inhibieron las etapas más tempranas de la infección por el VHC, 

la entrada viral de VHCpp y viriones bona fide de diferentes genotipos, frenaron la adsorción 

viral y no alteraron de forma irreversible la infectividad de las partículas virales, con la 

excepción del DCA G2-S24P, que a dosis altas tuvo función virucida. Los resultados sugieren 

que el dendrímero G2-S24P en combinación con otros ADD podría ser una terapia efectiva, 

contribuyendo a una investigación clínica para frenar la transmisión del VHC. 
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LIST OF ABBREVIATIONS 

∆G Binding free energy 

AFM Atomic Force Microscopy 

AIDS Acquired Immune Deficiency Syndrome 

APC Allophycocyanin 

APC-Cy7 Allophycocyanin-Cyanine 7 

API Active Pharmaceutical Ingredient 

ARV Antiretroviral 

ATCC American Type Culture Collection 

AZT Zidovudine 

 

CA Viral capsid 

cDNA Complementary DNA 

CAPRISA Centre for the AIDS Programme of Research in South Africa 

CBMSO Centro de Biología Molecular ‘Severo Ochoa’ 

CC50 50% Cytotoxic Concentration 

CCR5 Chemokine (C-C motif) Receptor 5 

CD  Cluster of Differentiation. It can be extended to the rest of 

abbreviations: CD3, CD4, CD8, CD81, CD34, CD45, CD19, 

CD134 

CEEA-CBM Comité de Ética de Experimentación Animal del Centro de 

Biología Molecular 

CI Combination Index 

CIwt Weighted average combination index 

CLDN1 Tight junction protein Claudin-1 

CLSI Clinical and Laboratory Standards Institute 

COLCH Colchicine 

CXCR4 Chemokine (C-X-C motif) Receptor 4 

 

DAA Direct-Acting Antivirals 

DAIDS Division of AIDS 

DC Dendritic Cells 
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DC-SIGN Dendritic Cells-Specific Intercellular adhesion molecule-3-

Grabbing Non-integrin 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic Acid 

DS Dielectric Spectroscopy 

DSC Differential Scanning Calorimetry 

 

E Envelope glycoprotein from HCV: 1 (E1) and 2 (E2) 

E. coli Escherichia coli 

EC50 Half maximal (50%) effective concentration 

EC75 Effective Concentration 75% 

EC90 Effective Concentration 90% 

EC95 Effective Concentration 95% 

EDTA Ethylenediaminetetraacetic acid 

EGFR Epidermal Growth Factor Receptor 

ELISA Enzyme-Linked Immunosorbent Assay 

env Gene encoding the structural Env protein of HIV-1 

EPR Electron Paramagnetic Resonance 

ESI MS ElectroSpray Ionization Mass Spectrometry 

 

fa Fractional inhibition caused by a compound relative to the 

untreated control 

FAB MS Atom Bombardment Mass Spectrometry 

FACS Fluorescence-Activated Cell Sorting 

FACTS Follow-on African Consortium for Tenofovir Studies 

FBS Fetal Bovine Serum 

FCS Fetal Calf Serum 

FDA Food and Drug Administration 

ffu Focus-forming units 

FITC Fluorescein isothiocyanate  

FT-ICR MS Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
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G0, G1, G2, G3, G4 generations 0, 1, 2, 3, 4 of dendrimers according to the number 

of repeated layers with branching units forming the dendrimer 

G1a, G1b, G2a Genotype 1a, 1b, 2a 

G2-C24P A second generation carbosilane dendrimer fully capped on the 

surface with 24 carboxilate acid groups 

G2-CTE16 A thiol-ene second generation carbosilane dendrimer fully 

capped with 16 carboxilate acid groups 

G2-S16 A first generation carbosilane dendrimer fully capped with 16 

sulfonate acid groups. It is also known as G1-S16 

G2-S24P A second generation carbosilane dendrimer fully capped with 24 

sulfonate acid groups 

G2-STE16 A thiol-ene second generation carbosilane dendrimer fully 

capped with 16 sulfonate acid groups 

G3-CTE24P A thiol-ene third generation carbosilane dendrimer fully capped 

with 24 carboxilate acid groups 

G3-STE24P A thiol-ene third generation carbosilane dendrimer fully capped 

with 24 sulfonate acid groups 

gag Group-specific antigen. Gene encoding the structural Gag 

polyprotein of HIV-1 

GAG Glycosaminoglycan 

gp120 Glycoprotein exposed on the surface of the HIV-1 envelope 

gp41 Trans-membrane envelope glycoprotein of the HIV-1 

GPC Gel Permeation Chromatography 

GTP  Guanosine triphosphate 

GTPases Family of hydrolase enzymes that can bind and hydrolyze GTP 

 

H-BLT Mice implanted with human fetal thymus/liver cells followed by 

bone marrow transplantation with human CD34+ cells 

HBV Hepatitis B Virus 

HCV Hepatitis C Virus 

HCVcc Cell-Cultured derived HCV particles 

HCVpp HCV pseudoparticles 

HCVTCP HCV trans-complemented particles 

HEC Hydroxylethyl cellulose 
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HIV Human Immunodeficiency Virus 

HIV-1/2 Human Immunodeficiency Virus type 1/2 

HSC Hematopoietic Stem Cells 

HSPG Heparan Sulfate Proteoglycan 

HSV-2 Herpes Simplex Virus type 2 or genital herpes 

HTA Host-Targeting Agents 

Hydro Hydroxyzine pamoate 

 

i.p. Intraperitoneal 

i.v. Intravenous 

ICAM-1 Intercellular Adhesion Molecule-1 

IFNγ Interferon Gamma 

IL Interleukin. It can be extended to the rest of interleukins IL-2, 

IL-10, IL-8, IL-6, IL-4, IL-17α, IL-1β 

IL2Rγ-/- IL-2 Receptor common Gamma chain 

IN HIV-1 integrase 

IPM International Partnership for Microbicides 

IR Infrared 

IRES Internal Ribosome Entry Site 

 

K-SFM Keratinocyte Serum-Free Medium 

 

LDLR Low-Density Lipoprotein Receptor 

LFA-1 Leukocyte Function-Associated molecule-1 

LTR Long Terminal Repeat 

 

MA Viral matrix 

MALDI-TOF MS Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 

Mass Spectrometry 

MM-PBSA Molecular Mechanism Poisson-Boltzmann Surface Area 

MOI Multiplicity of infection 

MRV Maraviroc 

MTN Microbicide Trials Network 
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MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide 

Mw Molecular weight 

 

N-9 Nonoxynol 9 

NC Viral nucleocapsid 

nef Negative regulatory factor. Gene encoding the accessory Nef 

protein of HIV-1 

NIAID National Institute of Allergy and Infectious Diseases 

NIH National Institutes of Health 

NK Natural Killer 

NMR Nuclear Magnetic Resonance 

NOD Non-Obese Diabetic 

NP-40 Tergitol-type NP-40 

NPC1L1 Niemann-Pick C1-like 1 cholesterol absorption receptor 

NS Non-structural proteins from HCV. It can be extended to the rest 

of non-structural proteins: NS2, NS3, NS4A, NS4B, NS5A, 

NS5B 

NSG NOD/scid/gamma. Mutant mice that combine the features of 

NOD, scid and IL2Rγ-/- mice 

NSGd Number of surface groups of a dendrimer 

NTR Non-Translated Region 

 

OCLN1 Tight junction protein Occludin-1 

 

PAMAM Polyamidoamine dendrimer 

PAMAMOS Polyamidoamine-organosilicon dendrimer 

PBMC Peripheral Blood Mononuclear Cells 

PBS Phosphate-Buffered Saline 

PCD Polyanionic Carbosilane Dendrimer 

PE/Cy5 Phycoerythrin/Cyanine 5 

PE Phycoerythrin 

PEG-IFNα Pegylated Interferon Alpha 
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PFA Paraformaldehyde 

pH Potential of hydrogen 

PHA Phytohemagglutinin 

PLL Polylysine dendrimer 

pol DNA polimerase. Gene encoding the structural Pol polyprotein 

of HIV-1 

Poly I:C Polyinosinic:polycytidylic acid  

PPI Polypropylene-imine dendrimer  

PR HIV-1 protease 

PS Photoelectron Spectroscopy 

 

RAL Raltegravir 

RBV Ribavirin 

RD114 Feline retrovirus 

rev Regulator of expression of virion proteins. Gene encoding the 

Rev protein of HIV-1 

RNA Ribonucleic acid 

r.p.m. Revolutions per minute 

RPMI Roswell Park Memorial Institute 

RT HIV-1 reverse transcriptase 

rtPCR Real time Polymerase Chain Reaction 

 

s.c. Subcutaneous 

scid Severe combined immune deficiency 

SEVI Semen Derived Enhancer of Viral Infection 

SG Surface Groups of dendrimers 

SHIV Simian/Human Immunodeficiency Virus 

SI Selectivity or therapeutic index 

SIGLEC-1 Sialic acid binding Ig-like lectin 1 

SIV Simian Immunodeficiency Virus 

SOF Sofosbuvir 

SP Seminal Plasma 

SPL7013 A fourth generation polylysine-based dendrimer fully capped 

with 32 napthylsulfonate acid groups 
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SR-BI Scavenger Receptor class B member 1 

STD Sexually Transmission Diseases 

STI Sexually Transmitted Infections 

SU Viral surface 

SUR Suramin 

 

T-20 Enfuvirtide 

tat trans-activator of transcription. Gene encoding the Tat protein of 

HIV-1 

TBI Total Body Irradiation 

TCID50 50% Tissue Culture Infective Dose 

TEM Transmission Electron Microscopy 

TFV Tenofovir disoproxil fumarato 

TM Viral transmembrane 

TNFα Tumor Necrosis Factor Alpha 

 

UNAIDS United Nations Programme on HIV and AIDS 

UV Ultraviolet 

 

vif Viral infectivity factor. Gene encoding the accessory Vif protein 

of HIV-1 

VOICE Vaginal and Oral Interventions to Control the Epidemic 

vpr Viral protein R. Gene encoding the accessory Vpr protein of 

HIV-1 

vpu Viral protein unique. Gene encoding the accessory Vpu protein 

of HIV-1 

VSV Vesicular Stomatitis Virus 

 

w/v Weight/volume ratio 

 

XRD X-Ray Diffraction 
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1. NANOTECHNOLOGY 

Nanotechnology is a multidisciplinary field requiring an integration of physical, chemical 

and biological sciences with the field of engineering. Nanotechnology is defined as the 

intentional design, synthesis, characterization and applications of materials and devices by 

controlling their size and shape with length scales in the 1-100 nm ranges (Sahoo et al., 2007; 

Whitesides, 2003). For example, a human hair is approximately 100,000 nm thick, red blood 

cells are a standard size of about 7,000 nm, many molecules including some proteins range 

between 1 nm and larger and atoms are smaller than 1 nm (Figure 1). 

Nanotechnology is considered an emerging, exponential and cutting-edge technology due 

to the possibility to create novel products with new features and enormous potential in a wide 

range of applications that will promise scientific advancements and will impact our everyday 

life. Some of these applications lie on the fields of medicine, cosmetics, pharmaceutics, 

electronic, chemical engineering, energy production, optics, environmental and food industry 

(Madhwani, 2013). Interestingly enough, nanotechnology is potentially useful for medical 

applications because of nanomaterials are similar in size to biological structures. The aim of 

nanotechnology-enabled medicine (nanomedicine) consists of using properties and 

physicochemical characteristics of these nanomaterials opening up a wide field of research for 

the diagnosis and treatment of diseases at molecular level.  

 

Figure 1. Nanomaterials commonly used in biomedicine compared with familiar items. Modified from McNeil, 

2005. 
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1.1 Nanomedicine 

According to the European Science Foundation, the aim of nanomedicine may be broadly 

defined like the process of diagnosing, treating and preventing disease and traumatic injury of 

relieving pain and preserving and improving human health, by using molecular tools and 

molecular knowledge of the human body (Saha, 2009). The main applications of 

nanomedicine involve delivery of pharmaceuticals, in vitro and in vivo diagnostics including 

imaging, regenerative medicine and implanted devices. Examples of nanomaterials with 

diagnostic applications in biology and medicine include liposomes, dendrimers, polymeric 

micelles, gold nanoparticles, quantum dots, iron oxide crystals or fullerenes (Figure 1) (Kim 

et al., 2010; Moghimi et al., 2005). In particular, dendrimers are emerging as promising 

candidates for many applications in nanomedicine and deserve attention as they are used as 

solubility enhancers, anticancer, anti-inflammatory and antiviral drugs, drug delivery carriers, 

diagnosis and imaging agents (Kannan et al., 2014; Madaan et al., 2014; Svenson, 2015). 

1.2 Dendritic structures: Dendrimers 

Dendritic structures are widely accepted as the fourth class of polymers, after linear, 

branched and cross-linked molecular structures. This fourth architectural class is subdivided 

into four dendritic subclasses, namely random hyperbranched polymers, dendrigraft polymers, 

dendrons and dendrimers (Figure 2). These dendritic architectures differ by the degree of 

structural control present in each of subsets (Tomalia, 2005). Dendrons and particularly 

dendrimers are the most widely researched subsets of dendritic polymers. 

 

Figure 2. Representation of polymeric and dendritic architectures. Modified from Carlmark et al., 2009. 



INTRODUCTION	

15 |  
 

Dendrimers are highly branched, star-shaped and nano-sized molecules consisting of tree-

like arms or branches constructed through the sequential addition of branching units from an 

initiator. Dendrimers are divided into 3 architectural components: nucleus, interior layers with 

repeated units or generations and exterior with functional end-groups (Tomalia, 1995, 1996) 

(Figure 3). Most of dendrimers have diameters ranging from 1-20 nm (Kaminskas et al., 

2011). The diameter of dendrimers increases linearly at a rate of around 1 nm/generation, 

while the surface groups raises exponentially at each generation (Svenson & Tomalia, 2005). 

The core and the number of the branching units affect the dendrimer morphology (Mintzer & 

Grinstaff, 2011). The core affects the three-dimensional shape of dendrimers, the interior 

affects the host-guest properties of dendrimers and the charge of end-groups determines its 

functionality (Kannan, et al., 2014). The core and specially the generation number are 

relevant to the three dimensional shape of dendrimers. Lower generations of dendrimers are 

more flexible and tend to be open and amorphous structures than dendrimers at higher 

generations, which can adopt spherical conformations (Kesharwani et al., 2014). 

Figure 3. Schematic representation of 

dendrimer components. Dendrimers are formed 

by 3 components: an initiator core, scaffold 

layers or generations and functional groups at 

the outer surface. The nucleus molecule is 

demonstrated by the generation 0 (G0), while 

successive addition of branching units leads to 

higher generations G1, G2, G3… and so on. 

Generations are defined as the number of 

repeated layers with branching units forming 

the dendrimer. End-groups can possess 

positive, negative or neutral charges, which 

will define their biological functionality. 

1.2.1. Properties and differences with conventional polymers 

Dendrimers are macromolecules with roughly globular shapes. In contrast, polymers are 

based on the linkage of monomers into linear chain arrangement. In comparison to traditional 

polymers, dendrimers exhibit unique physicochemical properties. Most of relevant properties 

of dendrimers and conventional polymers are discussed below and summarized in the Table 

1. The classical polymerization is obtained in a single step by polycondensation of monomers 

producing random molecules of different sizes. However, the size of dendrimers is obtained 
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by controlled synthesis of a stepwise growth of generations. Thus, conventional polymers are 

polydisperse with certain degree of variability in their chain lengths and molecular weights 

and dendrimers are monodisperse with the same molecular weight and structure. Polymer 

solutions are highly viscous, increasing linearly with molecular weight. However, viscosity of 

dendrimers does not increase linearly, likely because lower generations adopt a ‘planar’ shape 

whereas higher generations adopt a more compact spherical shape. 

Most of the physicochemical properties of dendrimers depend on functional end-groups. 

The presence of many chain-ends provides multivalency, which is relevant to produce several 

simultaneous interactions with biological receptors or other molecules. Moreover, the high 

solubility and reactivity is strongly influenced by the nature of surface groups. 

Table 1. Properties of dendrimers and conventional polymers. Adapted from Ina, 2011 

Property Dendrimers Conventional polymers 

Synthesis Careful & stepwise growth Single step polycondensation 

Structure Compact, globular  Not compact 

Shape Spherical Random coil 

Structural control Very high Low 

Architecture Regular Irregular 

Polydispersity Monodisperse Polydisperse 

Reactivity High Low 

Aqueous solubility High Low 

Non-polar solubility High Low 

Viscosity Non-linear relationship with 
molecular weight 

Linear relationship with 
molecular weight 

1.2.2. Synthesis 

Most of dendrimers are synthesized following a divergent or convergent route. Divergent 

method involves 2 stages: the activation of end-groups and the addition of branching 

monomer units (Figure 4A) (Tomalia et al., 1985). Some advantages of this method are the 

ability to modify the end-groups at the outermost layer and that physicochemical properties of 

dendrimers can be adjusted to specific needs. Convergent approach comprises of 2 steps: 

reiterative coupling of protected/unprotected branches to produce a dendron with a functional 

core and the core anchoring to produce several dendrons that form the dendrimer (Figure 4B) 

(Hawker & Fréchet, 1990). The main advantages of this method are the control over 
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molecular weight and the functionality in exact positions whereas the main limitation is the 

difficulty to synthesize dendrimers in large amounts by the need of protecting active sites in 

successive reactions. Other technologies such as hypercores and branched monomers growth, 

double exponential growth, lego chemistry and click chemistry are also used (Kesharwani, et 

al., 2014). However, further studies are needed to select the most cost-effective synthesis 

strategies for their successful and correct commercialization. 

 

Figure 4. Approaches for the synthesis of dendrimers. (A) The divergent method: growth of the dendrimer 

originates from a core. The core is reacted with an active reagent, followed by removal of the protecting groups, 

lead to the first generation dendrimers. The process is repeated until the dendrimer of the described size is 

obtained.  (B) The convergent method: synthesis of the dendron that will become the periphery of the dendrimer 

when coupled to a core in the last step of the synthesis. 

1.2.3. Characterization of dendrimers 

Due to various applications of dendrimers, there is a critical need of their physicochemical 

characterization by employing wide range of analytical techniques. Several thousands of 

publications are related to the characterization of dendrimers, but only a few selected typical 

examples are illustrated (Figure 5) (Caminade et al., 2005). It is essential that the researcher 

clearly defines the purpose and knows limitations of analytical tools, not only to determine 

chemical composition of dendrimers, but also their morphology, size/shape, purity and their 

homogeneity, among other properties. 

1.2.4. Nomenclature and types of dendrimers 

The dendrimer size is classified by generations, layers or repetitive units. The generation 

count does not follow a fixed rule and is not always consistent, although it must be specified 

B 

A 
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the nomenclature followed when a dendrimer is selected. The generation can be defined 

taking into account the number of repeated layers forming the dendrimer where generation 0 

(G0) describes the dendrimer after the first reaction cycle and successive addition of repeated 

layers leads to higher generations. However, the most widely used nomenclature considers 

that each generation corresponds to the number of repeated layers with branching units where 

G0 refers to the core and successive addition of branching units leads to higher generations. 

To date, dendrimers with diverse functionalities and architectures have been designed: 

carbon/oxygen-based dendrimers (polyether, polyester, glycodendrimers), chiral dendrimers, 

metallodendrimers, PAMAM (polyamidoamine) dendrimers, PAMAMOS (polyamidoamine-

organosilicon) dendrimers, peptide dendrimers, phosphorus-based dendrimers, PLL 

(polylysine) dendrimers, hybrid dendrimers, porphyrin-based dendrimer, PPI (polypropylene-

imine) dendrimers, silicon-based dendrimers (silane, carbosilane, carbosiloxane, siloxane) and 

triazine dendrimers (Kesharwani, et al., 2014; Nanjwade et al., 2009; Vögtle et al., 2009). 

 

Figure 5. Methods of characterization of dendrimers. AFM = Atomic Force Microscopy; DS = Dielectric 

Spectroscopy; DSC = Differential Scanning Calorimetry; EPR = Electron Paramagnetic Resonance; ESI MS = 

Electrospray Ionization Mass Spectrometry; FAB MS = Atom Bombardment Mass Spectrometry; FT-ICR MS = 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry; GPC = Gel Permeation Chromatography; IR = 

Infrared; MALDI-TOF MS = Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry; 

NMR = Nuclear Magnetic Resonance; PS = Photoelectron Spectroscopy ; TEM = Transmission Electron 

Microscopy; UV = Ultraviolet; XRD = X-Ray Diffraction. Adapted from Caminade, et al., 2005. 
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1.2.5. Anionic and cationic dendrimers. Biological applications. 

Dendrimers offer unique opportunities for biological applications in the synthesis of agents 

with antiviral activity against sexually transmitted pathogens (Donalisio et al., 2010; Galan et 

al., 2012; Garcia-Gallego et al., 2012; Gong et al., 2002), as carriers for chemical drugs 

(Dutta et al., 2008), peptides (Cordoba et al., 2013; Ionov et al., 2013a; Ionov et al., 2013b; 

Vacas-Cordoba et al., 2014a; Vacas-Cordoba et al., 2014b) and gene silencing (Briz et al., 

2012; Gonzalo et al., 2010; Jimenez et al., 2010; Pedziwiatr-Werbicka et al., 2013; 

Pedziwiatr-Werbicka et al., 2012; Perise-Barrios et al., 2014; Sanchez-Nieves et al., 2014; 

Serramia et al., 2015; N. Weber et al., 2008; N. D. Weber et al., 2012) for HIV inhibition, as 

antibacterial agents (Ortega et al., 2008; Rasines et al., 2009) and potential in Alzheimer’s 

disease (Klementieva et al., 2011) and cancer (de Las Cuevas et al., 2012; Perise-Barrios et 

al., 2015; Ziemba et al., 2014). The surface functionality has an vital effect on absorption, 

distribution, metabolism and elimination properties of dendrimers (Kaminskas, et al., 2011). 

Cationic dendrimers tend to interact with negative lipid bilayer, decreasing the integrity of 

membrane that finally causes its destabilization and cell lysis (Mecke et al., 2005). Anionic 

dendrimers are mostly compatible for clinical applications, such as their use as microbicides. 

 

2. THE HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 (HIV-1) 

2.1 The HIV-1 morphology and genome 

The human immunodeficiency virus type 1 (HIV-1) is a retrovirus that belongs to the 

Lentivirus genus in the family Retroviridae (Sharp & Hahn, 2011). HIV-1 are spherical 

particles of 80-150 nm in diameter enveloped by a lipid bilayer derived from host cell 

membranes (Figure 6A). The matrix shell is composed by p17 matrix proteins that internally 

coat the viral envelope. The innermost structural layer is the conical capsid, which is 

comprised of p24 capsid proteins. The capsid enclosed 2 copies of non-covalently linked, 

unspliced, positive-sense single-stranded RNA that are stabilized with p7 nucleocapsid 

proteins and contains the enzymatic machinery required for the early steps of the viral 

replication (Turner & Summers, 1999). The HIV-1 genome is approximately 9.8 kb and 

encodes 15 proteins: 9 structural, 2 essential regulatory and 4 accessory regulatory proteins 

(Figure 6B). From 5’ to 3’ends of the genome are found gag, pol and env genes. The gag 

gene encodes p17, p24, p7 and p6 proteins; the pol gene encodes reverse transcriptase (RT), 
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integrase (IN) and protease (PR); and the env gene encodes the surface envelope glycoprotein 

(gp120) and the transmembrane envelope glycoprotein (gp41) (Freed, 2001). Tat and Rev 

provide gene regulatory functions; Vif, Vpr and Nef contributing to efficient virus spread and 

disease induction; and Vpu assist in assembly of the virion (Frankel & Young, 1998). 

 
Figure 6. Structure and genomic organization of the HIV-1 virion (A) Organization of the HIV-1 virion and (B) 

HIV-1 genome. CA = Capsid; IN = Integrase; LTR = Long Terminal Repeat; MA = Matrix; NC = Nucleocapsid; 

PR = Protease; RT = Reverse Transcriptase; SU = Surface; TM = Transmembrane. Modified from Freed, 2001. 

2.2 The HIV-1 lifecycle 

The HIV-1 lifecycle is a multistep process that depends on sequential interactions between 

viral and host cell factors that can be divided into 5 stages, including (Figure 7A): 

 Virus entry: this step is explained in detail in subsection 2.2.1. (Figure 7B). 

 Reverse transcription: the RT catalyzes the formation of a double-stranded viral DNA 

using the viral RNA as a template (Hu & Hughes, 2012). The newly synthesized 

proviral DNA is the substrate for the integration process. 

 Integration: the viral DNA moves into the nucleus and the IN catalyzes its integration 

into the host’s genomic DNA (Craigie & Bushman, 2012). The integrated viral DNA 

can reversibly remain latent or can undergo the active virus production. 

 Transcription and translation: the integrated DNA is transcribed into a viral RNA and 

it is translated into a long-chain polypeptide. The long polypeptide is then dissected 

into smaller individual proteins by the PR and undergoes further modifications to 

become functional (Karn & Stoltzfus, 2012). 

 Viral assembly, budding and maturation: viral proteins and 2 single-stranded viral 

RNAs are assembled and newly virions are released out of host cells, which converse 

the immature virion into mature infectious HIV-1 (Sundquist & Krausslich, 2012). 

A B 
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Figure 7. The HIV-1 lifecycle and HIV-1 entry into host cells. (A) After virus adsorption, HIV-1 enters the cell 

by virus-cell fusion. Replication of the genome occurs after reverse transcription and integration into host cells, 

followed by translation, proteolytic processing of the precursor polypeptide, viral proteins assembly at the cell 

membrane and budding. (B) The entry of HIV-1 involves binding of gp120 to CD4, followed by binding to co-

receptor. This sequential binding leads to the release of gp41 with the subsequent fusion of the viral and the host 

membrane (images from top to bottom). Adapted from De Clercq, 2002; Matthews et al., 2004. 

A B 
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2.2.1. The HIV-1 entry into host cells 

First steps in the HIV-1 entry are the binding of HIV-1 gp120 to CD4 on the surface of T-

helper lymphocytes or macrophages and a series of conformational changes in gp120  (Wilen 

et al., 2012). Initially, the D1 domain of CD4 joins to the CD4-binding site of gp120, a highly 

conserved carbohydrate-free region (Ashish et al., 2008). Then, the V1/V2 domain of gp120 

modifies its position and its flexibility, V3 loop extends away from the virion spike and is 

positioned towards the cell membrane to interact with CCR5 or CXCR4 co-receptors (Huang 

et al., 2005). Therefore, the V3 loop is the main domain involved in this interaction and V3 

amino sequences determine the co-receptors used by HIV-1 for entry into the host cell (Jensen 

& van 't Wout, 2003). The binding of gp120 to co-receptors involves 2 sequential interactions. 

The N-terminus of CCR5 or CXCR4 binds to V3 loop, altering its conformation and 

facilitating the second interaction with extracellular loops of co-receptors that are critical for 

the HIV-1 entry (Basmaciogullari et al., 2002; Huang et al., 2007). The proximity between 

cellular and viral membranes allows the gp41 fusion and the entry of viral capsid into host 

cells (Weissenhorn et al., 1997). Finally, the location of viral entry may require the 

endocytosis of viral particles for fusion or not (Miyauchi et al., 2009; Permanyer et al., 2012). 

2.3 The HIV pandemic and the impact of HIV-1 on women 

According to UNAIDS estimates in 2014 more than 36.9 million people were living with 

HIV-1 globally and women account for nearly 50% people (of these, 80% live in sub-Saharan 

Africa), who acquire HIV-1 mostly by heterosexual contact (UNAIDS, 2015). In the last 15 

years have been generated reductions in new HIV infections and AIDS-related deaths. 

However, in order to reach the vision of zero new HIV infections, zero discrimination and 

zero AIDS-related deaths is requires setting new targets (UNAIDS, 2014). 

The most common way to be infected with HIV-1 is through sexual exposure (Maartens et 

al., 2014). Women are more susceptible to HIV-1 due to hormonal changes, vaginal microbial 

ecology and physiology and a higher prevalence of sexually transmitted infections (STI). Due 

to limited economy, lack of education, gender disparity and violence, women cannot negotiate 

sexual encounters, leaving them vulnerable to unwanted pregnancy (Quinn & Overbaugh, 

2005). Women acquire the HIV-1 infection at least 5-7 years earlier than men (UNAIDS, 

2014). In the absence of an approved and effective vaccine, there is an urgent need to develop 

other alternative methods of pre-exposure prophylaxis. 
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2.4 The female reproductive tract and the role of semen in HIV-1 infection 

The female genital tract is divided into 3 major parts: the vaginal mucosa, ectocervix and 

endocervix (Rohan & Sassi, 2009). The vaginal mucosa and ectocervix are composed of a 

multilayered non-keratinized stratified squamous epithelium, while the endocervix consists of 

a single layered columnar epithelium (Figure 8A). The intact vaginal epithelial cells have a 

limited permeability to particles larger than 30 nm. Cell-free HIV-1 enters vaginal epithelium 

by diffusing across a concentration gradient (transcytosis) and is recruited on the surface of 

epithelial cells until HIV-1 can be uptaken by intra-epithelial Langerhans cells. Successful 

transfer of HIV-1 results in HIV-1 uptake by dendritic cells (DC) at the subepithelium and 

subsequent dissemination to draining lymph nodes (Shattock & Moore, 2003). HIV-1-infected 

cells can also cross epithelial barrier by physical abrasion or by transmigration (Figure 8B). 

The transition area between ectocervix and endocervix and the endocervix are the most 

common sites for HIV-1 transmission, probably due to an abundance of HIV-1 target cells 

(Pudney et al., 2005). The epithelial disruption due to traumatic sex (Norvell et al., 1984), dry 

sex (Lescano et al., 2009), bacterial vaginosis (Myer et al., 2005) or STI (Ward & Ronn, 

2010) enhances the susceptibility of HIV-1 transmission by recruiting a pool of target cells for 

local expansion and interfering with innate antimicrobial activity (Hladik & Doncel, 2010). 

Moreover, high levels of progesterone during the luteal phase of the menstrual cycle lead to 

thinning of epithelium, increasing the risk of HIV-1 spread (Kaushic et al., 2011). 

The first step of male-to-female heterosexual transmission of HIV-1 comprises the transfer 

of infectious HIV-1 in semen onto the female mucosal surface. Features of cervicovaginal 

secretions, such as the acidic pH, hydrogen peroxide and normal vaginal microflora protect 

women of HIV proliferation and acquisition (O'Hanlon et al., 2013). However, a high 

concentration of HIV-1 during acute infection period increases the probability of men-to-

women heterosexual transmission by up to 9-fold (Pilcher et al., 2004). During ejaculation, 

semen-borne virus exists in cell-free form and within infected CD4+ T-cells for several hours, 

although the cell-free HIV-1 is more infectious (Barreto-de-Souza et al., 2014). Semen 

contains amyloid fibrils that promote the HIV-1 infection by up to 105-fold by facilitating 

virion attachment to target cells; in particular, semen derived enhancer of viral infection 

(SEVI) fibrils. SEVI fibrils act as cationic bridges that simultaneously agglutinate the virus 

onto the cell surface and decrease the electrostatic repulsion between negatively charged 

surface of viruses and host cells (Castellano & Shorter, 2012).  
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Figure 8. Anatomy of the genital mucosa and vaginal acquisition of the HIV-1 infection. (A) Vagina and 

ectocervix are composed of squamous epithelia and endocervix and uterus of single layer columnar epithelia. (B) 

Cell-free HIV-1 can access to Langerhans cells and extend near to, or into, the mucosal lumen. Within hours to a 

day after exposure, CD4+ T-cells in the subepithelium are infected by macrophages and DC. Shortly thereafter, 

HIV-1 can be found in nearby lymphoid tissues. Modified from Iwasaki, 2010; Lederman et al., 2006. 

2.5 Microbicides for the prevention of HIV-1 

Efforts to prevent the heterosexual transmission of HIV-1 are based on 3 approaches: the 

behavioral change (safer sex), development of vaccines and development of microbicides. 

The abstinence and use of condoms to reduce the risk of cross-sex transmission have not been 

successful for reasons of financial insecurity, fear of retaliation, desire for pregnancy or 

avoidance of sex. Advance in vaccines has been disappointing (Doncel & Mauck, 2004) and 

topical microbicides provide excellent potential for a female-controlled, preventive option that 

not require negotiation, consent or even without their partners knowing. Thus, a microbicide 

is likely to become available more quickly than a vaccine due to its use is also bi-directional. 

Some characteristics of the ideal vaginal microbicide are to: display activity against most 

HIV strains and other sexually transmitted pathogens; act as a direct virucidal; retain the 

activity for several hours in the presence of vaginal fluids, semen and over a broad pH range; 

not disrupt the normal vaginal flora and the structural integrity of vaginal (or rectal) mucosal 

epithelium (Figure 9); be odorless, colorless, tasteless, stable at higher temperatures, easy to 

use, long shelf-life, inexpensive, readily accessible and compatible for use with latex, among 

other (Antimisiaris & Mourtas, 2015; Gupta & Nutan, 2013). 

A B 
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Figure 9. Potential modes of action for microbicides to reduce the risk of HIV-1 transmission. The microbicide 

must act as a lubricant coat providing a physical barrier against HIV-1 and other sexually transmitted infections 

(STI). The microbicide must maintain vaginal defenses and inactivates the HIV-1. Once HIV-1 has crossed the 

epithelial barrier, the microbicide must prevent the HIV-1 uptake by dendritic cells (DC), HIV-1 binding, fusion 

or entry and/or block the HIV-1 replication before the integration. Modified from Shattock & Moore, 2003. 

2.5.1. Formulations 

The formulation or delivery system of microbicides plays an important role in developing 

dosage forms with safety, acceptability and efficacy in clinical trials. The microbicide vehicle 

is important due to it allow the active pharmaceutical ingredients (API) to reach the proper 

site of activity to distribute throughout the vaginal surface and remain there for a sufficient 

period of time. Liquid formulations (as suspensions or solutions) are inappropriate due to their 

short retention/contact time in the surface vaginal. Thus, diverse formulations for vaginal 

delivery of microbicides are classified as semi-solid (gels, cream ointments) and solid (films, 

tablets, suppositories, intravaginal rings) dosage forms (Antimisiaris & Mourtas, 2015).  

For all formulations, it is important that API are stable in the vehicle where are formulated 

and uniformly distributed to allow distribution in the vaginal compartment (D'Cruz & Uckun, 

2014; Rohan et al., 2014). Physicochemical characteristics of gel vehicles to optimize include 

volume, viscosity, yields stress, sheer rate, pH and osmolarity (Garg et al., 2010). A list of 

advantages and disadvantages of microbicide formulations is presented in the Table 2. 
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Table 2. Advantages and disadvantages of commercially vaginal dosage forms for microbicides. Modified from 

Antimisiaris & Mourtas, 2015; A. B. Garg et al., 2009 

Formulation Advantages Disadvantages 

Gels 
Cream ointments 
 

 

Self-controlled 
Discrete (if not leaky) 
Lubricant effects 
Low potential for side-effects 
Low systemic absorption 
Low cost 
Combination system potential 

Frequent administration. Stability 
Complicated dosage regimen 
Applicator required 
Active pharmaceutical ingredients 
(API) distribution may be uneven 

Tablets 
Suppositories 
Films 
 

 

Self-controlled 
Discrete, no leakage, stability 
No applicator required 
Low potential for side-effects 
Compatible with less-stable drugs 
Rapid or sustained release 
Combination system potential 

Absorption in vaginal epithelial cells 
may be dependent by local hydration 
Vaginal epithelium irritation may 
result from contact with solids 
Uniformity of API distribution 

Intravaginal Rings 
 

 

Self-controlled 
Discrete, no leakage, stability 
No applicator required 
Long-term therapy 
Acceptability and compliance 
Rapid or sustained release 
Combination system possible 

Difficult/uncomfortable placement 
High cost  
More complex manufacturing 
Sustained release of specific API 
may be difficult to achieve 
API distribution may not be uniform 
throughout genital compartment 

2.5.2. Brief evolution of clinical vaginal microbicides 

The earliest compounds clinically developed as vaginal microbicides were surfactants or 

detergents. These agents destroy surface-active pathogens by disrupting membranes. Three 

surfactants were tested clinically as microbicides: nonoxynol 9 (N-9), SAVVY® or C31G and 

sodium lauryl sulfate as an Invisible Condom. N-9 and C31G showed to increase the risk of 

the HIV-1 infection (Peterson et al., 2007; Roddy et al., 1998). Although the Invisible 

Condom gel formulation was well-tolerated and acceptable (Mbopi-Keou et al., 2010), non-

specific surfactants are no longer considered a viable option as a microbicide. The second 

class of microbicides was vaginal milieu protectors or acidic buffers. These agents act as 

direct acidifying agents or as enhancers of lactobacilli production, maintaining restoring or 

enhancing natural protective mechanisms within vaginal epithelium. Carbopol® 974P 

(BufferGel) was well-tolerated, but not effective for the prevention of the HIV-1 vaginal 

transmission (Abdool Karim et al., 2011). Acidform was well tolerated during intercourse, but 

mild to moderate vulvar irritation was shown (Amaral et al., 2006). Moreover, natural acidic 

compounds based on lime juice that were effective in vitro against the HIV infection, showed 

toxicity in clinical trial formulations (Hemmerling et al., 2007). 
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Next microbicide candidates evaluated were linear polyanions that block the binding of 

HIV-1 to target cells. These agents include carrageenan (Carraguard®) gel, cellulose sulfate 

(Ushercell) gel, naphthalene sulfonate (PRO2000) gel and cellulose acetate phthalate (CAP) 

gel. Carraguard, Ushercell and PRO2000 were not effective against heterosexual HIV-1 

spread and in the case of PRO2000 also showed an increased risk of the HIV-1 infection 

(Pirrone et al., 2011). Due to heavy vaginal discharge in all recipients of CAP-based 

microbicide, this clinical trial was declined (Lacey et al., 2010). 

Given the disappointing clinical trial results of early microbicides, the progress pathway of 

microbicides was based on the use of antiretrovirals (ARV) that specifically act against the 

HIV-1 lifecycle. Most of ARV-based microbicides are entry and RT inhibitors, although IN 

inhibitors begin to gain strength. The most studied microbicides for topical vaginal delivery 

are tenofovir (TFV) and maraviroc (MRV). Their last results in clinic are explained in detail 

in the scientific literature (Antimisiaris & Mourtas, 2015; Sanchez-Rodriguez et al., 2015). 

Dapivirine and UC781 have also been evaluated as vaginal microbicides. However, further 

research on UC781 has been stopped due to difficulties encountered with formulating UC781 

in diverse dosage forms and in combination (Abdool Karim & Baxter, 2014).  

In the lack of efficacy and adherence of linear polymers and ARV, significant attempts 

have been focused on the application of nanotechnology for HIV/AIDS prevention. The only 

topical nanomicrobicide to enter clinic is SPL7013 dendrimer, the active product of 

VivaGel™. SPL7013 provided antiviral activity against HIV-1 and herpes simplex virus type 

2 (HSV-2) in healthy women (Price et al., 2011). The lack of anti-HIV activity against R5-

HIV-1 isolates (Telwatte et al., 2011) and evidences of mild irritation after repeated vaginal 

use (Moscicki et al., 2012) are the main limits of VivaGel. However, VivaGel is currently in a 

phase II trial against bacterial vaginosis (Sanchez-Rodriguez, et al., 2015). More sophisticated 

dendrimers as HIV-1 entry inhibitors that non-specifically prevent HIV-1 binding to host cells 

blocking heparan sulfate proteoglycans (HSPG), DC-specific intercellular adhesion molecule-

3-grabbing non-integrin (DC-SIGN), glycosphingolipids or CD4/gp120 interactions are under 

development as vaginal microbicides with promising results (Sepulveda-Crespo et al., 2015). 

 

3. THE HEPATITIS C VIRUS (HCV) 

The hepatitis C virus (VHC) is a member of the Hepacivirus genus in the Flaviviridae 

family (Choo et al., 1991). HCV displays high genetic variability and is classified into 7 
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recognized genotypes (1-7) on the basis of phylogenetic and sequence analysis of whole viral 

genomes. HCV strains that belong to different genotypes differ at 30-35% of nucleotide sites 

(Messina et al., 2015; Smith et al., 2014). Within each genotype, HCV is subdivided into 67 

confirmed and 20 provisional subtypes and HCV mutations (quasispecies). It is estimated that 

chronic HCV infections affect more than 185 million people worldwide (Messina, et al., 

2015). HCV is the major cause of acute and chronic liver disease, cirrhosis, cancer and liver 

failure, the most reason for liver transplantation in developed countries (Lavanchy, 2009) and 

the major cause of death in HIV-infected patients on combination antiviral therapy (Gill et al., 

2010). The main mode of HCV transmission is mainly through exposure to infected blood or 

its products. Another risk for HCV transmission include sexual contact, which it is known to 

be a leading route for HIV and is demonstrating the changing nature of the HCV epidemic 

(Hagan et al., 2015; Wandeler et al., 2015) 

3.1 The HCV structure and genome 

HCV is an enveloped, positive-strand RNA virus with 30-80 nm in size (Figure 10A) 

(Wakita et al., 2005). HCV adopts a classical icosahedral scaffold where glycoproteins E1 

and E2 are anchored to the host cell-derived double-layer lipid envelope. Within the envelope 

is the nucleocapsid composed of the core protein, forming an internal icosahedral viral coat 

that wraps the viral genomic positive-strand RNA (Chevaliez & Pawlotsky, 2006).  

The HCV genome is approximately 9.6 kb consist of a single open reading frame flanked 

by 5’ and 3’ non-translated regions (NTR) vital for replication of the genome. The highly 5’ 

NTR contains the internal ribosome entry site (IRES). The polyprotein is cleaved to wield 

structural proteins (core, E1, E2), non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, 

NS5B) and the protein p7 (Figure 10B) (Moradpour & Penin, 2013).  

 
Figure 10. Structure and genomic organization of the HCV. (A) Model of HCV particles (B) HCV genome. C = 

Core; E = Envelope glycoprotein; IRES = Internal Ribosomal Entry Site; NS = Non-Structural protein; NTR = 

Non-Translated Region. Modified from Bartenschlager et al., 2013; Lindenbach & Rice, 2013. 
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3.2 The HCV lifecycle 

HCV replicates primarily in human hepatocytes, although exist reservoirs that comprise the 

lymphatic system, gut and brain. The HCV lifecycle is a multistep process that can be divided 

into four stages, including (Figure 11A) (Ding et al., 2014; Moradpour et al., 2007): 

 Virus entry: HCV enters hepatocytes and is uncoated into the cytoplasm to expose 

RNA genome. This step is explained in detail in subsection 3.2.1. (Figure 11B). 

 Genome translation and polyprotein processing: HCV RNA released is translated into 

the viral polyprotein by the host ribosome via IRES in association with endoplasmic 

reticulum membrane where the polyprotein is cleaved post-translationally by viral and 

cellular proteases into the mature proteins. 

 RNA replication: the viral genome is transcribed to a negative-sense RNA via RNA 

dependent-RNA polymerase that is used as templates to replicate positive sense RNA. 

 Packaging, assembly and HCV release: the replicated RNA and proteins are 

assembled and released via secretory or exocytosis pathway from cells. 

 

Figure 11. (A) The HCV lifecycle. The replication of HCV begins with the binding of HCV to cell-surface 

receptors followed by internalization by receptor-mediated endocytosis. The viral genome is liberated from the 

nucleocapsid (uncoating) and translated at the rough endoplasmic reticulum, giving rise to a polyprotein that is 

cleaved into mature proteins (polyprotein processing). The RNA replication occurs at an unspecified site within 

the membranous web. The assembly of HCV particles initiates in close proximity to the endoplasmic reticulum 

where the core protein and viral RNA accumulate. The viral envelope is acquired by budding through the 

endoplasmic reticulum membrane in a process that is linked to lipoprotein synthesis. HCV particles are released 

via the constitutive secretory pathway. 
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Figure 11. Continuation of Figure 

11(A). (B) A current model for HCV 

entry into host cells. The HCV entry 

is reviewed in 5 steps: i) HCV 

binding to HSPG, LDLR and SR-BI 

receptors; ii) E2/CD81 binding and 

iii) lateral movement; iv) clathrin-

mediated endocytosis promoted by 

CLDN1/CD81 interaction; and v) 

low pH-mediated fusion. HSPG = 

Heparan sulfate proteoglycans; 

LDLR = Low-density lipoprotein 

receptor; SR-BI = Scavenger	receptor 

class B member 1; CLDN1 = Tight 

junction protein claudin-1. Modified 

from Lindenbach & Rice, 2013. 

3.2.1. The HCV entry 

The viral entry of HCV is a complex process involving the coordination of many receptors 

and host factors in a temporally and spatially manner (Figure 11B). The interaction of HCV 

particles with serum lipoproteins leads to a hybrid lipoviral particles with low buoyant density 

that facilitate the HCV entry (Lindenbach, 2013). Initial binding of HCV to cells occurs by 

low affinity with the HSPG, the low-density lipoprotein receptor (LDLR), which is needed for 

optimal replication (Albecka et al., 2012; Germi et al., 2002) and the scavenger receptor class 

B member 1 (SR-BI). The association between HCV E1 and several apolipoproteins 

facilitates the interaction with LDLR (Mazumdar et al., 2011). The cholesterol-transfer 

activity of SR-BI detaches HCV-associated lipoproteins and induces conformational changes 

in E2 exposing the CD81 binding site (Bankwitz et al., 2010; Dao Thi et al., 2012). The 

strong E2/CD81 interaction activates signal transduction through the epidermal growth factor 

receptor (EGFR) and Ras and Rho GTPases, which remodel actins (Brazzoli et al., 2008; 

Diao et al., 2012; Zona et al., 2013). These signaling events promote a lateral movement of 

CD81/HCV complexes to sites of cell-cell contact or tight junctions and the subsequent 

interaction with claudin 1 (CLDN1) (Harris et al., 2010). Similarly, occludin 1 (OCLN1) is a 

tight junction protein that acts at a post-binding, but its precise role is still under investigation 

(Sourisseau et al., 2013). Following the interaction of CD81/HCV complexes with CLDN1, 

HCV entry via clathrin-mediated endocytosis occurs (Farquhar et al., 2012). 
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Following clathrin-mediated endocytosis, CD81/CLDN1/HCV complexes are trafficked to 

Rab5-containing endosomal compartments, where the lipid transfer activity of SR-BI and the 

Niemann-Pick C1- like 1 cholesterol absorption receptor (NPC1L1) modify the HCV particles 

and their associated lipoproteins (Coller et al., 2009; Dao Thi, et al., 2012; Sainz et al., 2012). 

The E2/CD81 interaction in the endocytic compartment responds to the low pH and induces 

fusion between viral envelope and the endosomal membrane (Sharma et al., 2011). HCV E1 

affects the fusion by modulating the recognition of E2 by CD81 (Wahid et al., 2013). Finally, 

the HCV genome is released into the cytoplasm and the viral replication begins. 

3.3 Model systems for the study of the HCV infection 

Many systems have been developed to study aspects of the HCV infection (Figure 12): 

 HCV pseudoparticles (HCVpp) (Bartosch et al., 2003). To study early steps of the 

HCV infection using retroviral pseudotypes bearing unmodified HCV glycoproteins. 

This system contains a retroviral vector harboring HCV E1/E2, gag-pol proteins and a 

reporter gene. After HCV entry, the release of the retroviral capsid into the cytoplasm 

of host cells following reverse transcription and integration of the viral genome occur. 

The reporter gene is expressed by the integrated provirus to detect productive entry. 

 HCV replicon system (Lohmann et al., 1999). To study the HCV replication using a 

genome containing a reporter gene that replaces regions from core to NS2. The viral 

RNA is directly translated and replication is monitored by reporter gene expression. 

 HCV trans-complemented particles (HCVTCP) (Steinmann et al., 2008). To study the 

HCV entry and replication independently of HCV spread using HCVTCP. HCVTCP are 

produced by transfection of an HCV subgenomic replicon (assembly-deficient but 

replication-competent HCV) via packaging cell lines that provides in trans the lacking 

structural proteins. Therefore, they restore by trans-complementation the production of 

infectious particles containing the sub-genomic replicon. 

 Cell-cultured derived HCV particles (HCVcc) (Ashfaq et al., 2011). To study the 

whole HCV lifecycle using full-length viral genomes based on genotype 2a (G2a) 

from Japanese fulminant hepatitis (JFH-1) and derivatives. Full-length viral genome is 

transfected into permissive human hepatocytes that lead to translation and replication 

giving rise to the production of viral particles that are able to infect new target cells. 
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Figure 12. HCV cell culture systems to study the HCV replication. (A) HCV pseudoparticles (HCVpp): entry (B) 

HCV replicon: replication (C) Trans-complemented HCV particles (HCVTCP): entry and replication (D) Cell 

culture-derived HCV particles (HCVcc): the whole HCV lifecycle. Modified from Tellinghuisen et al., 2007. 

3.4 Anti-HCV therapies in clinic 

Until recently, the standard treatment approach for HCV includes the bi-therapy based on 

ribavirin (RBV) and pegylated interferon-α (PEG-IFNα) acting on variety of non-specific 

pathways that affect the immune response to infection, but with limited efficacy and poor 

tolerability. Many therapies based on direct-acting antivirals (DAA) in human clinical trials 

for chronic hepatitis C act on target different viral non-structural proteins of the HCV. The 

combination of HCV protease inhibitors (telaprevir or boceprevir) to PEG-IFNα/RBV 

improved sustained virological response in genotype 1 infected-patients (Athanasakis et al., 

2015; Neukam et al., 2015), but further adverse side-effects specific to the protease inhibitors 

and the inability for liver transplantation. Other DAA in combination with PEG-IFNα/RBV or 

in IFN-free regimens, with or without RBV have been developed as: protease inhibitors 

(faldaprevir (Dieterich et al., 2015), danoprevir (Feld et al., 2015), asunaprevir (Muir et al., 

2015), vaniprevir (Hayashi et al., 2015)), NS5A inhibitors (daclatasvir (Nelson et al., 2015), 

ledipasvir (Reddy et al., 2015)) and polymerase (sofosbuvir (Molina et al., 2015)) inhibitors. 

A variety of IFN-free regimens can provide treatment options for eradication of HCV and 

with shorter durations. The low genetic barrier for resistance and differences in virological 

outcomes for diverse genotypes are the major limitations of DAA. In contrast, host-targeting 

A B C D 



INTRODUCTION	

33 |  
 

agents (HTA) act in a pan-genotypic manner representing a hopeful approach against the 

HCV infection for prevention of liver graft infection, treatment of difficult-to-treat-patients 

and patients with contraindications to current therapies (Fofana et al., 2014). Up to date, only 

2 HTA have advanced to clinic: ITX5061 (Rowe et al., 2015) and erlotinib (clinical trial 

reference number - NCT01835938). The development of HTA has long been hampered by the 

lack of small animal models and robust cell culture systems to study the HCV entry. In recent 

years, nanotechnology has emerged as innovative and promising strategies to conventional 

therapy for liver disease treatments (Belousova et al., 2015; Giannitrapani et al., 2014).  

 

4. ANALYSIS OF COMBINATION STRATEGIES 

In the area of prevention/treatment of HIV-1 and HCV, the use of various drugs in 

combination is a complement to enhance the current therapies. Combination studies require 

considering a number of variables that can affect the safety and efficacy of combined drugs. 

Drugs must be combined in an effective manner due to chemical incompatibilities, drug-drug 

interactions or competitiveness on the same target can decrease the combined activity. This 

effect is named antagonism. In contrast, synergism refers to a level of combined activity 

exceeds the sum of individual activities and it can be favored when drugs with different 

antiviral mechanisms are combined. Other important aspects of combinatorial studies include 

the choice of combination ratios and target cells/tissues for infection assays. Another aspect to 

be considered is the route of administration due to differences between systemic absorption 

and microbicides: larger concentrations achieved during systemic use compared to topical 

application, the environment, cell types involved, the mode of viral spread and the therapeutic 

options (curative vs. preventive approaches). By combination of 2 or more drugs can permit 

reductions in their concentrations without compromising the desired effect. Combinations 

reduce potential side-effects due to drug toxicity. Reductions in the concentration of drugs can 

lessen the probability or delay the development of drug resistance. In combinations with 2 or 

more drugs with different mechanisms of action can lessen the probability or delay the 

development of the development of resistance to a single drug. Finally, desired end-points of 

combination studies for synergistic antiviral activity should be considered when: a drug 

prevents the emergence of resistance, EC50 of drugs are significantly reduced and the percent 

of inhibition of the infection is maintained or improved. For that, several statistical methods 

have been used in studies involving the combined effects of 2 or more compounds. 
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The need for prophylactic strategies to prevent the heterosexual transmission of HIV-1 was 

recognized more than 30 years ago. Strategies based on microbicides have been developed to 

combat the rapid spread of HIV-1. It has been reported by Chonco et al., 2012 the potent anti-

HIV-1 activity of polyanionic carbosilane dendrimer G2-S16. However, to reach human 

clinical trials, the elucidation of the antiviral mode of action of G2-S16 and a small animal 

model that facilitates the rapid evaluation of G2-S16 for its preliminary efficacy is urgently 

needed in the microbicide field. The specific objective in this section was: 

• Objective 1: to evaluate the in vivo impact of polyanionic carbosilane dendrimer G2-

S16 exposure on HIV-1 prevention using a humanized (h)-BLT (bone marrow-liver-

thymus) mouse model and exactly to elucidate its mechanism of action by comparing 

its inhibitory activity with that of other anti-HIV-1 drugs. 

 

In order to develop more effective anti-HIV-1 microbicides, we design several 

combinations of varied polyanionic carbosilane dendrimers with other candidate microbicides 

whose mode of action differs from the mechanism of action of polyanionic carbosilane 

dendrimers and that can be synergistic in preventing the HIV-1 infection. Specifically: 

• Objective 2: to research the anti-HIV-1 activity of several polyanionic carbosilane 

dendrimers used in combination with two FDA-approved antiretrovirals targeting 

HIV-1 in clinical use and to display whether diverse combinations prevent the HIV-1 

infection synergistically and complementarily. 

 

Clinical progression of hepatitis C virus-related chronic liver disease represents another 

global health problem due to the prevalence worldwide and limited available therapeutic 

treatment options for patients infected with specific HCV genotype. As with HIV-1, therapies 

based on nanotechnology have emerged as an innovative and promising alternative to current 

and conventional therapies. In this respect, nanotechnology may open up a new door in the 

treatment of liver fibrosis and cancer. In the Thesis, the principal objective was: 

Objective 3: to discover novel anti-HCV compounds by cell-based screening of a battery 

of polyanionic carbosilane dendrimers, to evaluate the anti-HCV activity and to characterize 

them by determining the broad-spectrum and the time/site of antiviral activity in the HCV 

lifecycle. 
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5. MATERIALS 

5.1 Dendrimers 

Stable and water-soluble polyanionic carbosilane dendrimers (PCD) were synthesized 

according to methods reported by the University of Alcalá (Madrid, Spain) (Galan et al., 

2014; Rasines et al., 2012; Sánchez-Nieves et al., 2010). In this Thesis, generations of 

dendrimers were defined as the number of repeated layers with branching units forming the 

dendrimer. PCD widely used were: G2-C24P (consists of a G2 dendrimer fully capped on the 

surface with 24 carboxilate acid groups), G2-S24P (a G2 dendrimer fully capped with 24 

sulfonate acid groups), G2-STE16 (a G2 dendrimer fully capped with 16 sulfonate acid 

groups and synthesized via thiol-ene chemistry), G2-CTE16 (a thiol-ene G2 dendrimer fully 

capped with 16 carboxilate acid groups), G3-STE24P (a thiol-ene G3 dendrimer fully capped 

with 24 sulfonate acid groups), G3-CTE24P (a thiol-ene G3 dendrimer fully capped with 24 

carboxilate acid groups) and G2-S16 (a G1 dendrimer fully capped with 16 sulfonate acid 

groups). G2-S16 is also known as G1-S16 if we consider a homogeneous nomenclature 

compared with other PCD. However, in this Thesis, we will use G2-S16, which is the 

nomenclature used in published scientific journals. Five milimolar stock solutions of PCD and 

subsequent dilutions to obtain µM concentrations were prepared in nuclease-free water 

(Promega, Madison, WI, USA) or phosphate-buffer saline (PBS; Lonza, Walkersville, MD, 

USA). In the Table 3 and Figures 13, 14 and 15 are summarized the structural and chemical 

characteristics of PCD. 

Table 3. Chemical and structural characteristics of polyanionic carbosilane dendrimers used. 

Dendrimer Molecular Formula Mw (g/mol) G SG - NSGd Core 

G2-C24P C213H402N12Na24O51Si21 5,084.18 2 Carboxilate - 24 Polyphenolic 

G2-S24P C189H402N12Na24O75S24Si21 5,954.36 2 Sulfonate - 24 Polyphenolic 

G2-STE16 C144H300Na16O48S32Si13 4,558.92 2 Sulfonate - 16 Silicon 

G2-CTE16 C160H300Na16O32S16Si13 3,982.07 2 Carboxilate - 16 Silicon 

G3-STE24P C237H486Na24O75S48Si21 7,217.02 3 Sulfonate - 24  Polyphenolic 

G3-CTE24P C213H390Na24O51S24Si21 5,678.48 3 Carboxilate - 24 Polyphenolic 

G2-S16 C112H244N8Na16O48S16Si13 3,712.78 1 Sulfonate - 16 Silicon 

* Abbreviations: G=Number of generations according to the number of repeated layers with branching units 
from silicon atoms; Mw=Molecular weight; NSGd=Number of surface groups; SG=Surface groups. 



MATERIALS	&	METHODS	

 

42 |  
 

 

Figure 13. Molecular representation of second generation dendrimers. (A) G2-C24P, (B) G2-S24P, (C) G2-

STE16 and (D) G2-CTE16. Generations were defined as the number of repeated layers with branching units 

forming the dendrimer. 

A 

B 

C 

D 
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Figure 14. Molecular representation of third generation dendrimers. (A) G3-STE24P and (B) G3-CTE24P. 

Generations were defined as the number of repeated layers with branching units forming the dendrimer. 

A 

B 
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Figure 15. Molecular representation of first generation G2-S16 dendrimer. The generation G1 was defined as the 

number of repeated layers with branching units forming the dendrimer. 

Other stable PCD (BDMG015, BDMG016, BDMG021, BDMG023, BDMG024, 

BDJS010), polyanionic bow-tie carbosilane dendrimers (BDCD04, BDCG06, BDCG10, 

BDCG12, BDCG16, BDCG18), polyanionic carbosilane dendrons (BDMG025, BDMG026, 

BDMG027, BDMG028, BDCD048) and gold nanoparticles functionalizated with polyanionic 

carbosilane dendrons (BDCP062, BDCP063, BDCP064, BDCP071, BDCP072, BDCP073) 

and instable polycationic carbosilane dendrimers (BDJS008, BDPO001) were synthesized 

according to methods reported by the University of Alcalá and used for a screening of 

antiviral compounds against the HCV infection. 

5.2 Reagents and antivirals 

Throughout this Thesis several compounds as inhibitors of the HIV-1 replication were 

used: suramin (SUR; C51H40N6O23S6; Molecular weight (Mw): 1297.3 g/mol; Sigma-Aldrich, 

St-Louis, MO, USA), a protein inhibitor binding to the V3 loop of HIV-1 gp120; enfuvirtide 

(T-20; C202H298N50O64; Mw: 4,492.1 g/mol; Fuzeon; Roche, Palo Alto, CA, USA), a fusion 

inhibitor peptide blocking the gp41-mediated fusion; MRV (C29H41N5F2O; Mw: 513.7 g/mol; 

Selzentry; Pfizer, New York, NY, USA), a CCR5-receptor antagonist; TFV (C9H14N5O4P; 

Mw: 287.2 g/mol; Viread; Gilead Sciences, Foster City, CA, USA) a nucleoside analog RT 

inhibitor; zidovudine (AZT; C10H13N5O4, Mw: 267,2 g/mol; Retrovir; GlaxoSmithKline, 

Philadelphia, PA, USA), a nucleoside analog RT inhibitor; raltegravir (RAL; C20H21F1N6O5; 
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Mw: 444.4 g/mol; Isentress; Merck & co., Inc. Whitehouse Station, NJ, USA), an IN 

inhibitor; triton X-100 (C14H22O(C2H4O)n with n = 9-10; average Mw: 625.1 g/mol; Sigma-

Aldrich, St-Louis, MO, USA), a non-ionic surfactant that inactivates and destroys the 

integrity of HIV-1 envelope by solubilizing lipids; and colchicine (COLCH; C22H25NO6; Mw: 

399.4 g/mol; Sigma-Aldrich, St-Louis, MO, USA), a HIV-1 transfer inhibitor that blocks 

microtubule polymerization and inhibits the formation of new infectious viral particles from 

cells infected with HIV-1. Stocks of most of compounds that were prepared from powders 

were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St-Louis, MO, USA) at a 

determined concentration and the resulting solution was filter-sterilized to remove insoluble 

materials (table excipients). Serial dilutions using sterile-PBS were completed to obtain a 

final concentration of DMSO in cells not more than 0.1% to avoid effects on cell 

growth/toxicity by the solvent. 

Throughout this Thesis several compounds as inhibitors of the HCV replication were used: 

hydroxyzine pamoate (Hydro; C21H27ClN2O2; Mw: 374.9 g/mol; Sigma-Aldrich, St-Louis, 

MO, USA), an inhibitor of the HCV entry; sofosbuvir (SOF; C22H29N3FO9P; Mw: 529.5 

g/mol; Sovaldi; MedChem Express-Stockholm, Sweden), a nucleotide NS5B polymerase 

inhibitor; and tergitol-type NP-40 (NP-40; Sigma-Aldrich, St-Louis, MO, USA), a non-ionic 

detergent used to break HCV membranes. Hydro and SOF were dissolved in DMSO at a final 

10 mM concentration and the resulting solution was filter-sterilized. Serial dilutions using 

sterile-PBS were completed to obtain a final concentration of DMSO in cells not more than 

0.1% to avoid effects on cell growth/toxicity by the solvent. 

Other chemical products used in experiments were: dextran (average Mw: 4.84 x 105 

g/mol; Sigma-Aldrich, St-Louis, MO, USA), a harmless control to check and to verify the 

status of cells; glycine hydrochloride solution (50 mM amino acid in 0.1 M HCl; Sigma-

Aldrich, St-Louis, MO, USA), an acidic buffer to remove surface-bound HIV-1/HCV proteins 

from cells; polyinosinic:polycytidylic acid  (Poly I:C; InvivoGen, San Diego, CA, USA), a 

synthetic analog of viral double-stranded RNA used as a control of cytokines production. 

5.3 Culture mediums 

 Complete Roswell Park Memorial Institute (RPMI)-1640 medium (Biochrom, AG, 

Germany): supplemented with 10% heat-inactivated fetal bovine serum (FBS; Life 

Technologies, Madrid, Spain), 2 mM L-glutamine (Lonza, Walkersville, MD, USA) 
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and antibiotic cocktail (125 mg/mL ampicilin, 125 mg/mL cloxacillin and 40 mg/mL 

gentamicin; all from Normon, Madrid, Spain). 

 Complete Dulbecco's Modified Eagle's medium (DMEM; Biochrom, AG, Germany): 

supplemented with 10% FBS and antibiotic cocktail (125 mg/mL ampicilin, 125 

mg/mL cloxacillin and 40 mg/mL gentamicin). 

 Complete Keratinocyte Serum-Free Medium (K-SFM; Gibco, Rockville, MD, USA): 

supplemented with 0.1 ng/mL human recombinant epidermal growth factor 

(Immunotools, Friesoythe, Germany), 0.05 mg/mL bovine pituitary extract (Sigma-

Aldrich, St-Louis, MO, USA), 2 mM L-glutamine and 0.4mM CaCl2 (Sigma-Aldrich, 

St-Louis, MO, USA). 

 Opti-MEM or reduced serum medium (Gibco, Rockville, MD, USA) without further 

complements. 

5.4 Cells 

 Peripheral blood mononuclear cells (PBMC). PBMC were isolated from buffy coats 

obtained from healthy blood donors coming from the transfusion centers of Madrid 

following national guidelines. The blood was diluted 1:1 with sterile-PBS. PBMC 

were isolated by Ficoll-Hypaque (Rafer, Madrid, Spain) gradient centrifugation at 

1,800 r.p.m. at room temperature for 30 min. Cells were then washed 3 times with 

PBS, centrifuged at 1,500 r.p.m. for 10 min and cultured following the procedures of 

Spanish HIV HGM BioBank (Garcia-Merino et al., 2009; Garcia-Merino et al., 2010). 

Cells were cultured in complete RPMI-1640 medium at 37 ºC in a humidified 

atmosphere of 5% CO2. PBMC were activated and stimulated over 3 days with 1 

µg/mL phytohemagglutinin (PHA; Remel, Santa Fe, NM, USA) and 60 U/mL human 

recombinant IL-2 (Bachem AG, Bubendorf, Switzerland) before experiments begin. 

 HEK-293T/7 cells (ATCC CRL-11268, Teddington, UK). HEK-293T/7 cells are 

human embryonic kidney packaging cells derived from 293T cells that were inserted a 

temperature sensitive gene SV40 to obtain a line capable of producing high titers of 

infectious retrovirus. HEK-293T cells were cultured in complete DMEM at 37 ºC with 

5% CO2. 

 TZM.bl cells (Cat# 8129, AIDS Reagent Program, Germantown, MD, USA) are 

developed from human cervical epithelial carcinoma Hela cells and generated by 

introducing separate integrated copies of the luciferase and β-galactosidase genes 
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under control of the HIV-1 promoter. TZM.bl cells express CD4, CCR5 and CXCR4 

and firefly luciferase in response to tat expression following HIV-1 infection. TZM.bl 

cells were cultured in complete DMEM at 37 ºC with 5% CO2. 

 8E5/LAV cells (Cat# 95, AIDS Reagent Program) are CD4- cells that harbor a single 

integrated copy of proviral DNA (non-integrated DNA). These cells secrete high 

levels of p24, but do not produce RT, causing the synthesis of defective virus 

particles. 8E5/LAV cells were cultured in complete DMEM at 37 ºC with 5% CO2. 

 Raji/DC-SIGN cells (Cat# 9945, AIDS Reagent Program) were generated from Raji 

cells by the transduction with the MLV vector MX-DC-SIGN and fluorescence-

activated cell sorting (FACS) sorted as a population of high levels of DC-SIGN 

expression, supporting efficient DC-SIGN-mediated HIV transmission. Raji/DC-SIGN 

cells were cultured in complete RPMI-1640 at 37 ºC with 5% CO2. 

 VK2/E6E7 cells (ATCC CRL-2616) were generated from primary epithelial cells 

derived from the vagina that were immortalized by transduction with the retroviral 

vector LXSN-16E6E7. VK2/E6E7 cells were cultured in complete K-SFM at 37 ºC 

with 5% CO2. 

 Huh 7 cells are immortalized cells derived from an HBV-negative human 

hepatocellular carcinoma. Huh 7 cells were cultured in complete DMEM 

supplemented with 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES; Gibco, Rockville, MD, USA), 0.1 mM non-essential amino acids (Gibco, 

Rockville, MD, USA) and 50 U/mL penicillin/50 µg/mL streptomycin antibiotics 

(Gibco, Rockville, MD, USA) instead of cocktail antibiotics at 37 ºC with 5% CO2. 

 Huh 7.5.1 cells are derived from the Huh-7.5 GFP-HCV replicon cell line I/5A-GFP-6 

(Moradpour et al., 2004). Huh 7.5.1 cells are Huh 7 clones that support more 

efficiently the HCV replication. Huh 7.5.1 cells were cultured in complete DMEM 

supplemented with 100 mM HEPES, 0.1 mM non-essential amino acids and 50 U/mL 

penicillin/50 µg/mL streptomycin antibiotics instead of cocktail antibiotics at 37 ºC 

with 5% CO2. 

5.5 Viruses: growth and titers 

Infectious R5-HIV-1JR-CSF (Cat# 394, AIDS Reagent Program) virus stocks were produced 

by transfection of HEK-293T/7 cells with plasmid DNA for full-length infectious molecular 

clones using the polyfect transfection reagent (Qiagen, Valencia, CA, USA) according to a 

modified manufacturer protocol. Briefly, at 1 day prior to the transfection, HEK-293T/7 cells 
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were seeded at a cell density of 2.5 x 105 cells/mL. For the transfection, 15 μg of highly 

purified pJR-CSF, at a minimum concentration of 1 μg/μL, was mixed with the polyfect 

reagent by gentle pipetting and incubated at room temperature for 10 min. The medium was 

removed from cells to be transfected, washed with PBS and then added fresh medium. After 

10 min incubation, the transfection mixture was transferred to cells, swirled gently to mix and 

incubated at 37°C for 3 h. Afterwards, the medium was removed and discarded, cells were 

washed with PBS and fresh medium was added again before cultivating at 37°C. Transfection 

supernatants was harvested after 72 h, filtered through a 0.2 μm filter and stored in aliquots at 

-80°C. Supernatant virus was concentrated using PEG-it Virus Precipitation Solution (System 

Biosciences, Mountain View, CA, USA). The amount of virus was quantified using the HIV 

p24gag enzyme-linked immunosorbent assay (ELISA) (Innotest HIV-1 antigen mAb; 

Innogenetic, Ghent, Belgium) according to the manufacturer’s protocol. Briefly, 96-well 

plates are coated with HIV anti-p24 monoclonal antibodies. Samples were incubated in the 

wells and whether p24 were present in samples, these bound to antigens. The conjugate 1 

containing antibodies marked with biotin bound to antigens present in samples. The unbound 

material was removed by extensive washing. Next, the conjugate 2 containing the peroxidase-

conjugated streptavidin was added to bind to the conjugate 1. The unbound conjugate was 

removed by extensive washing. A solution of tetramethylbenzidine and hydrogen peroxide 

was then added and reactive samples developed a blue color that turned into yellow when the 

reaction was stopped with 1M H2SO4. Plates were read at 490 nm (above background of 650 

nm) using a Synergy 4 microplate reader (Biotek Instruments Inc., Winooski, VT, USA). 

Stocks that contained less than 10 ng p24/mL were discarded. Stocks with sufficient p24 titers 

were used to determine the infectivity expressed as the 50% tissue culture infective dose 

(TCID50)/mL according to a standard protocol (NIH-NIAID-DAIDS). Briefly, PHA-activated 

CD8-depleted PBMC was inoculated with 4-fold serial dilutions of stock virus ranging from 

4−6 to 4−13. On day 4 post-infection, 100 μl of medium was removed and replaced. On day 7 

post-infection, supernatants were scored for infection by TCID50/mL using the Spearman-

Karber method (Hamilton & Thurston, 1977).  

Infectious CCR5-tropic HIV-1NLAD8, CXCR4-tropic HIV-1NL4.3 and X4/R5 HIV-189.6 

stocks were produced by transfection of HEK-293T/7 cells using the calcium phosphate 

transfection kit (Sigma-Aldrich, St-Louis, MO, USA) with plasmids encoding the respective 

molecular clones: pNLAD8 (Cat# 11346, AIDS Reagent Program), pNL4.3 (Cat# 114, AIDS 

Reagent Program) and p89.6 (Cat# 1966, AIDS Reagent Program), respectively. Briefly, 24 h 
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before the transfection, HEK-293T/7 cells were seeded at a cell density of 2.5 x 105 cells/mL. 

Cells were refed with fresh medium 2 h before transfection by calcium phosphate 

precipitation with 15 μg of appropriate highly purified plasmids growth in E.coli by Plasmid 

MaxiPrep (Qiagen, Valencia, CA, USA). After cells were refed with fresh medium 16-18 h 

post-transfection, supernatants were harvested 48 h and 72 h later, centrifugated at 1,500 

r.p.m. for 10 min, filtered through a 0.45 μm pore size filter and stored at -80 °C. Virus 

production was quantified in cell culture supernatants by HIV p24 antigen ELISA. Virus titers 

and infectivity were determined on TZM.bl. 

JFH-1 virus (G2a) was produced from cloned cDNA as previously described in J. Zhong 

et al., 2005. Briefly, the HCV consensus clone was derived from a Japanese patient with 

fulminant hepatitis and was named JFH-1. This HCV cDNA was cloned behind a T7 

promoter to create the plasmid pJFH-1. To generate genomic JFH-1 RNA, the pJFH-1 was 

linearized at the 3’ end of the HCV cDNA by XbaI digestion. The linearized DNA was then 

purified and used as template for in vitro transcription (MEGAscript; Ambion, Austin, TX, 

USA). The genomic JFH-1 RNA was released to cells by electroporation according to Krieger 

et al., 2001 report. Briefly, Huh 7.5.1 cells resuspended in serum-free Opti-MEM at a cell 

density of 107 cells/mL were mixed with ten micrograms of JFH-1 RNA in a 4 mm cuvette, a 

Bio-Rad Gene Pulser system was used to deliver a single pulse at 0.27 kV, 100 ohms and 960 

μF and transfected cells were incubated at 37 ºC. Cell supernatants were serially diluted 10-

fold in complete DMEM and used to infect Huh 7.5.1 cells at a cell density of 105 cells/mL at 

37 °C for 1 h and then supplemented with fresh medium. The level of HCV infection was 

determined 3 days post-infection by immunofluorescence staining for HCV NS5A. The viral 

titer is expressed as focus-forming units per milliliter (ffu/ml) of supernatant, determined by 

the average number of NS5A-positive foci detected at the highest dilutions. To amplificate 

viral stocks, infectious supernatants were diluted in complete DMEM and used to infect Huh-

7.5.1 cells at a multiplicity of infection (MOI) of 0.01. Infected cells were replated at day 4-5 

post-infection and 8-9 days post-infection, supernatants was then harvested and stored at -80 

ºC. The titer of viral stocks was determined as described above expressed as ffu/ml. To 

concentrate/purify HCV stocks, sucrose density-gradient ultracentrifugation analysis was 

performed and the infectivity was titrated on Huh 7.5.1 cells as previously described. TNcc 

virus (G1a) contains 8 cell culture-adaptative mutations and stocks were produced as 

described in Li et al., 2012. Chimeric JFH-1 viruses bearing the structural regions from G1a 

and G1b were generated similarly from plasmids encoding the structural region well as p7 and 
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a chimeric NS2 from H77 (G1a) or Con1 (G1b). HCVTCP were produced as described in 

Steinmann et al., 2008 bearing an HCV sub-genomic replicon and supporting a single-round 

infection (see Section 3.3). HCVpp expressing E1/E2 glycoproteins permitting expression the 

luciferase reporter gene upon entry into target cells were produced as described in Bartosch et 

al., 2003 (see Section 3.3). D183 virus (D183v) stocks were produced as previously described 

in J. Zhong et al., 2006. 

 

6. METHODS: EXPERIMENTS RELATED TO HIV-1 

6.1 BALB/c vaginal irritation assays 

All animal experiments were conducted and approved by the Centro de Biología Molecular 

‘Severo Ochoa’ (CBMSO) Institutional Animal Care and Use Committee (Comité de Ética de 

Experimentación Animal del CBM; CEEA-CBM, Madrid, Spain). Animal housing and 

maintenance protocols followed the rules of Council of Europe Convention ETS123, recently 

revised as indicated in the Directive 86/609/EEC. Six-to-eight-week-old female BALB/c mice 

(Charles River Laboratories, Barcelona, Spain) were housed in a specific-pathogen-free 

animal facility at CBMSO for at least 1 week before experiments were conducted. BALB/c 

mice were subcutaneous (s.c.) injected with 2 mg of medroxyprogesterone acetate (Depo-

Provera, Pfizer, New York, NY, USA) 5 days before gel application to minimize the effect of 

menstrual change in final results. A suitable volume of hydroxyethyl cellulose (HEC; Bohm 

Laboratories, Madrid, Spain) was slowly added to solutions containing diverse controls to 

reach the final HEC concentration of 2.0% w/v, followed by continuously stirring for 45 min 

until a translucent gel was formed. To determine mice number per group, we relied on a 

careful review of the-state-of-the-art of the use of each compound or similar in vivo as 

antivirals against HIV-1. We also ensured the minimum number of mice in a proper physical 

and psychological wellbeing with a minimal cost and damage and to allow performing a 

reliable statistical comparison of irritation studies. 

Forty microlitres of 2.0% HEC containing different controls was carefully applied to the 

vagina vault of mice using a stainless steel feeding needle (#Catalog 7900, Cadence Science, 

Lake Success, NY, USA) for 1 day, 2 consecutive or 7 consecutive days depending on the 

experiment. Mice were anesthetized by isoflurane inhalation during the procedures and placed 

in an inverted position for 15 min post-inoculation to allow for free flow and to prevent 
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immediate discharge of the vehicle out the vagina. On day 7, mice were euthanized and 

vaginal tissues were excised and fixed in 4% formaldehyde solution (PFA; Panreac, 

Barcelona, Spain) for histology. 

The steel feeding needle is a ballpoint needle that does not produces friction when it is 

inserted into the vagina. We observed daily the external appearance of the vagina and ana-

lyzed important aspects that would involve visible signs of damage such as difficulty in 

inoculation, vaginal contraction, spasms, redness or burning. 

6.2 Histological studies 

Formalin-fixed excised vaginal tissues were embedded in paraffin, sectioned transversely 

with a microtome and submitted to the Anatomic Pathology Laboratory (AnaPath, Granada, 

Spain) for evaluation of hematoxylin-and-eosin-stained tissues. An experienced pathologist 

carried out the procedure. Sections were mounted on slides and were subjected to a blind 

evaluation for epithelial exfoliation, leukocyte infiltration, edema and epithelial vascular 

congestion. The irritation scores were assigned by a semiquantitative system for inflammation 

according to Eckstein et al., 1969 and Zhong et al., 2012. The vaginal irritation grading 

system with scores 0 (absent adverse effects), 1 (minimal), 2 (mild), 3 (moderate) and 4 

(severe irritation) was used to score each formulation for epithelial integrity, leukocyte 

infiltration, edema and vascular congestion. The cumulative score were correlated to human 

vaginal irritation potential as follows: composite average scores of 1-4 receive a vaginal 

irritation rating of minimal, scores of 5 to 8 receive a vaginal irritation rating of mild, scores 

of 9 to 11 receive a vaginal irritation rating of borderline and scores of 12 to 16 receive a 

vaginal irritation rating of unacceptable. Formulations with vaginal irritation ranging from 1 

and 8 are considered acceptable for vaginal application. 

6.3 Generation of humanized BLT mice 

All animal experiments were conducted and approved by the University of Massachusetts 

Medical School and Harvard Medical School Institutional Animal Care and Use Committee. 

Six-to-eight-week-old female NOD/scid/γc
-/- (NOD/scid/gamma or NSG) mice (Jackson 

Laboratories) were housed in a specific-pathogen-free animal facility, maintained in 

microisolator cages, fed autoclaved food and water and treated at Massachusetts General 

Hospital for at least 1 week before experiments were conducted. 
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NSG mice are mutant mice that combine the features of the non-obese diabetic (NOD), the 

severe combined immune deficiency (scid) and the IL-2 receptor common gamma chain 

(IL2Rγ-/-) mice. Briefly, NOD mice confer a number of deficiencies in innate immunity. The 

scid mouse has a mutation in the gene encoding DNA-dependent protein kinase catalytic 

subunit, resulting in the absence of functional B cells and T cells. Resulting NODscid mice 

have multiple genetic deficiencies that confer low natural killer (NK) cell activity and 

impaired complement activation (Figure 16A). These characteristics enhance the efficiency 

of human tissue engraftment, but mice suffer from a high incidence of thymic lymphomas that 

limit their lifespan. 

 

Figure 16. Scheme of production of NOD/scid/γc
-/- (NSG) mice from combination the characteristics of the non-

obese diabetic (NOD) background, the severe combined immune deficiency (scid) mutation and the interleukin 2 

receptor gamma chain deficiency (γc
-/-). More information in: www.jax.org 

Figure 17. Scheme of BLT mice humanization process and experimental design for vaginal challenge of 

humanized (h)-BLT mice with R5-HIV-1JR-CSF. To generate h-BLT mice, NSG mice were co-transplanted with 

human liver and thymus tissues along with CD34+ hematopoietic stem cells. The development of robust human 

lymphoid system was observed between 14-18 weeks post-engraftment with human tissues and cells. Once h-

BLT mice are considered to have an adequate human immune system, they are ready for use in experiments. 

In order to improve the engraftment efficiency, NODscid mice are crossed with IL2Rγ-/- 

mice harboring a mutation that deletes the intracytoplasmic domain of the IL2Rγ chain and 

A B 
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disables cytokine signaling and immune cell growth (Figure 16B). As a result, NSG mice 

lack mature T-cells, B-cells and functional NK cells and are also deficient in cytokine 

signaling, which make them ideal for humanization and transplantation. Moreover, NSG mice 

do not suffer thymic lymphomas that lead to a much longer lifespan. 

The generation of h-BLT mice consists of total body irradiation (TBI) of NSG mice, 

followed by implantation of human fetal thymus and liver fragments under the kidney capsule 

and intravenous (i.v.) injection of purified human fetal liver CD34+ hematopoietic stem cells 

(HSC), as diagramed in Figure 17.  Each of these procedures is described in detail below. 

6.3.1. Total body irradiation  

NSG mice were brought into a laminar flow hood and placed into sterilized round plexiglas 

holders with pie-shaped wedges and microfilter tops, to keep them in a sterile environment 

during TBI. Mice were placed into a cesium irradiator on a turntable and received 2 Gy TBI, 

delivered over approximately 2-3 min. Following TBI, mice were transferred from plexiglas 

holders back to their cages in the laminar flow hood. No anesthesia was required for TBI. 

6.3.2. Implantation of human fetal thymus and liver fragments under the 

mouse kidney capsule 

Four to 12 h following TBI, mice were anesthetized by intraperitoneal (i.p.) injection of 

ketamine (0.1 mg/g; Sigma-Aldrich, St-Louis, MO, USA) and xylazine (0.012 mg/g; Sigma-

Aldrich, St-Louis, MO, USA). A first s.c. dose of buprenorphine HCl (0.1 mg/kg; American 

Regent, Shirley, NY, USA) was given to mice around 30 min prior to the surgical procedure, 

as pre-emptive analgesia for post-operative pain control. The absence of response to toe 

and/or tail pinch was checked and recorded every 5 min while mice were anesthetized.  

Respiratory rate and muscle relaxation were monitored continuously by observation during 

the surgical procedure. The mouse was placed on sterile Steri-wrap paper, lying in prone 

position. The dorsal skin was shaved and swabbed with a sterile sponge moistened with 5% 

betadine (PDI Inc., Orengeburg, NY, USA) and then 70% ethanol (Sigma-Aldrich, St-Louis, 

MO, USA). A 1.0-1.5 cm incision with a scissors in the dorsal skin in a direction parallel to 

the arch of the last left rib was performed, followed by a similar incision in the parietal 

peritoneum. The peri-renal fat was grasped with a forceps and the kidney was exteriorized. 

The ventral aspect of the kidney capsule was perforated with a #15 scalpel blade, producing a 

1-2 mm hole. A bone marrow biopsy by trocar needle previously loaded with small fragments 
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(~1 mm3) of human fetal thymus and liver tissue was then inserted through the hole and the 

tissue was expelled under the capsule. The kidney was replaced into its usual anatomic 

position and the two cut-edges of the parietal peritoneum were gently pulled together with 2 

pairs of dissecting forceps. The peritoneum was closed with sterile surgical suture using a 

cutting needle and needle holder to place a running suture. The skin layer was closed with 2 

autoclips using an autoclip wound-clip applicator. Following this surgery, mice were placed 

into a cage over a heating pad for warming with care not to overheat it. Once mice moved 

about on their own (approximately 30-60 min), they were returned to its original 

cage. Autoclips were removed 7-10 days post-surgery using autoclip-removing forceps. All 

human fetal tissues were obtained from Advanced Bioscience Resources (Alameda, CA, 

USA) and were screened for HIV, hepatitis B virus (HBV) and HCV. 

6.3.3. Intravenous injection of purified human fetal liver CD34+ hematopoietic 

stem cells 

Two to 6 h after the implantation surgery above, mice were gently warmed under a heat 

lamp to promote vasodilatation and were transferred to a cylindrical plexiglas holder with a 

slot at one end permitting protrusion of the tail. Remaining fetal liver tissue was used to 

isolate CD34+ cells with anti-CD34 microbeads (Miltenyi Biotec GmbH, Germany). A sterile 

aliquot of 1 to 3 x 105 HSC, adjusted to a total volume of 300 µL and was slowly i.v. injected 

into a lateral tail vein using a 27G sterile needle attached to a syringe. A gentle pressure was 

applied to the injection site to promote homeostasis. No anesthesia was required for tail vein 

injection. Mice were monitored immediately after the injection and the following day to 

ensure that no adverse health effects result from the procedure itself. 

6.3.4. Pre-, peri- and post-operative antibiotics. Post-operative analgesia 

Each mouse received 1 dose of cefazolin (8.6 µg/µL normal saline; SmithKline Beecham, 

Philadelphia, PA, USA) delivered by i.p. injection prior to anesthesia and 1 dose of 

gentamicin (2.5 µg/µL normal saline; Lyphomed, Deerfield, IL, USA) delivered by 

intramuscular injection into femoral muscle after the transplantation. Post-operatively, 3 mL 

trimethoprim sulfate (40 mg/mL; Sigma-Aldrich, St-Louis, MO, USA) sulfamethoxazole (8 

mg/mL; Sigma-Aldrich, St-Louis, MO, USA) suspension was added to the water bottles of 

the transplanted mice on a continuous basis until the end of the experiment. Buprenorphine 
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HCl (0.1 mg/kg s.c.) was administered every 12 h for 48 h following implantation of human 

fetal thymic and liver tissue under the kidney capsule. 

6.4 Evaluation of human immune reconstitution of humanized BLT mice 

The adequacy of human reconstitution of h-BLT mice was assessed by flow cytometry 

performed on peripheral blood cells obtained through puncture of the submandibular vein. 

Prior to flow cytometry, blood samples were stained with directly conjugated anti-mouse 

CD45-APC, as well as anti-human CD45-FITC, CD3-PE, CD4-AlexaFluor, CD8-APC-Cy7 

and CD19-PE/Cy5 (all from BD Pharmingen) for 30-60 min for 4 ºC. Cells were then stained 

and washed twice in PBS containing 0.5% fetal calf serum (FCS; Gibco, Rockville, MD, 

USA), 1mM ethylenediaminetetraacetic acid (EDTA) and 25 mM HEPES buffer. Data for 

samples were acquired using the FACS-Aria II (BD Biosciences, San Diego, CA, USA) and 

the analysis was performed using FlowJo (Treestar, Ashland, OR, USA). 

Mice were considered to have adequate human immune reconstitution for use in 

experiments if >25% of peripheral blood cells were within a lymphocyte gate on forward-

versus-side scatter plots; >50% of cells in the lymphocyte gate were human (hCD45+/mCD45-

); and >40% of human cells in the lymphocyte gate were T-cells (hCD3+) according to 

previously published by Seung et al., 2013; Wheeler et al., 2013. Approximately 1 week 

before the use in experiments, h-BLT mice were treated with 2 mg medroxyprogesterone by 

s.c. injection. 

6.5 Topical vaginal administration of G2-S16 in humanized BLT mice 

HEC gel was formulated by mixing the HEC gel with sterile PBS to obtain a final 

concentration of 2.0%. G2-S16 was added to previous prepared 2.0% HEC gel until a final 

concentration of 3% w/v (8 mM) to obtain a homogeneous and translucent gel. Anesthetized 

h-BLT mice were treated with 20 µL of vehicle (HEC alone) or 3% G2-S16 in 2.0% HEC gel 

applied intravaginally with XL pipette tips (Neptune Scientific, San Diego, CA, USA). H-

BLT mice were maintained in a supine position with slight elevation of the pelvis for 30 min 

post-application to ensure the correct absorption of the active compound. 

6.6 Vaginal challenge of humanized BLT mice with HIV-1 

After 2 h pre-treatment with vehicle or 2.0% HEC gel containing 3% of G2-S16, 2 x 104 

TCID50 of R5-HIV-1JR-CSF diluted in PBS to a final volume of 10 µL was applied 
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atraumatically to the vaginal mucosa of anesthetized h-BLT mice using XL pipette tips. H-

BLT mice were maintained in a supine position with slight elevation of the pelvis until they 

woke up to ensure an even spread of the gel and to allow the gel to be mixed with R5-HIV-

1JR-CSF for the subsequent safety and efficacy evaluation. 

6.7 Analysis of the HIV-1 infection in humanized BLT mice 

Plasma viral loads following HIV-1 challenge were determined in PBC through puncture 

of the submandibular vein. HIV-1 RNA was isolated from 140 µL of samples using a QiAmp 

viral RNA minikit (Qiagen, Valencia, CA, USA) using the manufacturer’s protocol. In brief, 

samples were digested on a column for 15 min at room temperature with 10 μL of DNase 

diluted in 70 μL Qiagen RDD buffer, followed by a second AW1 wash before the standard 

QiaAmp protocol was restarted. Viral RNA was eluted in 50 μL DNase/RNase-free water and 

was stored at -80°C prior to quantification using real-time polymerase chain reaction (rtPCR). 

All time point samples (week 0 to week 18) for a given HIV-1 infection were quantified. The 

HIV-1 viral load was determined from 2 µL of samples using a QuantiFast Syber Green 

rtPCR kit (Qiagen, Valencia, CA, USA). Briefly, samples were mixed with a number of 

reagents to complete 25 µL of reaction volume. The cycling conditions consisted of a 30 min 

RT step at 50 °C, a 15 min initial activation and denaturation step at 95 °C, 40 cycles of 15 s 

at 95 °C and 1 min at 60 °C and a melting curve consisting of 1 min at 60 °C, followed by 

ramping to 95 °C with continuous sampling. 

6.8 Time-of-addition assays 

TZM.bl cells seeded at a cell density of 7.5 x 103 cells/mL were infected with X4-HIV-

1NL4.3 (the equivalent to 20 ng capsid protein (p24)/106 cells. At 0, 1, 2, 3, 4, 5, 6 and 7 h post-

infection, G2-S16 or controls were added. T-20 (20 µM), AZT (10 µM) and RAL (1 µM) 

were used as controls for efficient inhibition at different stages of the HIV-1 lifecycle. After 

each time-point, TZM.bl cells were incubated at 37 ºC. At 48 h post-infection, the luciferase 

activity was measured using the Luciferase assay system kit (Promega, Madison, WI, USA) 

according to the manufacturer’s instructions. Briefly, TZM.bl cells were harvested, washed 

once with PBS and lysed by addition of 50 μL of the 1x reporter lysis buffer. Following 

incubation at 4 °C for 30 min, the lysates were placed on a rocking shaker at 25 ºC for 15 min 

and centrifugated at 3,000 r.p.m. for 10 min to clear of cell debris. Fifty microlitres of the 

luciferase substrate were then added to 10 µL of lysates that have been collected in fresh 
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plates. The light emission was measured by luminescence using the Synergy 4 microplate 

reader. The total light units were normalized by the total protein content in the extract. 

6.9 Cell-based fusion assays and HIV-1 gp120/CD4 capture ELISA 

TZM.bl indicator cells were co-cultured with 85E/LAV effector cells at a 1:1 cell density 

ratio (105 cells/mL) in the presence or absence at increased concentrations of G2-S16 or a 

control at 37 ºC for 48 h. In another assay run in parallel with the above experiment, TZM.bl 

(or 8E5/LAV) cells were exposed to G2-S16 or controls for 1 h and then washed twice to 

remove unbound dendrimer before co-cultivating with 8E5/LAV (or TZM.bl) cells at 37 ºC 

for 48 h. T-20 (20 µM) and TFV (1 µM) were used as positive and negative controls of cell-

based fusion, respectively. Cells were then collected and lysed and the percent of the 

membrane cell fusion was measured by the luciferase activity.  

The specific inhibition of gp120/CD4 interaction was studied by gp120 capture ELISA 

(ImmunoDiagnostics, Inc., Woburn, MA, USA) according to protocol’s manufacturer. 

Briefly, 100 ng/mL of recombinant gp120 HIV-1IIIB protein was pre-treated with G2-S16 or 

control for 20 min and captured on 96-well plates, washed and incubated in the presence of 50 

nM biotin-conjugated sCD4 alone. T-20 was used as a negative control of the gp120/CD4 

interaction. Strepavidin-horseradish peroxidase was added and then developed by addition of 

the chemiluminescent o-phenylenediamine dihydrochloride substrate. Colorimetric reaction 

was stopped by adding 1 N HCl solution and read at 490 nm in the microplate reader. The 

percent of captured gp120 was determined from gp120/CD4 interaction in the absence of 

compounds. 

6.10 HIV-1 binding and HIV-1 entry experiments 

PHA-activated PBMC seeded at a cell density of 106 cells/mL were pretreated at increased 

concentrations of G2-S16 or control at 37 ºC for 1 h. SUR (10 µM) was used as positive 

control of the HIV-1 attachment, but negative control of the HIV-1 entry. HIV-1 attachment 

to cells was analyzed by cell-free virion binding assay at 4 ºC, a temperature that does not 

allow Env-induced membrane fusion. PBMC were pre-incubated for 30 min at 4 ºC before 

exposure to the virus. Then, the equivalent to 50 ng p24/106 cells of X4-HIV-1NL4.3 or R5-

HIV-1NLAD8 were added to target cells and incubated at 4 ºC for 3 h. A low HIV-1 infection 

rate was used to avoid super-infection and cooperative virion entry. Unbound virus was 

removed by washing with PBS 3 times. Cells were then lysed in cold PBS containing 0.2% 
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Triton X-100 buffer. To measure internalization, the same conditions were used, except that 

PBMC were incubated with viruses at 37 ºC (a permissive temperature for the membrane 

fusion and subsequent viral entry) for 3 h and extensively washed in an acidic buffer (glycine 

50 mM, pH 3.0) to strip surface-bound viral particles, followed by an assay of p24 antigen in 

cell lysates by HIV p24gag ELISA.  

6.11 HIV-1 virucidal activity assays 

Increased concentrations of G2-S16 or a control were added to 20 ng p24 of X4-HIV-1NL4.3 

or R5-HIV-1NLAD8 cell-free virus to a final volume of 400 µL. One percent of triton X-100 

was used as non-ionic positive control of disrupting HIV-1 membrane. After incubation for 5 

min, 30 min or 1h at room temperature, the mixtures were washed and ultracentrifuged 3 

times at 10,000 r.p.m. at 4 ºC for 1 h, the supernatant fluids removed and the pellets washed. 

The final pellets were resuspended in fresh medium, added to TZM.bl cells a cell density of 

7.5 x 103 cells/mL and incubated at 37 ºC. The residual infectivity was assessed by the 

luciferase activity 48 h post-infection. 

In other assays run in parallel with the above experiment, 20 ng p24 of R5-HIV-1NLAD8 

cell-free virus to a final volume of 400 µL was incubated in absence of compounds at 37 ºC 

for different time-points (0, 1, 2, 4, 6, 17, 24, 48 and 72 h). After diverse time-points of 

incubation, the mixtures were washed and ultracentrifuged 3 times at 10,000 r.p.m. at 4 ºC for 

1 h. The final pellets were resuspended in fresh medium, added to TZM.bl cells and incubated 

at 37 ºC. The infectivity of viruses was assessed by the luciferase activity 48 h post-infection. 

In another assay, 20 ng p24 of R5-HIV-1NLAD8 cell-free virus to a final volume of 400 µL was 

incubated in presence of G2-S16 or control (1% triton X-100) at 37 ºC for 6 h. After 

ultracentrifugation for 3 times, 100 µL of the final pellet was diluted at 1:20 in PBS and used 

for a HIV-1 RNA quantification assay using the Roche/High-Pure-System Cobas® with a 

lower detection limit of 50 copies of ARN/mL. The number of copies HIV-1 RNA copies/mL 

was relativised from the sample with virus in the absence of compounds. 

6.12 Cell-to-cell HIV-1 transmission assays  

Raji/DC-SIGN donor cells at a cell density of 3 x 105 cells/mL were pre-treated with G2-

S16 or a control at 37 ºC for 1 h and were then pulsed with 100 ng p24/106 cells of X4-HIV-

1NL4.3 or R5-HIV-1NLAD8 at 37 ºC for 3 h. HIV-1 infected Raji/DC-SIGN cells were widely 

washed with PBS to remove unbound or internalizated virus and compounds and co-cultured 
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with TZM.bl target cells at a 1:1 cell density ratio at 37 ºC for 5 h. Then, Raji/DC-SIGN cells 

were removed from the co-cultivation and TZM.bl cells were cultured in fresh medium at 37 

ºC for 48 h. COLCH (20 µM) was used as positive control of HIV-1 transfer inhibition. 48 h 

post-infection the luciferase activity was measured. Experiments in parallel were performed 

pre-treating TZM.bl target cells with G2-S16 or COLCH at 37 ºC for 1 h and co-cultivating at 

a 1:1 cell density ratio with HIV-1 infected Raji/DC-SIGN cells at 37 ºC for 48 h. 

6.13 Cell protection assays 

TZM.bl cells seeded at a cell density of 7.5 x 103 cells/mL were pre-treated with G2-S16 at 

37 ºC for 1 h and subsequently washed extensively with PBS to remove the extracellular 

compound. The cells were then infected with 20 ng p24/106 cells of R5-HIV-1NLAD8 or X4-

HIV-1NL4.3 cell-free virus for different time-points (1, 3, 5, 8, 24 and 48 h) post-treatment. The 

infection inhibition was quantified by the luciferase activity 48 h post-infection. 

6.14 Cell-viability assays  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide (MTT; Sigma-Aldrich, 

St-Louis, MO, USA) assay measures the reduction of tetrazolium components into insoluble 

formazan products by the mitochondria of viable cells. Briefly, 20 µL of MTT solution (5 

mg/mL in Opti-MEM) was added to cells and incubated at 37 ºC for 3 h. The medium was 

removed and formazán crystals were dissolved in 200 µL of DMSO. The plate was gently 

placed on a shaker for 10 min to completely dissolve the precipitation. The absorbance was 

detected at 570 nm (above background of 690 nm) using the Synergy 4 microplate reader. The 

medium alone and 10% DMSO were used as untreated and cell death controls. Dextran (10 

µM) was used as a harmless control to check and to verify the status of cells. 

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt (MTS) assay determine the number of viable cells in proliferation, 

cytotoxicity or chemosensitivity using the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay kit (Promega, Madison, WI, USA) following the manufacturer's 

instructions. Briefly, 10 µL of the MTS reagent was added into cells and incubated at 37 ºC 

for 3 h. The medium was removed and formazán crystals were dissolved in 200 µL of DMSO. 

The plate was gently placed on a shaker for 10 min to completely dissolve the precipitation. 

The absorbance was detected at 570 nm (above background of 690 nm) using the Synergy 4 

microplate reader. In this assay were used the same controls than the MTT assay.	
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6.15 Combination analysis between dendrimers and antivirals 

TZM.bl cells at a cell density of 7.5 x 103 cells/mL were pre-treated with combinations at 

different concentrations and at a constant fixed ratio at 37 ºC for 1 h. The fixed ratios were 

selected as the optimum after a preliminary study of combinations using different ratios. Cells 

were then infected with 20 ng p24/106 cells of X4-HIV-1NL4.3, R5-HIV-1NLAD8 or X4/R5-HIV-

189.6 at 37 ºC for 3 h. Following the infection, cells were washed twice with PBS to remove 

unbound viruses and compounds and incubated in fresh medium with no further addition of 

compounds at 37 ºC for 48 h. Afterwards, different combinations blockaded the productive 

infection and the inhibitory activity was determined by luciferase quantification. 

To assess the antiviral effect, the drug interactions and the half-maximal effective 

concentration (EC50) were analyzed by Calcusyn software (Biosoft, Cambridge, UK) using 

the Chou and Talalay method that derives from the law of mass-action principle (Chou, 2006; 

Chou & Talalay, 1984). Briefly, the EC50 was determined using the median-effect plot and the 

dose-reduction index. The combination index (CI) was calculated based on the median-effect 

principle, where CI < 0.9 indicates a synergistic effect, 0.9 < CI < 1.1 indicates an additive 

effect and CI > 1.1 indicates an antagonism effect. Based on characterizing compounds that 

have similar modes of action (early stages of HIV-1 lifecycle before integration process), CI 

was calculated as follows: 

CI
f / 1 f

f / 1 f

f / 1 f

f / 1 f

f / 1 f

f / 1 f
 

In this scheme, fa is the fractional inhibition caused by a compound relative to the non-

compound control and subscripts refer to the compound alone (1, 2, 3) or in combination (C). 

6.16 pH transition assays of combinations 

Different combinations were pre-treated with acidic pH (3.0, 4.0, 5.5), PBS or physiologic 

pH (7.4) or in presence of seminal plasma (SP; pH: 8-8.5) at 37 ºC for 1 h to ensure a proper 

contact of combinations in different conditions. TZM.bl cells at a cell density of 7.5 x 103 

cells/mL were pre-treated with the pre-incubated mixtures for at 37 ºC for 1 h and infected 

with 20 ng p24/106 cells of X4-HIV-1NL4.3, R5-HIV-1NLAD8 or X4/R5-HIV-189.6 at 37 ºC for 3 

h. Afterwards, the unbound virus, compounds and SP-containing supernatants were removed 

from cells to avoid problems caused by the toxicity of SP after prolonged incubation (Allen & 

Roberts, 1987; Rasheed et al., 1995). Cells were incubated in fresh medium with no further 
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addition of compounds at 37 ºC for 48 h. Afterwards, cells were washed and lysed and HIV-1 

replication was quantified by luciferase activity. The percent of the HIV-1 infection was 

determined in the absence of compounds at physiologic pH. Anonymous SP samples of 

healthy donors were provided by the Spanish HIV BioBank at Hospital General Universitario 

Gregorio Marañón (Garcia-Merino, et al., 2009; Garcia-Merino, et al., 2010). 

6.17 Cytokine quantification  

VK2/E6E7 cells seeded at a cell density of 1.5 x 105 cells/mL were treated with different 

combinations or control at 37 ºC for 48 h. Poly I:C (25 μg/mL) was used as positive control of 

cytokines production. 48 h post-treating, 300 μL of supernatants from each samples were 

collected, centrifugated at 15,000 r.p.m to clear of cell debris and analyzed for cytokine 

expression using a multiplex fluorescent bead-based immunoassay, Diaclone DIAplex kit for 

human Th1/Th2/Inflammation (Gen-Probe, Besançon, France) according to manufacturer's 

protocols. Briefly, 10 cytokines (IFNγ, IL-2, IL-10, IL-8, IL-6, IL-4, IL-17α, IL-1β, TNFα 

and IL-12p70) were quantified by flow cytometry. The beads provided by the kit can be 

differentiated by their sizes and distinct emission of the fluorescence. Beads are coated with 

antibodies specifically reacting with each of cytokines analyzed and detected in the multiplex 

system. The analysis was performed using DIAplex software (Gen-Probe, Besançon, France) 

using a standard curve to extrapolate results. 

6.18 Sperm processing and spermicidal activity 

Semen samples were collected from healthy volunteers by masturbation at the laboratory 

after 2-5 days of sexual abstinence and allowed to liquefy for 30-45 min at room temperature. 

When completely liquefied, G2-S16 at increased concentrations was selected for evaluating of 

sperm with distinct progressive motility at 24 h according to the routine swim-up procedure 

using Sperm Preparation medium (Medicult, Copenhagen, Denmark). Briefly, sperm pellets 

were gently covered with the medium and incubated at 37°C for 30 min allowing the motile 

sperm to swim-up to the medium. For each sample, 2 subpopulations were isolated: sperms 

that migrated to the medium and those that did not migrate. Only specimens with at least a 

final motile sperm concentration of 5 x 106/mL were used. The sperm progressive motility 

was evaluated using the Sperm Class Analyzer software (Microptic S.L., Barcelona, Spain). A 

calculated sperm motility index value < 75% was used to indicate sperm toxicity. 
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6.19 Antimicrobial activity assays 

The minimum inhibitory concentration is the lowest concentration of a compound that 

inhibits the visible growth of a microorganism after overnight incubation at 35ºC and it is 

calculated by a modified Kirby-Bauer disk diffusion technique. G2-S16 was evaluated for its 

antimicrobial activity against Candida albicans ATCC 10231, Enterococcus faecalis ATCC 

29212, E. coli ATCC 25922, Klebsiella pneumonia ATCC 00603, Lactobacillus 

plantarum ATCC 14917, Pseudomonas aeruginosa ATCC 28753 and Staphylococcus 

aureus ATCC 29213 microorganisms. The antimicrobial activity of G2-S16 was measured 

using a broth microdilution test and serial 1:2 dilutions according to the clinical and 

laboratory standards institute (CLSI; formerly NCCLS) guidelines. 

6.20 Statistical analysis 

The data are presented as mean values and standard deviations. The statistical significance 

between a treatment group and untreated control and among different groups was calculated 

by an unpaired T-test and one-way analysis of variance (ANOVA), respectively, by using the 

statistical software GraphPadPrism, version 5.0 (GraphPad, San Diego, CA, USA). A non-

parametric unpaired T test was conducted to analyze differences between groups considering 

pure values. A P-value ≤ 0.05 was considered statistically significant. Kaplan-Meier plots 

indicate the percent of h-BLT mice that tested HIV-1 positive in the peripheral blood at each 

time point analyzed. Two survival curves were compared and significant differences were 

detected using the log-rank test. P values ≤ 0.05 were considered statistically significant. 

 

7. METHODS: EXPERIMENTS RELATED TO HCV 

7.1 Screening for antiviral compounds: Determination of the potency and 

cytotoxicity 

By measuring the amount of viral protein in cells inoculated at low multiplicity in the 

presence of an antiviral compound, its impact on the ability of the virus to infect target cells, 

replicate, produce progeny virus and infect new target cells in subsequent rounds of infection 

will be determined. A battery of PCD and other nanocompounds (see Section 5.1) were 

screened using a cell-based ELISA-colorimetric readout of the infection in a 96-well format 

according to Gastaminza et al., 2010. Briefly, this assay evaluates viral spread by measuring 
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the total viral antigen (E2) present in a given cell culture well using specific antibodies. 

Compound stocks solutions were diluted and mixed with virus at 2 x 103 infectious ffu/mL 

(MOI: 0.01). Huh 7.5.1 cells were incubated at 37 °C for 3 days, after which they were fixed 

with 4% PFA at room temperature for 20 min. PFA-fixed cells were washed twice with PBS 

and incubated with a blocking buffer at room temperature for 1 h. Cells were then washed 

twice with PBS and 1 μg/mL anti-E2 antibody was added in incubation buffer at room 

temperature for 1 h. Cells were washed extensively with PBS and incubated with a 1:15,000 

dilution of a goat anti-human IgG conjugated to horseradish peroxidase at room temperature 

for 1 h. Cells were washed extensively with PBS and developed by using the chromogenic 

substrate TMB. The reaction was stopped by addition of 0.5 M H2SO4 solution. The 

absorbance at 450 nm was measured directly from the test plate and colorimetric values were 

transformed into infection efficiency values using a standard curve by serial dilution of virus 

inoculums starting at 200 ffu/mL. Data were considered only whether standard curves 

displayed correlation coefficients (r2) above 0.97. To identify false positives in the screening, 

compound cytotoxicity was determined by evaluating remaining cell biomass at 72 h post-

infection by crystal violet staining and colorimetry at 570 nm as described in Bernhardt et al., 

1992. PCD that reduced HCV infection (> 80%) without displaying detectable toxicity 

(biomass > 85%) were considered for further analysis. 

Potency of the compounds (EC50 and effective concentration 90% (EC90)) was calculated 

by determining relative infection efficiency in the presence of serial compound dilutions 

(ranging from 100 µM to 2 nM) at 72 h post-infection. In the same cultures, 50% cytotoxic 

concentration (CC50) was determined by crystal violet staining at 72 h post-treatment 

described above. EC50, EC90 and CC50 values were graphically calculated from the dose-

response curves. 

7.2 Time-of-addition assays 

Huh 7 cells were infected with HCVTCP (MOI: 10) and treated with PCD (5 µM) or 

controls under different conditions: (i) Cells were treated with compounds for 48 h (all time 

assays); (ii) for pre-treatment analysis, cells were pre-incubated in the presence of compounds 

at 37 ºC for 1 h and 2 h. Cells were then infected with HCVTCP at 37 ºC for 5 h. Following 

infection, cells were washed twice with PBS to remove unbound virus and compounds and 

incubated in fresh medium with no further addition of compound; (iii) for early aspects of 

HCVTCP infection (adsorption + entry), cells were pre-treated with compounds for 5 h and 
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subsequently washed twice with warm PBS; (iv) for late aspects of the HCVTCP infection 

(RNA replication), infected-cells were washed with PBS at 5 h post-infection to remove free-

virus and treated with compounds. 48 h post-infection, luciferase activity was measured. SOF 

(5 µM) and Hydro (5 µM) were used as positive controls of inhibition of late aspects and 

early aspects of the HCV replication, respectively. 

7.3 HCVcc infection inhibition assays 

Infectious HCV stock dilutions from G2a (JFH-1) and G1a (TNcc) were mixed with the 

selected compounds (5 µM final concentration) or controls to determine the relative 

infectivity titer in the presence and absence of the compounds. Infectivity titer in Huh 7 cells 

was determined by indirect immunofluorescence using anti-core antibodies as described 

above and infection foci counting. SOF (5 µM) and Hydro (5 µM) were used as positive 

controls of HCVcc inhibition. 

7.4 HCV entry inhibition assays 

Huh 7 cells were inoculated with a mixture of each of PCD (5 µM) or controls and HCVpp 

from genotypes 1-4 as well as pseudotypes bearing vesicular stomatitis virus (VSV) or feline 

retrovirus (RD114) as controls. At 48 h post-infection, inhibition was quantified by measuring 

luciferase activity. SOF (5 µM) and Hydro (5 µM) were used as negative and positive 

controls of the HCV entry, respectively. 

7.5 HCV virucidal assays 

PCD was diluted in complete DMEM containing 7 x 103 ffu/mL or high titer (106 ffu/mL) 

of HCV (JFH-1, H77 or Con1) to a final concentration of 5 µM and incubated at 37 ºC for 1 

h. After 1 h or 16 h incubation, the virus was purified by ultrafiltration in microcon filter 

devices (Mw cut-off 100 kD) to eliminate PCD and was then extensively washed. Then, the 

purified virus was analyzed for HCV RNA and infectivity. HCV RNA content was measured 

by reverse transcription quantitative PCR. The HCV infectivity was measured by incubating 

diluted samples with Huh 7 cells and containing the number of HCV E2-positive foci 72 h 

post-infection. 0.1% NP-40 and nuclease-free water were used as positive and negative 

controls of lysis, respectively. 
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7.6 HCV adsorption and post-adsorption assays 

Huh 7 cells were pre-treated with PCD (5 µM) or control at 37 ºC for 1 h. Hydro (5 µM) 

was used as positive control of the HCV attachment and HCV entry. HCV attachment to cells 

was analyzed by cell-free virion binding assay at 4 ºC, a temperature that does not allow the 

membrane fusion. Huh 7 cells were pre-incubated for 30 min at 4 ºC before exposure to the 

virus. Then, 7 x 103 ffu/mL were added to target cells and incubated at 4 ºC for 5 h. The 

unbound virus was removed by washing with PBS 3 times. To measure post-adsorption, same 

conditions were used, except that Huh 7 cells were incubated with viruses at 37 ºC (a 

permissive temperature for the membrane fusion and subsequent viral entry) for 5 h and 

extensively washed in an acidic buffer (glycine 50 mM, pH 3.0) to strip surface-bound viral 

particles, followed by an indirect immunofluorescence using anti-core antibodies as described 

above and infection foci counting. 

7.7 Statistical analysis 

The data are presented as mean values and standard deviations. The statistical significance 

between a treatment group and untreated control was calculated by Student’s t test was 

calculated by using the statistical software GraphPadPrism, v5.0. P values ≤ 0.05 were 

considered statistically significant. 
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8. ANTI-HIV-1 OF G2-S16 IN H-BLT MICE AND G2-S16 MODE OF ACTION 

G2-S16 shows a considerable promise as topically-applied microbicide that women could 

use to protect and prevent themselves from the HIV-1 infection and other sexually transmitted 

pathogens. However, in order to reach human clinical trials, it is essential to test the in vivo 

efficacy and safety of G2-S16 in animal models. Although macaque models have been used 

for HIV microbicide testing due to similarities between macaques and humans with respect to 

genital tract anatomy and physiology, it is unclear whether the macaque model predicts what 

would occur in humans. H-BLT mice harbor HIV-1 susceptible human target cells that can be 

employed for the above-mentioned purpose. Due to the antiviral mode of action has not yet 

been completely elucidated, we also evaluated the G2-S16 mode of action against the HIV-1 

infection. 

G2-S16 is a sulfonate-terminated G1 carbosilane dendrimer, silicon-cored and with 16 

anionic charges at the periphery. The anionic groups are in the form of sodium salts. We 

selected G2-S16 because it has been widely described its potent anti-HIV and is considered 

safe by in vitro and partially in vivo results (Briz et al., 2015; Chonco et al., 2012). Briefly, 

G2-S16 presents high biosafety and low toxicity in various human epithelial cell lines and 

PBMC, regulatory T cells and monocyte derived cells, high anti-HIV activity in urogenital 

epithelial cells against R5-tropic, X4-tropic, X4/R5-tropic HIV isolates and primary clinical 

HIV isolates. G2-S16 is stable over an acidic pH range and seminal fluid, maintaining its anti-

HIV activity, decreases the HIV-1 infection when pre-treatment of cells is at short times and 

its inhibitory effect is prolonged overtime, protects monolayer for tight junction disruption 

induced by HIV-1 and impedes HIV-1 partial transmission through epithelial monolayer and 

blocks subsequent HIV-1 infection of PBMC. Moreover, G2-S16 does not alter markers of 

activation (later and early) in different subsets of non-activated or PHA-activated PBMC, 

does not modify the expression of CD4, CD8, CCR5 and CXCR4 receptors in PBMC and 

does not induce cell proliferation process in PBMC. 

8.1 G2-S16 does not show vaginal irritation in BALB/c mice 

To assess whether microbicide exposure of G2-S16 resulted in toxicity and inflammation 

of the vaginal mucosa, G2-S16 at different doses (1.5, 3 and 4.5%) was applied intravaginally 

to BALB/c mice and pathological examinations of vaginal tissues were performed at 7 days 

post-application. These doses were selected according to previous studies found in the 

scientific literature with a comparable dendrimer (SPL7013) (McGowan et al., 2011). 
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Figure 18. Effects of G2-S16 on the vaginal mucosa in BALB/c mice model. Mice were inoculated twice 

intravaginally with with 40 µL of (A) 2.0% HEC alone, once with 40 µL of 2.0% HEC containing G2-S16 at (B) 

1.5%, (C) 3% or (D) 4.5% and twice for 2 consecutive days, with an interval of 24 h between sessions, with G2-

S16 at (E) 3% or (F) 4.5%. The vaginal tract was harvested from mice at 7 days post-application. Formalin-

fixed, paraffin-embedded tissue sections were stained with hematoxylin-eosin for evidence of morphological 

damage or inflammation. Photographs are representative of all treated mice (n=3/group). Original magnification 

100X. Abbreviations: HEC = Hydroxyethyl cellulose. 

 

Table 4. Histopathological examination of vaginal tissues after intravaginal application of G2-S16 HEC gel  

Treatment 
Epithelial cell 
disruption † 

Leukocyte 
infiltration † 

Edema † 
Vascular 
congestion † 

Total score ‡  

Vehicle (2% 
HEC alone) 

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

1 dose of 
1.5% G2-S16 

0.3 ± 0.6 0.7 ± 1.2 0.3 ± 0.6 0.3 ± 0.6 1.7 ± 1.5 

1 dose of 3% 
G2-S16 

0.3 ± 0.6 0.7 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 1.7 

1 dose of 
4.5% G2-S16 

0.3 ± 0.6 0.7 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 1.7 

2 doses of 3% 
G2-S16 

0.7 ± 0.6 1.3 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 2.0 ± 1.7 

2 doses of 
4.5% G2-S16 

0.0 ± 0.0 1.0 ± 1.7 0.0 ± 0.0 0.3 ± 0.6 1.3 ± 1.5 

Slides were prepared from vaginal tissues treated with 1 dose of 2.0% HEC gel containing G2-S16 at 1.5%, 3% 
or 4.5% or 2 doses for 2 consecutive days, with an interval of 24 h between sessions, with G2-S16 at 3% and 
4.5%. Administration twice of 2.0% HEC gel alone was used as control. Hematoxylin-eosin staining was used 
for all slides. Images are shown at a magnification of 100X. Data were calculated as the mean ± SD of scores 
estimated at vaginas of 3 mice in each group. Abbreviations: HEC = Hydroxyethyl cellulose. 
† Individual score: 0 = absence, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe irritation.  
‡The cumulative score for epithelial disruption, submucosal leukocyte infiltration, edema and vascular 
congestion were correlated to human vaginal irritation potential as follows: vaginal irritation index ≤8: 
Acceptable; 9-10: Borderline; ≥11: Unacceptable. 
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Histopathological examination of the application of 1 dose of 1.5% (4 mM), 3% (8 mM) 

and 4.5% (12 mM) of G2-S16 gel-treated BALB/c mice or 2 doses of 3%, 4.5% of G2-S16 

gel-treated BALB/c mice did not cause disruption of the epithelial cells and did not produce 

damage in the vaginal mucosa (Figure 18 and Table 4). We selected the concentration of 3% 

G2-S16 for analysis in h-BLT mice to ensure a high inhibitory effect and that higher 

concentrations of compound over time does not affect to the vaginal mucosa knowing that 3% 

SPL7013 (2 mM) showed inflammation and epithelial damage over time in a phase I trial. 

8.2 Characterization of h-BLT mice: human PBMC reconstitution 

Prior to HIV-1 contact of the h-BLT mice, the peripheral blood of mice was characterized 

by flow cytometry to confirm reconstitution with human cells. H-BLT mice used herein had 

high peripheral blood reconstitution levels of human lymphoid CD45+ cells (90.4% ± 5.4) and 

human CD4+ T-cells (80.8% ± 2.8), which satisfy the requirements for use in experiments 

(Table 5). The humanization was preserved for 18 weeks of the infection experiment, which 

shows that 9 mice used were suitable prior and during assays until the endpoint.    

8.3 Topical G2-S16 prevents vaginal R5-HIV-1JR-CSF transmission 

A total of 9 mice (3 mice received vehicle and 6 received topical 3% G2-S16) were 

exposed to a R5-HIV-1JR-CSF that has been well characterized for its mucosal infection of h-

BLT mice (Wheeler et al., 2013). Following the viral exposure, peripheral blood from h-BLT 

mice was sampled at different time points for the presence of HIV-1 RNA. Five of 6 topical 

G2-S16-treated h-BLT mice were tested negative for the presence of HIV-1 RNA in plasma 

(Figure 19A). In contrast, one G2-S16-treated h-BLT mouse was found to have a 

‘breakthrough’ infection with readily detectable HIV-1 RNA (Figure 19A). Over the course 

of this experiment, we also monitored the levels of CD4+ T-cells in peripheral blood. The 

levels of human CD4+ T-cells in the infected h-BLT mouse dramatically decreased during the 

course of infection and maintained levels similar to those of HIV-1+ h-BLT mice (HEC 

alone), as previously described for this HIV-1 isolate in h-BLT mice (Denton et al., 2008) 

(Figure 19B and Table 5). The HIV status and time to HIV-1 RNA in plasma were combined 

to generate a Kaplan-Meier plot of the protection from vaginal R5-HIV-1JR-CSF transmission 

provided by the vehicle or topical G2-S16 dendrimer. Log rank analysis of these results 

revealed that topical G2-S16 administered prior to exposure to h-BLT mice prevented vaginal 

R5-HIV-1JR-CSF transmission in 84% of h-BLT mice (p = 0.0252; Figure 19C). 
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Table 5. Humanized BLT mice used to study the efficacy of topical 3% G2-S16 in preventing vaginal R5-HIV-1JR-CSF infection  

Treatment Mouse % human CD45+ in PB at exposure 
% human CD45+ hCD3+ hCD4+ in 
PB at exposure 

% human CD45+ hCD3+ hCD8+ in 
PB at exposure 

  W0-6 W9 W10 W18 W0-6 W9 W10 W18 W0-6 W9 W10 W18 

3% G2-S16 BLT1 93.4 95.5 94.9 90 81.5 84.6 76.2 75.9 13.9 13.7 14.2 14.0 

 BLT2 91.4 74.9 81 75.8 82.2 93.5 85.2 74.4 8.8 5.4 6.5 8.0 

 BLT3 95.5 81.9 96.7 NM 81.8 86.3 77.2 NM 7.1 12.6 13.4 NM 

 BLT4 93.7 88.6 95.1 95.5 84.2 87.8 78.7 71.8 8.7 10.4 11.7 11.9 

 BLT5 80.8 74.7 87.6 77.1 79.2 84.3 77.2 71.8 14.5 13.2 14.6 7.9 

 BLT6 87.8 82.8 94.6 73.1 76.1 77.4 64.8 10.4 15.6 18.1 19.7 60.9 

Mean (± SD) 
90.4    
(± 5.4) 

83.1    
(± 8.0) 

91.7    
(± 6.1) 

82.3    
(± 9.8) 

80.8    
(± 2.8) 

85.7    
(± 5.2) 

76.6    
(± 6.6) 

60.9    
(± 28.3) 

11.4    
(± 3.6) 

12.2    
(± 4.2) 

13.4    
(± 4.3) 

20.5    
(± 22.7) 

Vehicle BLT7 88.2 88.3 88.7 67.9 67.3 70.4 53.5 3.4 28.6 26.1 40.4 77.0 

 BLT8 91.3 94.7 92.4 51 80.0 81.7 68.7 11.7 16.0 16.3 20.6 69.0 

 BLT9 90.1 84.1 89.5 NM 76.4 79.7 60.9 NM 16.7 17.7 21.7 NM 

Mean (± SD) 
89.9    
(± 1.6) 

89.0    
(± 5.3) 

90.2    
(± 1.9) 

59.5      
(± 12.0) 

74.6    
(± 6.5) 

77.3    
(± 6.0) 

61.0    
(± 7.6) 

7.6      
(± 5.9) 

20.4    
(± 7.1) 

20.0    
(± 5.3) 

27.6    
(± 11.1) 

73.0    
(± 5.7) 

H-BLT mice were used to demonstrate the efficacy of topically applied 3% G2-S16 to prevent HIV-1 vaginal transmission. HIV-1 vaginal exposures were performed 2 h 
following vaginal application of 3% G2-S16. The percentage of hCD45+, hCD4+ and hCD8+ at different time points showed whether peripheral blood samples collected at the 
indicated times contained HIV-1.  
Abbreviations: NM = Not measured; PB = Peripheral blood; W = Week 
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Figure 19. Analysis of HIV-1 RNA load and peripheral blood for the presence of R5-HIV-1JR-CSF 2 h after 

vaginal administration in the presence or absence of topical 3% G2-S16. (A) Analysis of peripheral blood plasma 

HIV-1 RNA and (B) percentage of peripheral blood CD3+ T-cells also expressing CD4+ are presented for vehicle 

(2.0% HEC) and topical 3% G2-S16-treated h-BLT mice exposed vaginally to R5-HIV-1JR-CSF. The dotted line 

represents the limit of rtPCR detection. (C) Kaplan-Meier plots indicate the time course of appearance of viremia 

in drug-treated vs. untreated virus challenged mice. 

8.4 G2-S16 acts in early stages of the HIV-1 replication 

The in vitro working concentration selected as non-toxic for several types of cells (human 

epithelial cell lines derived from uterus and vagina and PBMC) in order to perform assays 

that identify the mechanism of action of G2-S16 was of 10 μM (Chonco, et al., 2012). 

A time-of-addition experiment was performed to determine the mode of action of G2-S16 

during a viral infection cycle in TZM.bl cells. The inhibitory activity of T-20 declined after 2 

h, AZT declined after 5 h and RAL declined after 7 h. G2-S16 retained its antiviral activity 

for up to 2-3 h after HIV-1 treatment. The mode of action was similar to that of T-20 (Figure 

20). No suppression of luciferase activity was observed when G2-S16 was added after 7 h 

post-infection. Our results showed that G2-S16 blocks an early step in the HIV-1 infection 

cycle in TZM.bl cells, probably inactivating HIV-1 particles and/or interfering with the 

recognition of receptors at the surface of target cells. 
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C 



RESULTS	

  

74 |  
 

Figure 20. Times of intervention 

in the HIV-1 lifecycle. G2-S16 (10 

µM), T-20 (20 µM), AZT (10 µM) 

and RAL (1 µM) were added upon 

HIV-1 infection or at various 

points post-infection. The 

luciferase activity was measured as 

luminescence intensity 48 h post-

infection. Data represent the mean 

± SD of 3 individual experiments 

performed in duplicate. 

Abbreviations: AZT = Zidovudine; 

RAL = Raltegravir; T-20 = 

Enfuvirtide. 

8.5 G2-S16 interferes with gp120/CD4 interactions 

A cell-based fusion assay was used to examine whether G2-S16 acts directly either on CD4 

cells, Env cells or both cell lines to inhibit fusogenic activity. In the presence of an 8E5/LAV-

TZM.bl mixture, G2-S16 efficiently blocked fusion between both cell lines to the same extent 

as T-20 did (80% of fusion inhibition at 1 µM) and in a dose-independent manner (p < 

0.0001, Figure 21A). The cell based-fusion was inhibited in a dose-response manner when 

G2-S16 was applied only to Env or CD4 cells for 1 h, followed by G2-S16 removal. When 

CD4 cells were first exposed to concentrations between 1 and 10 µM of G2-S16 for 1 h, then 

removed and added to Env cells; 40-70% of fusion between 2 type of cells was significantly 

inhibited (Figure 21B). When Env cells were exposed to 10 µM of G2-S16 for 1 h, then 

removed and added to CD4 cells, 60% of fusogenic activity was significantly observed 

(Figure 21C). As expected, TFV did not inhibit the fusion in any of the 3 cases studied. Due 

to the inhibition of cell-based fusion, G2-S16 can block gp120/CD4 or gp120/(CCR5 or 

CXCR4). The inhibitory activity of G2-S16 against gp120/CD4 interactions was also 

investigated in a competitive gp120-capture ELISA. A reduction of almost 90% of the 

gp120/CD4 interaction was found when gp120 was pre-treated with 10 µM of G2-S16 

(Figure 21D). As expected, a decrease of the gp120/CD4 interaction was not found when the 

protein was treated with T-20, which binds to gp41 (Qiu et al., 2012). Our results indicate that 

G2-S16 inhibit the HIV-1 infection by blocking the viral entry, particularly the gp120/CD4 

interaction. G2-S16 acts non-specifically toward gp120 and cell receptors in a dose-dependent 

manner, although predominantly so toward host CD4 cells.   
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Figure 21. Inhibition of the gp120/CD4 interaction. TZM.bl-CD4+ indicator cells and 8E5/LAV cells were 

treated with G2-S16 at a range of concentrations (0.1-10 µM), T-20 (20 µM) or TFV (1 µM) under different 

conditions: (A) CD4 and Env cells were co-cultured and treated with compounds for 48 h; (B) CD4 cells were 

pre-treated with compounds for 1 h, washed and co-cultured with Env cells for 48 h; and (C) Env cells were pre-

treated with compounds for 1 h, washed and co-cultured with CD4 cells for 48 h. Percentage of fusion was 

measured by luciferase activity vs. cell-to-cell fusion without treatment. (D) The level of gp120/CD4 binding 

inhibition was assessed with a gp120/CD4 ELISA in the presence or absence of G2-S16 or T-20. Data represent 

the mean ± SD of 3 individual experiments performed in triplicate. ***: p < 0.0001 vs. untreated control (NT). 

Abbreviations: T-20 = Enfuvirtide; TFV = Tenofovir. 

8.6 G2-S16 inhibits the HIV-1 binding and internalization 

We assessed whether G2-S16 is involved in the HIV-1 attachment and/or in entry steps in 

PHA-activated PBMC. The virus attachment was measured at 4 °C, a temperature at which 

membrane fusion and endocytosis processes are ineffective (Gordon-Alonso et al., 2012). The 

virus internalization was evaluated at 37 °C, a temperature that allows for membrane fusion 

and viral entry. In this case, an acid wash with glycine was used to remove virions that were 

surface-bound but not internalized (Magerus-Chatinet et al., 2007). 
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A significant decrease in the HIV-1 attachment was observed for X4-HIV-1NL4.3 (~80%; p 

< 0.0001) and R5-HIV-1NLAD8 (~40%; p < 0.05) isolates. Treatment with 10 µM of G2-S16 

significantly decreased the capacity of the X4-HIIV-1NL4.3 and R5-HIV-1NLAD8 isolates to 

bind to target cells by 80% and 65%, respectively, indicating that G2-S16 perturbed the 

ability of the viral envelope to interact with its cell surface receptors (Figure 22A). G2-S16 

also significantly inhibited the entry of R5-HIV-1NLAD8 particles inside PBMC (30% and 45% 

decrease at 5 µM and 10 µM, respectively; p < 0.001) compared to the rate of entry observed 

for HIV-1-infected untreated cells. This pattern was similar to that observed for the X4-HIV-

1NL4.3 isolate, but the reduction was not significant (Figure 22B). 

Figure 22. Effect of G2-S16 on the HIV-1 attachment and entry into target primary cells. The virus attachment 

and internalization measured on PHA-activated PBMC for R5-HIV-1NLAD8 and X4-HIV-1NL4.3 isolates before 

treatment of cells with G2-S16 (5 and 10 µM) or SUR (10 µM) for 1 h. After infection for 3 h (A) at 4°C 

(binding) or (B) at 37°C (internalization), cells were extensively washed (with glycine-acid washing for 

internalization assay). Attachment and internalization levels were quantified by the measure of p24 in cell lysates 

by p24 ELISA. Data represent the mean ± SD of 3 independent experiments performed in duplicate. *: p < 0.05; 

**: p < 0.001; ***: p < 0.0001 vs. untreated control (NT). Abbreviations: PBMC = Peripheral blood 

mononuclear cells; PHA = Phytohemagglutinin; SUR = Suramin. 

8.7 G2-S16 inactivates HIV-1 particles 

G2-S16 has potential inhibitory activity against X4 and R5-HIV-1 isolates in cell culture 

by blocking the viral attachment and entry. However, these studies were performed without 

knowing the direct impact of G2-S16 on the HIV-1 infectivity. Therefore, we evaluated the 

ability of G2-S16 to directly inactivate R5-HIV-1NLAD8 and X4-HIV-1NL4.3 isolates and to 

verify whether G2-S16 has HIV-1 virucidal activity.  
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Figure 23. Infectivity, kinetic of inactivation and virucidal activity in presence of G2-S16. Serial dilutions of 

G2-S16 (0.1-10 µM) or 1% triton X-100 were mixed with (A) R5-HIV-1NLAD8 or (B) X4-HIV-1NL4.3 cell free-

virus for various time intervals (5, 30 or 60 min). The residual activity was assessed using a luciferase-based 

assay after contact purified virions with TZM.bl cells for 48 h post-infection. Data represent the mean ± SD of 3 

experiments performed in triplicate. ***: p < 0.0001 vs. untreated control (NT). (C) Virucidal activity of G2-S16 

measured as HIV-1 RNA copies/mL after 6 h contact with purified R5-HIV-1NLAD8 virions. The dotted line 

represents the limit of rtPCR detection. Data represent the mean of 1 experiment. 

G2-S16 pre-treatment at 5 µM decreased the infectivity of the viral particles after only 5 

and 30 min of exposure (~80% reduction). The effect increased after 60 min of exposure 

against R5-HIV-1NLAD8 and X4-HIV-1NL4.3 isolates (> 95% reduction). However, this 

inactivation was less complete than that at higher concentrations. For a concentration of 10 

µM G2-S16, the activity observed at 5 min was very high (~90% reduction) and it increased 

over the period studied (up to 60 min), indicating that the interaction with the R5-HIV-1NLAD8 

and X4-HIV-1NL4.3 isolates is very rapid and not time-dependent. Interestingly, at 10 µM, G2-

S16 prevented viral infection completely after 1 h of exposure to levels comparable to those 

found in the positive lysis control, suggesting that the main mode of action for G2-S16 is by 
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direct viral inactivation (Figure 23A and B). In other words, G2-S16 treatment of HIV-1 

isolates decreased the infectivity of viral particles at different time points of exposure in a 

dose-dependent and in a tropism-independent manner, indicating that the dendrimer acts 

strongly on the virion, inactivating it.  

In order to confirm whether G2-S16 has virucidal activity, R5-HIV-1NLAD8 virions were 

exposed to G2-S16 (10 µM) for 6 h, the moment at which the virus begins to lose infectivity 

by effect of the incubation time (an infectivity loss limit of 80% is established). After 6 h 

incubation, R5-HIV-1NLAD8 virions were purified and their infectivity was tested again in 

TZM.bl cells. G2-S16 reduced the HIV-1 infectivity similarly to results obtained up to 1 h of 

exposure and comparably to positive lysis control (> 95% reduction). Although G2-S16 alters 

the virion infectivity, treatment of virions with G2-S16 did not result in the loss of HIV-1 

RNA, in contrast of what is observed with 1% triton (Figure 23C). These results indicate that 

G2-S16 irreversibly targets HIV-1 virions, but without completely destabilizing viral capsid. 

8.8 G2-S16 prevents the cell-to-cell HIV-1 transmission 

Cell-free and cell-associated viruses are prevalent infectious forms of HIV-1 present in 

semen and cervico-vaginal secretions and can productively penetrate the mucosal barrier 

(Barreto-de-Souza et al., 2014; Sattentau, 2008). The cell-to-cell transmission is 100-1,000-

fold greater than cell-free viral infection (Dimitrov et al., 1993), leading mainly to the 

formation of virological synapses (Hubner et al., 2009). HIV-1-pulsed DC efficiently transmit 

HIV-1 to co-cultured CD4+ cells and can be used to study the mechanism underlying cell-to-

cell transmission (Coleman et al., 2013; Wu et al., 2004). Therefore, we evaluated the effect 

of G2-S16 in impeding the transmission of R5-HIV-1NLAD8 or X4-HIV-1NL4.3 from infected 

donor Raji/DC-SIGN cells to uninfected target TZM.bl cells. 

G2-S16 blocked significantly the infection by cell-associated virus (73% reduction of viral 

transfer) when X4-HIV-1NL4.3-infected Raji-DC-SIGN cells were treated with 5 µM and 10 

µM of G2-S16 and then co-cultured with TZM.bl cells. However, greater activity was 

observed when R5-HIV-1NLAD8-infected Raji-DC-SIGN cells were treated with 5 µM and 10 

µM of G2-S16, with 73% and 88% reduction in viral transmission, respectively (Figure 24A). 

The cell-to-cell spread of X4-HIV-1NL4.3 was significantly blocked at 77% and 83% when 

TZM.bl cells were pre-treated in the presence of G2-S16 at concentrations of 5 µM and 10 

µM, respectively. Notably, significant differences were observed in the reduction of R5-HIV-

1NLAD8 transmission when TZM.bl cells were pre-treated with 5 µM and 10 µM of G2-S16 
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(81% and 95% reduction, respectively) (Figure 24B). Our results show that the pre-treatment 

of target cells was more efficient in inhibiting cell-to-cell viral spread than the pre-treatment 

of donor cells, as occurs with COLCH that blocks the formation of virological synapse by 

inhibiting the microtubule polymerization by binding to tubulin. 
 

 
Figure 24. HIV-1 transmission mediated by Raji/DC-SIGN cells. Reduction in R5-HIV-1NLAD8 or X4-HIV-1NL4.3 

capture and transmission after the pre-treatment with G2-S16 (10 µM) or COLCH (20 µM) of (A) donor 

Raji/DC-SIGN cells or (B) target TZM.bl cells, washing and co-culturing for 5 h. Viral transfer was determined 

after 48 h by measuring luciferase activity. Data represent the mean ± SD of 3 individual experiments performed 

in triplicate. ***: p < 0.0001 vs. untreated control (NT). Abbreviations: COLCH = Colchicine. 

8.9 G2-S16 provides a long-time cell protection 

A topical microbicide should remain effective for several hours after application. To 

provide a barrier to infection, we evaluated the long-term effectiveness of G2-S16 to provide 

cell protection for several hours after the removal of the extracellular compound (Lara et al., 

2010; Shattock & Rosenberg, 2012). 

G2-S16 (10 µM) showed a lasting protective effect (> 70% inhibition of R5-HIV-1NLAD8 

infection) even 24 h after the dendrimer was washed and removed from the indicator TZM.bl 

cells. As also shown in the Figure 25, protection against X4-HIV-1NL4.3 infection to cells after 

removal of the extracellular G2-S16 (10 µM) was retained even 48 h after infection (80% 

infection inhibition). No significant differences in cell protection against either HIV-1 isolates 

were observed, indicating that the protection mode is in a tropism-independent manner and 

corroborating the results obtained in h-BLT mice (cell protection of 84%). 
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Figure 25. Cell protection against the HIV-1 

infection. TZM.bl cells were exposed to G2-

S16 (10 µM) for 1 h, washed extensively to 

remove the extracellular compound and 

infected with R5-HIV-1NLAD8 or X4-HIV-1NL4.3 

cell-free viruses at various time points post-

treatment. Luciferase activity was measured at 

48 h post-infection vs. untreated control. Data 

represent the mean ± SD of 3 individual 

experiments performed in duplicate. 

8.10 G2-S16 has not spermicidal activity  

Spermicides are compounds that immobilize and/or kill the spermatozoa in the vagina and 

exert their contraceptive effect in the female genital tract rendering spermatozoa incapable of 

fertilization. Spermatozoa have been found in the cervical mucus within 90 s after coitus 

(Gupta, 2005). To identify whether G2-S16 is spermostatic or spermicidal, the sperm was 

cultured in the presence or absence of G2-S16 (10 and 50 μM) and the progressive motility of 

the sperm was analyzed. No significant changes in sperm progressive motility of G2-S16 at 

24 h post-treatment were obtained compared to untreated control (Figure 26A). This result 

indicates that G2-S16 cannot be considered as spermicidal microbicide because it did not alter 

the sperm motility and did not affect other sperm functions like avoiding the sperm migration. 

8.11 G2-S16 does not affect to vaginal flora 

The normal vaginal microbiota contains a wide variety of bacterial species that maintain an 

acidic pH by hydrogen peroxide and lactic acid production (Togni et al., 2011). Alterations in 

this ecosystem can cause several vaginal infections, such as bacterial vaginosis and Candida 

vaginitis, which represent the majority of these infections among women (Achkar & Fries, 

2010). A successful microbicide has to be stable and biocompatible with normal vaginal flora, 

preventing HIV-1 transmission in this highly complex microenvironment. Therefore, toxicity 

of G2-S16 (10 and 50 μM) against a composite population of bacteria observed in normal 

vaginal microbiota was analyzed (see Section 6.19). No antimicrobial activity of G2-S16 (at 

10 and 50 μM) at 24 h post-treatment section was observed (Figure 26B). It suggests that G2-

S16 is a good potential candidate for the first biological barrier encountered by viruses 

because G2-S16 did not have negative effects on the normal vaginal flora. 
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Figure 26. Sperm survival index and antimicrobial activity after 24 h of treatment with G2-S16. (A) Sperm were 

cultured in seminal plasma, in the presence or absence of G2-S16 (10 and 50 µM). The sperm progressive 

motility was measured by using the Sperm Class Analyzer software. A calculated sperm motility index value < 

75% was used to indicate sperm toxicity. Data represent the mean ± SD of 3 different donors. (B) The 

determination of the antimicrobial susceptibility of G2-S16 (10 and 50 µM), defined as the lowest concentration 

of an antimicrobial that will inhibit the visible growth of a microorganism after overnight incubation at 35 ºC, 

was calculated by a modified Kirby-Bauer disk diffusion technique vs. untreated control (NT). 

 

9. STUDY OF THE ANTIVIRAL EFFICACY OF G2-STE16 IN DUAL-
COMBINATION WITH APPROVED ANTIVIRAL COMPOUNDS 

The use of single ARV as microbicides has not been shown to have a sufficient anti-HIV-1 

effect and can be related to an increase in the generation of mutation and resistance, lack of 

adherence, low bioavailability, vaginal irritation and even drug-drug interactions. The HIV-1 

prevention requires strategies based on dual-combination therapies of non-specific agents 

acting on different stages of the HIV-1 replication or combinations of ARV with non-specific 

compounds. The use of a combined therapy blocking the HIV-1 infection at different and 

early steps in the HIV-1 lifecycle could provide more efficacies than the monotherapy.  

A synthetic strategy has been developed for the preparation of PCD bearing sulfonate or 

carboxylate groups at their periphery based on the thiol-ene chemistry. It offers enormously 

advantageous characteristics, such as rapid reaction rates, weaker reaction conditions, ease of 

implementation and high yield and conversion (Ortega et al., 2015). Due to at physiologic pH, 

carboxylate G2-CTE16 dendrimer has less anti-HIV-1 activity compared to sulfonate G2-

STE16 dendrimer (Sánchez-Rodríguez et al., 2015), in order to develop more effective anti-

HIV-1 microbicides, we design well-defined dual-combination therapies based on G2-STE16 

with PCD that have a broad-spectrum anti-HIV-1 (G2-S16 or G2-S24P) and other candidates 

(TFV or MRV) whose mode of action differs from the mechanism of action of PCD. 
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9.1 High anti-HIV-1 activity of selected dendrimers in TZM.bl cells 

We analyzed the antiviral activity and EC50 values of G2-STE16, G2-S24P and G2-S16 

against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 isolates in TZM.bl cells. The 

EC50 of G2-STE16, G2-S24P and G2-S16 had an average of 18.1, 14.9 and 6.2 nM, 

respectively, against R5-HIV-1NLAD8 virions; 27.2, 17.6 and 13.3 nM, respectively, against 

X4-HIV-1NL4.3 virions; and 54.9, 24.6 and 31.0 nM, respectively, against X4/R5-HIV-189.6  

virions. G2-STE16 achieved 85% R5-HIV-1NLAD8 inhibition and 97% inhibition against X4-

HIV-1NL4.3 and X4/R5-HIV-189.6 infections at 0.5 μM (Figure 27A). G2-S24P displayed 

similar behavior against R5-, X4- and X4/R5-HIV-1 isolates at 0.1 μM, reaching an inhibition 

range from 80-86% (Figure 27B). G2-S16 reached 95%, 82% and 75% inhibition of infection 

by R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6, respectively, at 0.1 μM (Figure 

27C). All dendrimers showed to be highly active against various HIV-1 isolates, but they did 

not obtain 100% inhibition at maximum working concentrations (10 μM) as single agents. 
 

Figure 27. Anti-HIV-1 activity and dose-response curve for (A) G2-STE16, (B) G2-S24P and (C) G2-S16 in 

TZM.bl cells. TZM.bl cells were pre-treated with dendrimers for 1 h before the HIV-1 infection. Luciferase 

activity was analyzed to 48 h post-infection. EC50 values were calculated using the Calcusyn software. Data 

represent the mean ± SD of 3 independent experiments performed in triplicate. 
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9.2 G2-STE16/dendrimer combinations against the HIV-1 infection 

Once we demonstrated that G2-STE16 at the different combination working concentrations 

presents a great inhibitory capacity against various HIV-1 isolates, we studied the potency of 

G2-STE16/G2-S24P or G2-STE16/G2-S16 combinations against R5-HIV-1NLAD8, X4-HIV-

1NL4.3 and X4/R5-HIV-189.6 infections in TZM.bl cells. For G2-STE16/G2-S24P, significant 

reductions were observed in the EC50 for G2-STE16 (p < 0.0001 against X4-HIV-1NL4.3 and 

X4/R5-HIV-189.6 infections) and for G2-S24P (p < 0.001 against all HIV-1 isolates) compared 

to a single-dendrimer treatment (Table 6). We observed 100% inhibition of R5-HIV-1NLAD8 

with 0.5 μM G2-STE16/0.1 μM G2-S24P. We achieved complete inhibition of X4-HIV-1NL4.3 

and X4/R5-HIV-189.6 infections with 0.5 μM G2-STE16/0.05 μM G2-S24P (Figure 28A-C). 

In G2-STE16/G2-S16, the EC50 for G2-STE16 significantly decreased 1.7-, 2.5- and 3.0-

fold R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections, respectively (p < 0.0001 

against 3 HIV-1 isolates) and significant reductions were observed in the EC50 for G2-S16 (p 

< 0.05 and p < 0.0001 against R5-HIV-1 and X4/R5-HIV-1 infections, respectively) 

compared to single dendrimer treatments (Table 6). We achieved over 90% and 100% 

inhibition of R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections, respectively, with 0.5 μM G2-

STE16/0.1 μM G2-S16. Moreover, 100% inhibition of the X4-HIV-1NL4.3 infection was 

obtained with 0.5 μM G2-STE16/0.05 μM G2-S16 (Figure 28D-F). 

Table 6. 50% effective concentration (EC50) of dendrimers alone and in combination in TZM.bl cells 

EC50 (nM) Inhibitor HIV-1 isolates 

    R5NLAD8 X4NL4.3 X4/R589.6 

EC50 individual 
dendrimer † 

G2-STE16 18.1 ± 1.5 27.2 ± 8.9 54.9 ± 15.4 

 G2-S24P 14.9 ± 1.7 17.6 ± 1.9 24.6 ± 0.8 

 G2-S16 6.2 ± 0.8 13.3 ± 2.1 31.0 ± 1.2 

EC50 individual 
combination ‡ 

G2-STE16 / 10.8 ± 3.0 10.7 ± 0.3*** 18.5 ± 1.7*** 

 G2-S24P 8.5 ± 1.0** 9.5 ± 0.6** 18.1 ± 1.4** 

 G2-STE16 / 2.4 ± 0.5*** 15.3 ± 1.0*** 19.2 ± 1.4*** 

 G2-S16 2.6 ± 0.8* 11.6 ± 0.8 18.9 ± 1.3*** 
Mean EC50 of dendrimers alone and in combination with G2-STE16/G2-S24P or G2-STE16/G2-S16 in a fixed 
ratio (1:1) obtained in TZM.bl cells after infection with different HIV-1 isolates. Data represent the mean ± SD 
from 3 independent experiments performed in duplicate. *: p < 0.05, **: p < 0.001, ***: p < 0.0001 vs. single-
dendrimer treatment. 
† EC50 concentrations (nM) for an individual compound treatment against different HIV-1 isolates.  
‡ EC50 concentrations (nM) after 2-dendrimer combinations in a fixed ratio (1:1). 
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Figure 28. Activity profile of G2-STE16 in combination with other dendrimers in TZM.bl cells. Activity profile of G2-STE16 in combination with (A) G2-S24P or (D) G2-

S16 against R5-HIV-1NLAD8, (B, E) X4-HIV-1NL4.3 and (C, F) X4/R5-HIV-189.6 infections. The infectivity was measured by luciferase activity 48 h post-infection vs. untreated 

control in TZM.bl cells. Data represent the mean ± SD of 3 individual experiments performed in duplicate. 
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After having demonstrated 100% of inhibition with G2-STE16/G2-S24P against 3 HIV-1 

isolates and with G2-STE16/G2-S16 against X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections, 

we determined whether each combination was synergistic, additive or antagonistic against 3 

HIV-1 isolates. When we studied G2-STE16/G2-S24P, we observed a good synergism at 75% 

(CI: 0.48) and a strong synergism at 90% and 95% inhibition of R5-HIV-1NLAD8 (CI: 0.20 and 

0.12). We also observed a synergic effect at 75% and 90% (CI: 0.57 and 0.36) and strong 

synergism at 95% of X4-HIV-1NL4.3 inhibition (CI: 0.26). The average CI against the X4/R5-

HIV-189.6 infection at the 3 calculated EC75, EC90 and EC95 levels varied between 0.69 and 

0.35, clearly suggesting synergy (Table 7). CI values for G2-STE16/G2-S16 against the R5-

HIV-1NLAD8 infection at the calculated EC50, EC75, EC90 and EC95 levels displayed evident 

synergy (CI: 0.56-0.35). We also demonstrated synergism at 90% and 95% inhibition of X4-

HIV-1NL4.3 (CI: 0.66 and 0.52). The CI value of 0.65 against X4/R5-HIV-189.6 infection at 

95% inhibition resulted in synergism (Table 7). In summary, a synergistic profile was 

obtained from 75% inhibition when using G2-STE16/G2-S24P and G2-STE16/G2-S16 

against R5-, X4- and X4/R5-HIV-1 isolates. The strongest synergistic interaction against 3 

HIV-1 isolates was found with G2-STE16/G2-S24P. 

Table 7. Computer-simulated combination index for G2-STE16/dendrimer in TZM.bl cells 

Inhibitor HIV-1 CI values at: CIwt 
¥ 

  EC50 EC75 EC90 EC95  

G2-STE16/ 
G2-S24P 

R5 
1.17 ± 0.23 † 
- 

0.48 ± 0.03  
+++ ‡ 

0.20 ± 0.05 
++++ 

0.12 ± 0.05 
++++ 

0.32 ± 0.02 
+++ 

 X4 
0.93 ± 0.04 
ad 

0.57 ± 0.06 
+++ 

0.36 ± 0.09 
+++ 

0.26 ± 0.09 
++++ 

0.42 ± 0.07 
+++ 

 X4/R5 
1.00 ± 0.08 
ad 

0.69 ± 0.02 
+++ 

0.46 ± 0.02 
+++ 

0.35 ± 0.03 
+++ 

0.53 ± 0.01 
+++ 

G2-STE16/ 
G2-S16 

R5 
0.56 ± 0.16 
+++ 

0.43 ± 0.05 
+++ 

0.37 ± 0.01 
+++ 

0.35 ± 0.03 
+++ 

0.39 ± 0.01 
+++ 

 X4 
1.43 ±0.03 
-- 

0.96 ± 0.09 
ad 

0.66 ± 0.15 
+++ 

0.52 ± 0.16 
+++ 

0.74 ± 0.12 
++ 

 X4/R5 
0.96 ± 0.02 
ad 

0.82 ± 0.09 
++ 

0.71 ± 0.14 
++ 

0.65 ± 0.17 
+++ 

0.73 ± 0.13 
++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/G2-
S24P or G2-STE16/G2-S16 combinations against 3 HIV-1 isolates in TZM.bl cells. CI represents the mean ± SD 
from the average of 3 individual experiments performed in duplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a 
synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI 
> 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong synergism); CI < 0.1; +++++ (very strong synergism). 
¥ Because high degrees of effects are more important to the treatment than the low degrees of effects, the 
weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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9.3 High anti-HIV-1 activity of tenofovir and maraviroc in TZM.bl cells  

TFV is an adenosine nucleoside analog RT inhibitor with high activity against retroviruses 

and inhibits the synthesis of DNA by inserting into propagating viral DNA. MRV blocks the 

CCR5-tropic HIV-1 entry into CD4+ T-cells by binding to the CCR5 co-receptor. Therefore, 

TFV and MRV prevent initial cellular infection because they target the HIV-1 lifecycle before 

the genome integration. We analyzed the antiviral activity and EC50 values of TFV and MRV 

against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 isolates in TZM.bl cells. 

TFV inhibited R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections with an 

average EC50 of 13.9, 6.9 and 6.5 nM, respectively and displayed a similar behavior against 3 

HIV-1 isolates at 1 μM to achieve an inhibition close 90% (Figure 29A). MRV inhibited R5-

HIV-1NLAD8 and X4/R5-HIV-189.6 infection with an average EC50 of 19.3 nM and 0.92 μM, 

respectively and reached an inhibition of 93% and 43% against R5- and X4/R5-HIV-1 

isolates, respectively at 0.5 μM (Figure 29B). Both ARV showed to be highly active, but they 

did not obtain 100% inhibition at maximum working concentrations (10 μM). 

 
Figure 29. Anti-HIV-1 activity and dose-response curve for (A) TFV and (B) MRV in TZM.bl cells. TZM.bl 

cells were pre-treated with TFV or MRV for 1 h before the HIV-1 infection. Luciferase activity was analyzed to 

48 h post-infection. EC50 values were calculated using the Calcusyn software. Data represent the mean ± SD of 3 

independent experiments performed in triplicate. Abbreviations: MRV = Maraviroc; TFV = Tenofovir. 

9.4 G2-STE16/tenofovir combination therapy against the HIV-1 infection 

We studied the G2-STE16/TFV combination against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and 

X4/R5-HIV-189.6 infections in TZM.bl cells. The EC50 for G2-STE16 decreased significantly 

3.1-, 3.6- and 6.7-fold against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 

infections, respectively, compared to the single-TFV treatment (p < 0.0001). Moreover, the 
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EC50 decreased significantly for TFV against the R5-HIV-1NLAD8 infection compared to the 

TFV treatment alone (p < 0.05) (Table 8). In addition, 100% inhibition against R5-, X4- and 

X4/R5-HIV-1 isolates was obtained with 0.5 μM G2-STE16/1 μM TFV (Figure 30A-C).  

Similar to dendrimer/dendrimer combinations, we studied whether synergistic interactions 

occurred with G2-STE16/TFV against 3 HIV-1 isolates. All average CI values varied between 

0.50 and 0.37 against the R5-HIV-1NLAD8 infection at 3 calculated EC75, EC90 and EC95 

values, indicating synergism. We also demonstrated synergic effect at 75% and strong 

synergism at 90% and 95% X4-HIV-1NL4.3 inhibition (CI: 0.31 and 0.20). CI values obtained 

at 90% and 95% inhibition X4/R5-HIV-189.6 displayed synergism (CI: 0.58 and 0.46, 

respectively) (Table 9). A clearly synergistic profile was obtained from 75% inhibition R5-

HIV-1NLAD8 and X4/R5-HIV-189.6 infections. G2-STE16/TFV also demonstrated to be 

synergic against the X4-HIV-1 isolate from 75% inhibition, improving the antiviral potency 

of individual compounds. 

9.5 G2-STE16/maraviroc combination therapy against the HIV-1 infection 

Although R5-HIV-1 virions predominate during the process of sexual transmission, X4-

HIV-1 virions emerge late in the course of the infection and both HIV-1 variants are present 

in body fluids (Grivel et al., 2011). Therefore, we studied the G2-STE16/MRV combination 

against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections in TZM.bl cells. A significant 

increase in the EC50 for G2-STE16 (p < 0.001) against the X4/R5-HIV-189.6 infection was 

observed compared to the single-dendrimer treatment. The EC50 for MRV decreased 

significantly with 1.6- and 15-fold (p < 0.05 and p < 0.0001 against R5- and X4/R5-HIV-1 

isolates, respectively) compared to MRV treatment alone (Table 8). We reached 100% 

inhibition of R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections with 0.5 μM G2-STE16/0.5 μM 

MRV and 0.5 μM G2-STE16/0.25 μM MRV, respectively (Figure 30D and F). We 

conducted the same class of experiment to verify that MRV did not block the functionality of 

G2-STE16 against the X4-HIV-1 isolate. As expected, MRV did not block the X4-HIV-1NL4.3 

infection and did not interfere in the antiviral activity of the dendrimer (Figure 30E).  

We observed synergism at 75% (CI: 0.50) and a strong synergism at 90% and 95% 

inhibition of R5-HIV-1NLAD8 (CI: 0.23 and 0.14, respectively). Naturally, as MRV does not 

block X4-HIV-1NL4.3 infection, we cannot discuss about synergistic effects. The CI at 75%, 

90% and 95% inhibition of the X4/R5-HIV-189.6 infection (CI: 0.7-0.5) displayed synergistic 

interactions (Table 9). 
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Figure 30. Activity profile of G2-STE16 in combination with tenofovir or maraviroc in TZM.bl cells. Activity profile of G2-STE16 in combination with (A) TFV or (D) 

MRV against R5-HIV-1NLAD8, (B, E) X4-HIV-1NL4.3 and (C, F) X4/R5-HIV-189.6 infections. The infectivity was measured by luciferase activity 48 h post-infection vs. 

untreated control in TZM.bl cells. Data represent the mean ± SD of 3 individual experiments performed in duplicate. Abbreviations: MRV = Maraviroc; TFV = Tenofovir. 
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Table 8. 50% effective concentration (EC50) of tenofovir and maraviroc alone and in combination with G2-

STE16 in TZM.bl cells 

EC50 (nM) Inhibitor HIV-1 isolates 

    R5NLAD8 X4NL4.3 X4/R589.6 

EC50 individual 
antiviral † 

TFV 14.2 ± 0.9 7.1 ± 0.5 6.8 ± 0.6 

 MRV 18.3 ± 1.2 NA 0.98 ± 0.13 ¥ 

EC50 individual 
combination ‡ 

G2-STE16 / 10.1 ± 3.7* 2.6 ± 1.5*** 30.4 ± 24.3 

 TFV 6.5 ± 2.8* 6.3 ± 0.3 6.5 ± 0.5 

 G2-STE16 / 6.9 ± 2.4** 27.2 ± 8.9 72.2 ± 0.8** ↑ 

 MRV 11.4 ± 2.8* NA 65.1 ± 1.3*** 

Mean EC50 of TFV and MRV alone and in combination (G2-STE16/TFV or G2-STE16/MRV) in a fixed ratio 
(1:1) obtained in TZM.bl cells after infection with different HIV-1 isolates. Data represent the mean ± SD from 3 
independent experiments performed in duplicate. *: p < 0.05, **: p < 0.001, ***: p < 0.0001 vs. single-
compound treatment. NA = Not applicable. 
† EC50 concentrations (nM) for an individual compound treatment against HIV-1 isolates.  
‡ EC50 concentrations (nM) after 2-dendrimer combinations in a fixed ratio (1:1). 
¥ Concentration at µM 
↑ An increase in the EC50 of a compound in the mixture compared to the EC50 used alone 
 
 
Table 9. Computer-simulated combination index for G2-STE16/tenofovir (or maraviroc) in TZM.bl cells 

Inhibitor HIV-1 CI values at: CIwt values¥ 

  EC50 EC75 EC90 EC95  

G2-STE16/ 
TFV 

R5 
0.78 ± 0.36 † 
++ ‡ 

0.50 ± 0.10 
+++ 

0.40 ± 0.03 
+++ 

0.37 ± 0.09 
+++ 

0.44 ± 0.02 
+++ 

 X4 
1.16 ± 0.08 
- 

0.59 ± 0.03 
+++ 

0.31 ± 0.01 
+++ 

0.20 ± 0.01 
++++ 

0.40 ± 0.02 
+++ 

 X4/R5 
1.15 ± 0.05 
- 

0.82 ± 0.02 
++ 

0.58 ± 0.05 
+++ 

0.46 ± 0.06 
+++ 

0.64 ± 0.04 
+++ 

G2-STE16/ 
MRV 

R5 
1.13 ± 0.09 
- 

0.50 ± 0.01 
+++ 

0.23 ± 0.04 
++++ 

0.14 ± 0.04 
++++ 

0.34 ± 0.02 
+++ 

 X4 NA NA NA NA NA 

 X4/R5 
0.91 ± 0.02 
ad 

0.72 ± 0.01 
++ 

0.59 ± 0.03 
+++ 

0.52 ± 0.04 
+++ 

0.62 ± 0.03 
+++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/TFV or 
G2-STE16/MRV combinations against 3 HIV-1 isolates in TZM.bl cells. CI represents the mean ± SD from the 
average of 3 individual experiments performed in duplicate. NA = Not applicable 
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a 
synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI 
> 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong synergism); CI < 0.1; +++++ (very strong synergism). 
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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9.6 Different dual-combination therapies are biocompatible 

The cell viability was studied using a MTT assay 48 h post-treatment with all dual-

combinations. G2-STE16/G2-S24P and G2-STE16/G2-S16 were non-toxic to the highest 

concentration in combination assays and up to 10 μM in VK2/E6E7, PBMC and TZM.bl cells 

(Figure 31A). When cells were treated with the highest concentration in combination assays 

(0.5 μM G2-STE16/1 μM TFV or 0.5 μM G2-STE16/0.5 μM MRV), viability cells were 

always > 80% 48 h post-treatment (Figure 31B). In each infection experiment, MTT assay 

was also performed to avoid false positives due to cell death by apoptosis or superinfection. 

For the infection control, cell viability was always > 80%. 
 

 

Figure 31. Cytotoxicity associated to dual-combination therapies in VK2/E6E7, PBMCs and TZM.bl cells at 48 

h post-loading. Cells were loaded with increased amounts of (A) G2-STE16/G2-S24P and G2-STE16/G2-S16 

and (B) G2-STE16/TFV and G2-STE16/MRV or controls. The percent of cell viability was calculated as optical 

density of treated condition/ untreated control (NT) x 100. Data represent the mean ± SD of 1 experiment 

performed in triplicate. Abbreviations: DMSO = Dimethyl sulfoxide; MRV = Maraviroc; TFV = Tenofovir. 
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9.7 Dual-combinations do not alter the in vitro profile of cytokines secretion 

To develop a safe topical microbicide, we studied whether G2-STE16/G2-S24P (0.5 

μM/0.1 μM), G2-STE16/G2-S16 (0.5μM/0.1 μM), G2-STE16/TFV (0.5 μM/1 μM) or G2-

STE16/MRV (0.5 μM/0.5 μM) altered the inflammation processes in VK2/E6E7 cells 48 h 

post-treatment. VK2/E6E7 cells can release a variety of cytokines in the presence of a certain 

stimuli or strange agents (Dusio et al., 2011; Fichorova et al., 2005). Treatments did not 

increase the expression levels of IL-8 compared to the untreated control. VK2/E6E7 cells 

spontaneously released IL-8 and poly I:C by itself stimulated the release of IL-6 and enhanced 

IL-8 production compared to the untreated controls (Table 10).  

Table 10. Profile of cytokines secreted by VK2/E6E7 cells in the presence of dual-combination therapies 

Cytokine Untreated Poly I:C 
G2-STE16 / 
G2-S24P 

G2-STE16 / 
G2-S16 

G2-STE16 / 
TFV 

G2-STE16 / 
MRV 

IFNγ ND ND ND ND ND ND 

IL-2 ND ND ND ND ND ND 

IL-12p70 ND ND ND ND ND ND 

TNFα ND ND ND ND ND ND 

IL-4 ND ND ND ND ND ND 

IL-6 ND 264.5 ± 15.0 ND ND ND ND 

IL-10 ND ND ND ND ND ND 

IL-8 408.4 ± 45.3 955.9 ± 24.3 412.5 ± 21.3 350.0 ± 51.8 400.1 ± 18.2 376.4 ± 22.7 

IL-17A ND ND ND ND ND ND 

IL-1β ND ND ND ND ND ND 

Cells were loaded with G2-STE16/G2-S24P (0.5 µM/0.1 µM), G2-STE16/G2-S16 (0.5 µM/0.1 µM), G2-
STE16/TFV (0.5 µM/1 µM), G2-STE16/MRV (0.5 µM/0.5 µM) or poly I:C (25 µg/mL). VK2/E6E7 cytokines 
production was analyzed at 48 h post-treatment. Supernatants of treated or untreated cells were tested using 
FACS analysis to quantify cytokine production. Data represent the mean ± SD of 2 independent experiments. 
Abbreviations: FACS = Fluorescence-Activated Cell Sorting; MRV = Maraviroc; ND = Non-detected; Poly I:C 
= Polyionosinic acid:cytidylic acid; TFV = Tenofovir. 

9.8 The anti-HIV-1 activity of dual-combination therapies is maintained in 
the presence of acidic pH and seminal plasma 

During the heterosexual transmission, the acidic vaginal pH is neutralized by basic semen. 

Seminal fluid proteins can interact with organic compounds in the ejaculation affecting in 

their activity (Keller et al., 2003; Kumar et al., 2009). Recent studies have showed that the 

presence of semen enhances the HIV-1 infection and reduces the sensitive of HIV-1 by 

diverse polyanions considered for use as microbicide (Arnold et al., 2012; Zirafi et al., 2014). 
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We studied whether acidic pH and seminal fluid could affect the activity of G2-STE16/G2-

S24P (0.5 µM/0.1 µM), G2-STE16/G2-S16 (0.5 µM/0.1 µM), G2-STE16/TFV (0.5 µM/1 

µM) and G2-STE16/MRV (0.5 µM/0.5 µM) against R5-HIV-1NLAD8 and X4-HIV-1NL4.3 

infections in TZM.bl cells. We used following as controls and values: seminal plasma 

(SP1:8.0 and SP2:8.5), acidic pH (3.0-5.5) and physiological pH (PBS: 7.4). Our results 

indicated significant reductions in the percent of the HIV-1 infection when cells were pre-

treated with G2-STE16/G2-S24P (or G2-S16) (Figure 32A-D) and G2-STE16/TFV (or 

MRV) (Figure 32A-D) compared to the untreated control. Thus, the acidic pH and seminal 

fluid did not affect the activity of dual-combination therapies, over time, against X4- and R5-

HIV-1 isolates and compared to the treatment in physiologic conditions. 
 

 

Figure 32. pH dependence on the activity of dual-combination therapies with dendrimers in TZM.bl cells. 

TZM.bl were pre-treated with (A, B) G2-STE16/G2-S24P (0.5 µM/0.1 µM) and (C, D) G2-STE16/G2-S16 (0.5 

µM/0.1 µM) before the HIV-1 infection. Luciferase activity was analyzed to 24 h and 48 h post-infection. 

Seminal plasma (SP1:8.0 and SP2:8.5), acidic pH and physiological pH (PBS: 7.4) were used as controls. Data 

represent the mean ± SD of 3 individual experiments performed in duplicate. *: p < 0.05, **: p < 0.001, ***: p < 

0.0001 vs. untreated control (NT). Abbreviations: PBS = Phosphate-buffered saline. 
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Figure 33. pH dependence on the activity of dual-combination therapies with dendrimers in TZM.bl cells. 

TZM.bl were pre-treated with (A, B) G2-STE16/TFV (0.5 µM/1 µM) and (C, D) G2-STE16/MRV (0.5 µM/0.5 

µM) before the HIV-1 infection. Luciferase activity was analyzed to 24 h and 48 h post-infection. Seminal 

plasma (SP1:8.0 and SP2:8.5), acidic pH and physiological pH (PBS: 7.4) were used as controls. Data represent 

the mean ± SD of 3 individual experiments performed in duplicate. **: p < 0.001, ***: p < 0.0001 vs. untreated 

control (NT). Abbreviations: MRV = Maraviroc; PBS = Phosphate-buffered saline; TFV = Tenofovir. 

 

10. STUDY OF THE ANTIVIRAL EFFICACY OF DENDRIMERS IN TRIPLE-
COMBINATION WITH APPROVED ANTIVIRAL COMPOUNDS 

Due to the high antiviral activity and synergistic effects of dual-combination therapies, 

microbicides based on triple-combinations for preventing the HIV-1 infection were suggested, 

which would offer better potential for synergy, reduction of drug resistance and targeting than 

monotherapy or dual-combinations. We studied the triple-combination of PCD G2-STE16, 

G2-S24P and G2-S16. To enhance the antiviral potency, we evaluated the triple-combination 

of these PCD with TFV, MRV or both ARV against the HIV-1 infection. 

A 

C 

B 
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10.1 Triple-combination based on dendrimers against the HIV-1 infection 

We evaluated the EC50 of G2-STE16/G2-S24P/G2-S16 combination at a fixed 1:1:1 ratio 

against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections with the aim to define 

its efficacy in TZM.bl cells. The 1:1:1 fixed ratio was selected as the optimum ratio after a 

preliminary study of the combination using different ratios. Concentrations of PCD were 

selected considering the curve dose-response of each dendrimer and lower doses compared to 

dual-combination therapies. 

The EC50 of each dendrimer alone in TZM.bl cells was evaluated in Section 9.1. The EC50 

for G2-STE16 declined significantly, but for G2-S24P and G2-S16 increased significantly 

against the R5-HIV-1NLAD8 infection. The EC50 for G2-STE16, G2-S24P and G2-S16 

decreased significantly against X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections (EC50: 2.6-4.8 

nM) compared to a single-dendrimer treatment (Table 11). The treatment with 0.05 µM G2-

STE16/0.05 µM G2-S24P/0.05 µM G2-S16 resulted in 85% inhibition of R5-HIV-1NLAD8 and 

X4/R5-HIV-189.6 infections and over 90% against the X4-HIV-1NL4.3 infection (Figure 34). CI 

was then calculated to determine whether synergistic effects against all HIV-1 isolates 

occurred. Overall, CI values varied between 0.24 and 0.74, resulting in synergy at the 3 

calculated EC75, EC90 and EC95 levels (Table 12). 

In conclusion, the G2-STE16/G2-S24P/G2-S16 combination had pronounced synergistic 

effects from 75% inhibition against various HIV-1 isolates. A significant increased inhibitory 

effect and over 85% inhibition against 3 HIV-1 isolates were also observed. 

Table 11. 50% effective concentration (EC50) of the G2-STE16/G2-S24P/G2-S16 combination in TZM.bl cells 

EC50 (nM) Inhibitor HIV-1 isolates 

    R5NLAD8 X4NL4.3 X4/R589.6 

EC50 individual 

combination † 
G2-STE16 / 13.7 ± 3.2**  3.6 ± 2.8** 2.6 ± 0.4*** 

 G2-S24P / 15.4 ± 2.2** ↑ 3.5 ± 2.0*** 2.9 ± 0.9*** 

 G2-S16 12.7 ± 0.4*** ↑ 4.8 ± 2.9* 2.7 ± 1.2*** 

Mean EC50 of dendrimers in combination G2-STE16/G2-S24P/G2-S16 in a fixed ratio (1:1:1) obtained in 
TZM.bl cells after infection with different HIV-1 isolates. Data represent the mean ± SD from 3 independent 
experiments performed in triplicate. *: p < 0.05, **: p < 0.001, ***: p < 0.0001 vs. single-dendrimer treatment. 
† EC50 concentrations (nM) after triple-combination in a fixed ratio (1:1:1). 
↑ An increase in the EC50 of a compound in the mixture compared to the EC50 used alone. 
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Figure 34. Activity profile of the G2-STE16/G2-S24P/G2-S16 combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-STE16/G2-S24P/G2-S16 at 

the 1:1:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection vs. control of infection. Data represent the mean ± SD of 3 individual experiments 

performed in triplicate. *: p < 0.05, **: p < 0.001, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at fixed concentrations. 

Table 12. Computer-simulated combination index for the G2-STE16/G2-S24P/G2-S16 combination in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt 
¥ 

  50% 75% 90% 95%  

G2-STE16 / G2-S24P / G2-S16 (1:1:1) R5 
1.07 ± 0.06 † 
ad 

0.74 ± 0.13  
++ ‡ 

0.51 ± 0.12 
+++ 

0.40 ± 0.10 
+++ 

0.57 ± 0.11 
+++ 

 X4 
0.74 ± 0.66 
++ 

0.58 ± 0.31 
+++ 

0.51 ± 0.06 
+++ 

0.50 ± 0.10 
+++ 

0.54 ± 0.11 
+++ 

 X4/R5 
0.24 ± 0.07 
++++ 

0.32 ± 0.10 
+++(+) 

0.48 ± 0.22 
+++ 

0.66 ± 0.39 
+++ 

0.49 ± 0.24 
+++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/G2-S24P/G2-S16 against 3 HIV-1 isolates in TZM.bl cells. CI 
values represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 

A B C 
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10.2 Triple-combination therapy based on two dendrimers and tenofovir 
against the HIV-1 infection 

As a result of the potency of antiviral activity of the triple-combination of PCD, we studied 

the combinatorial approach targeted the entry and the reverse transcription steps of the HIV-1 

lifecycle. The anti-HIV-1 activity of G2-STE16/G2-S24P/TFV, G2-STE16/G2-S16/TFV and 

G2-S24P/G2-S16/TFV at the 2:2:1 fixed ratio against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and 

X4/R5-HIV-189.6 infections in TZM.bl cells was confirmed with the main goal to broadly 

reduce the EC50 of TFV. The 2:2:1 fixed ratio was selected as the optimum ratio after a 

preliminary study of each combination using different ratios. Concentrations of compounds 

were selected considering the curve dose-response of each compound and lower doses 

compared to dual-combination therapies. The EC50 of TFV in TZM.bl cells has already been 

described in Section 9.3. 

In G2-STE16/G2-S24P/TFV, the EC50 for G2-STE16 and G2-S24P decreased significantly 

against 3 HIV-1 isolates (EC50: 4.3-10.5 nM) compared to a dendrimer-treatment alone. A 

similar result was also observed for TFV against the X4-HIV-1NL4.3 infection (EC50: 2.6 nM; 

p < 0.001) compared to a single-TFV treatment, but no significant differences were observed 

against R5- and X4/R5-HIV-1 isolates (Table 13). The treatment with 0.1 µM G2-STE16/0.1 

µM G2-S24P/0.05 µM TFV resulted in 100% inhibition of X4-HIV-1NL4.3 and X4/R5-HIV-

189.6 and 95% of R5-HIV-1NLAD8 (Figure 35). CI showed strong synergism at 90% and 95% 

inhibition of R5-HIV-1NLAD8 and X4-HIV-1NL4.3 infections (CI: 0.30-0.19) and at 75%, 90% 

and 95% inhibition of X4/R5-HIV-189.6 (CI: 0.08-0.23) (Table 14). 

In G2-STE16/G2-S16/TFV, the EC50 for dendrimers against 3 HIV-1 isolates (EC50: 4.3-

9.2 nM) and for TFV against R5-HIV-1NLAD8 and X4-HIV-1NL4.3 infections (EC50: 2.5 nM; p 

< 0.001) dropped significantly compared to compounds alone (Table 13). The treatment with 

0.1 µM G2-STE16/0.1 µM G2-S16/0.05 µM TFV resulted in almost complete inhibition 

against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections (Figure 36). CI 

displayed stronger synergy at the calculated EC90 and EC95 inhibitory concentrations against 

R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections (CI: 0.08-0.30) (Table 15). 

To evaluate G2-S24P/G2-S16/TFV, significant reductions were observed in the EC50 for 

G2-S24P against R5-HIV-1NLAD8, X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections (EC50: 4.7-

7.6 nM); for G2-S16 against X4-HIV-1NL4.3 and X4/R5-HIV-189.6 infections (EC50: 4.9-7.3 

nM; p < 0.0001); and for TFV against the R5-HIV-1NLAD8 infection (EC50: 4.1 nM; p < 0.05) 

(Table 13). We reached 95% inhibition of R5-HIV-1NLAD8 and X4/R5-HIV-189.6 and 100% 
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inhibition of X4-HIV-1NL4.3 with 0.1 µM G2-S24P/0.1 µM G2-S16/0.05 µM TFV (Figure 

37). All CI values indicated a good synergistic inhibitory profile at the 3 EC75, EC90 and EC95 

concentrations (Table 16). 

Summarizing, all combinations showed to be highly active against the HIV-1 infection. 

The strongest synergistic interaction against 3 HIV-1 isolates was found with G2-STE16/G2-

S24P/TFV because of the considerable decrease in the EC50 values for each compounds and 

the level of synergy as measured by CI values. 

 

Table 13. 50% effective concentration (EC50) of each compound in a triple-combination therapy based on 

dendrimer/dendrimer/tenofovir in TZM.bl cells 

EC50 (nM) Inhibitor HIV-1 isolates 

    R5NLAD8 X4NL4.3 X4/R589.6 

EC50 individual 

combination † 
G2-STE16 / 10.5 ± 3.3*** 5.5 ± 2.6** 4.3 ± 3.6*** 

 G2-S24P / 8.4 ± 1.4*** 5.6 ± 2.0*** 4.6 ± 3.2*** 

 TFV 4.7 ± 1.7 2.6 ± 1.0** 2.4 ± 1.7 

 G2-STE16 / 4.9 ± 0.6*** 4.6 ± 2.4** 7.5 ± 2.6*** 

 G2-S16 4.3 ± 0.9*** 5.1 ± 2.3** 9.2 ± 1.5*** 

 TFV 2.5 ± 0.2** 2.5 ± 1.2** 3.7 ± 0.6 

 G2-S24P / 6.6 ± 3.6** 7.6 ± 3.1*** 4.7 ± 0.8*** 

 G2-S16 6.3 ± 3.2 ↑ 7.3 ± 3.4*** 4.9 ± 0.7*** 

 TFV 4.1 ± 1.9* 3.6 ± 2.2 2.7 ± 0.9 

Mean EC50 of triple-combination therapy with G2-STE16/G2-S24P/TFV, G2-STE16/G2-S16/TFV and G2-
S24P/G2-S16/TFV in a fixed ratio (2:2:1) in TZM.bl cells after infection with different HIV-1 isolates.  
Data represent the mean ± SD from 3 independent experiments performed in triplicate. *: p < 0.05, **: p < 
0.001, ***: p < 0.0001 vs. single-compound treatment. 
† EC50 concentrations (nM) after triple-combination in a fixed ratio (2:2:1) 
↑ An increase in the EC50 of a compound in the mixture compared to the EC50 used alone. 
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Figure 35. Activity profile of the G2-STE16/G2-S24P/tenofovir combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-STE16/G2-S24P/TFV at 

the 2:2:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection vs. control of infection. Data represent the mean ± SD of 3 individual experiments 

performed in triplicate. ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 14. Computer-simulated combination index for a triple-combination therapy based on G2-STE16/G2-S24P/tenofovir in TZM.bl cells 

Triple Combination (Combination ratios) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-STE16 / G2-S24P / TFV (2:2:1) R5 
1.13 ± 0.34 † 
- 

0.54 ± 0.12  
+++ ‡ 

0.28 ± 0.09 
++++ 

0.19 ± 0.07 
++++ 

0.38 ± 0.09 
+++ 

 X4 
0.85 ± 0.33 
+ 

0.47 ± 0.18 
+++ 

0.30 ± 0.11 
++++ 

0.23 ± 0.09 
++++ 

0.36 ± 0.13 
+++ 

 X4/R5 
0.98 ± 0.67 
ad 

0.23 ± 0.11 
++++ 

0.10 ± 0.02 
+++++ 

0.08 ± 0.04 
+++++ 

0.20 ± 0.07 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/G2-S24P/TFV against 3 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 

A B C 
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Figure 36. Activity profile of the G2-STE16/G2-S16/tenofovir combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2STE16/G2-S16/TFV at the 

2:2:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection vs. control of infection. Data represent the mean ± SD of 3 individual experiments 

performed in triplicate. **: p < 0.001, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 15. Computer-simulated combination index for a triple-combination therapy based on G2-STE16/G2-S16/tenofovir in TZM.bl cells 

Triple Combination (Combination ratios) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-STE16 / G2-S16 / TFV (2:2:1) R5 
0.62 ± 0.07 † 
+++ ‡ 

0.41 ± 0.08 
+++ 

0.30 ± 0.14 
++++ 

0.26 ± 0.16 
++++ 

0.34 ± 0.12 
+++ 

 X4 
0.96 ± 0.45 
ad 

0.69 ± 0.24 
+++ 

0.53 ± 0.12 
+++ 

0.46 ± 0.08 
+++ 

0.58 ± 0.14 
+++ 

 X4/R5 
1.40 ± 0.05 
-- 

0.39 ± 0.05 
+++ 

0.13 ± 0.04 
++++ 

0.08 ± 0.04 
+++++ 

0.29 ± 0.04 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/G2-S16/TFV against 3 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 

A B C 
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Figure 37. Activity profile of the G2-S24P/G2-S16/tenofovir combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-S24P/G2-S16/TFV at the 

2:2:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection vs. control of infection. Data represent the mean ± SD of 3 individual experiments 

performed in triplicate. **: p < 0.001, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 16. Computer-simulated combination index for a triple-combination therapy based on G2-S24P/G2-S16/tenofovir in TZM.bl cells 

Triple Combination (Combination ratios) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-S24P / G2-S16 /TFV (2:2:1) R5 
0.96 ± 0.47 † 
ad 

0.62 ± 0.26 
+++ ‡ 

0.41 ± 0.17 
+++ 

0.33 ± 0.15 
+++ 

0.47 ± 0.18 
+++ 

 X4 
1.23 ± 0.55 
-- 

0.79 ± 0.33 
++ 

0.61 ± 0.24 
+++ 

0.53 ± 0.20 
+++ 

0.68 ± 0.27 
+++ 

 X4/R5 
0.94 ± 0.20 
ad 

0.49 ± 0.08 
+++ 

0.37 ± 0.14 
+++ 

0.34 ± 0.17 
+++ 

0.44 ± 0.12 
+++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-S24P/G2-S16/TFV against 3 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 

A B C 
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10.3 Triple-combination therapy based on two dendrimers and maraviroc 
against the HIV-1 infection 

We determined the anti-HIV-1 activity of G2-STE16/G2-S24P/MRV, G2-STE16/G2-

S16/MRV and G2-S24P/G2-S16/MRV combinations at the 10:10:1 fixed ratio against R5-

HIV-1NLAD8 and X4/R5-HIV-189.6 infections in TZM.bl cells with the main goal to broadly 

reduce the EC50 of MRV. The 10:10:1 fixed ratio was selected as the optimum ratio after a 

preliminary study of each combination using different ratios. Concentrations of compounds 

were selected considering the curve dose-response of each compound and lower doses 

compared to dual-combination therapies. The EC50 of MRV in TZM.bl cells has already been 

described in Section 9.3. 

With G2-TE16/G2-S24P/MRV, the EC50 for MRV decreased significantly by 11.3- and 

980-fold against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections compared to a single-MRV 

treatment (p < 0.0001). A significant reduction in the G2-STE16 concentration was also 

observed (EC50: 12.0-13.5 nM). A significant reduction in the EC50 for G2-S24P was 

observed against the X4/R5-HIV-189.6 infection (p < 0.0001), but a slight significant increase 

against the R5-HIV-1NLAD8 infection (p < 0.001) occurred (Table 17). The treatment with 0.5 

µM G2-STE16/0.5 µM G2-S24P/0.05 µM MRV resulted in 90% and 100% inhibition of R5-

HIV-1NLAD8 and X4/R5-HIV-189.6, respectively (Figure 38). CI determination showed 

strongly synergistic interactions at the calculated EC75, EC90 and EC95 inhibitory 

concentrations (CI: 0.05-0.24) (Table 18). 

In G2-STE16/G2-S16/MRV, a significant 13.1- and 890-fold decreased in EC50 values was 

observed for MRV against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections compared to a 

MRV treatment alone (p < 0.0001). The EC50 for G2-STE16 also dropped significantly 

against both HIV-1 isolates (EC50: 11.9-12.1 nM) compared to the single-dendrimer 

treatment. A significant reduction in the EC50 for G2-S16 against the X4/R5-HIV-189.6 

infection (p < 0.0001) was observed, but an important increase against the R5-HIV-1NLAD8 

infection (p < 0.05) occurred (Table 17). We reached around 100% inhibition of R5-HIV-

1NLAD8 and X4/R5-HIV-189.6 with 0.5 µM G2-STE16/0.5 µM G2-S16/0.05 µM MRV (Figure 

39). This combination also exhibited potent synergistic interactions at 75%, 90% and 95% 

inhibition (CI: 0.07-0.24) (Table 19). 

With G2-S24P/G2-S16/MRV, a significant 13.1- and approximately 2,000-fold decrease in 

the EC50 for MRV was observed against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections 

compared to MRV alone (p < 0.0001). The EC50 for G2-S24P and G2-S16 significantly 
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increased against the R5-HIV-1NLAD8 infection, but for G2-S16 dropped against the X4/R5-

HIV-189.6 infection compared to dendrimers used alone (Table 17). We obtained 95% and 

100% inhibition of R5-HIV-1NLAD8 and X4/R5-HIV-189.6, respectively, with 0.5 µM G2-

S24P/0.5 µM G2-S16/0.05 µM MRV (Figure 40). CI at the calculated EC75, EC90 and EC95 

concentrations varied between 0.12 and 0.47, resulting also in strong synergism (Table 20). 

The same kind of experiment was conducted with X4-HIV-1NL4.3 virions to confirm that 

MRV did not interfere in the antiviral activity of dendrimers. This fact was corroborated with 

EC50 identical values obtained in G2-STE16/G2-S24P/MRV and G2-STE16/G2-S16/MRV 

compared to dual-combination therapies based on G2-STE16/G2-S24P and G2-STE16/G2-

S16 (see Section 9.2; Table 6).  

In summary, the strongest synergistic interactions and the highest inhibition were observed 

with G2-STE16/G2-S16/MRV, which is also defined by the increase of its antiviral potency 

compared to each single-compound treatment. 

Table 17. 50% effective concentration (EC50) of each compound in a triple-combination therapy based on 

dendrimer/dendrimer/maraviroc in TZM.bl cells 

EC50 (nM) Inhibitor HIV-1 isolates 

    R5NLAD8 X4NL4.3 X4/R589.6 

EC50 individual 

combination † 
G2-STE16 / 13.5 ± 1.5 ***  10.7 ± 0.6*** 12.0 ± 2.2*** 

 G2-S24P / 16.7 ± 2.7** ↑ 9.5 ± 1.3** 11.2 ± 2.7*** 

 MRV 1.6 ± 0.1*** NA 1.0 ± 0.0*** 

 G2-STE16 / 11.9 ± 3.3*** 15.3 ± 3.2*** 12.1 ± 2.7** 

 G2-S16 16.1 ± 6.7* ↑ 11.6 ± 2.0 10.4 ± 1.3*** 

 MRV 1.4 ± 0.4*** NA 1.1 ± 0.2*** 

 G2-S24P / 17.3 ± 7.7* ↑ 16.6 ± 2.1 9.1 ± 2.1 

 G2-S16 16.3 ± 3.9** ↑ 10.3 ± 1.9 4.3 ± 1.5** 

 MRV 1.4 ± 0.6*** NA 0.6 ± 0.2*** 

Mean EC50 of triple-combination therapy with G2-STE16/G2-S24P/MRV, G2-STE16/G2-S16/MRV and G2-
S24P/G2-S16/MRV in a fixed ratio (10:10:1) in TZM.bl cells after infection with different HIV-1 isolates. Data 
represent the mean ± SD from 3 independent experiments performed in triplicate. *: p < 0.05, **: p < 0.001, ***: 
p < 0.0001 vs. single-compound treatment. NA = Not applicable. 
† EC50 concentrations (nM) after triple-combination in a fixed ratio (10:10:1). 
↑ An increase in the EC50 of a compound in the mixture compared to the EC50 used alone. 
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Figure 38. Activity profile of the G2-STE16/G2-S24P/maraviroc combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-STE16/G2-S24P/MRV at 

the 10:10:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection. Data represent the mean ± SD of 3 individual experiments performed in 

triplicate. **: p < 0.001, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 18. Computer-simulated combination index for a triple-combination therapy based on G2-STE16/G2-S24P/maraviroc in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-STE16 / G2-S24P / MRV (10:10:1) R5 
0.79 ± 0.04 † 
++ ‡ 

0.60 ± 0.12  
+++ 

0.48 ± 0.19 
+++ 

0.43 ± 0.22 
+++ 

0.52 ± 0.16 
+++ 

 X4/R5 
0.67 ± 0.02 
+++ 

0.24 ± 0.02 
++++ 

0.09 ± 0.01 
+++++ 

0.05 ± 0.01 
+++++ 

0.16 ± 0.01 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/G2-S24P/MRV against 2 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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Figure 39. Activity profile of the G2-STE16/G2-S16/maraviroc combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-STE16/G2-S16/MRV at 

the 10:10:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection. Data represent the mean ± SD of 3 individual experiments performed in 

triplicate. *: p < 0.05, **: p < 0.001, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 19. Computer-simulated combination index for a triple-combination therapy based on G2-STE16/G2-S16/maraviroc in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-STE16 / G2-S16 / MRV (10:10:1) R5 
0.88 ± 0.29 † 
+ ‡ 

0.41 ± 0.05   
+++ 

0.24 ± 0.12 
++++ 

0.18 ± 0.15 
++++ 

0.31 ± 0.08 
+++(+) 

 X4/R5 
0.58 ± 0.06 
+++ 

0.24 ± 0.03 
++++ 

0.11 ± 0.04 
++++(+) 

0.07 ± 0.03 
+++++ 

0.16 ± 0.02 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/G2-S16/MRV against 2 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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Figure 40. Activity profile of the G2-S24P/G2-S16/maraviroc combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-S24P /G2-S16/MRV at the 

10:10:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection. Data represent the mean ± SD of 3 individual experiments performed in triplicate. 

***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 20. Computer-simulated combination index for a triple-combination therapy based on G2-S24P/G2-S16/maraviroc in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-S24P / G2-S16 / MRV (10:10:1) R5 
0.84 ± 0.28 † 
++ ‡ 

0.47 ± 0.11  
+++ 

0.29 ± 0.05 
++++ 

0.22 ± 0.07 
++++ 

0.35 ± 0.07 
+++ 

 X4/R5 
0.38 ± 0.10 
+++ 

0.24 ± 0.01 
++++ 

0.16 ± 0.03 
++++ 

0.12 ± 0.04 
++++ 

0.18 ± 0.02 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-S24P/G2-S16/MRV against 2 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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10.4 Triple-combination therapy based on dendrimer, tenofovir and 
maraviroc against the HIV-1 infection 

We studied the process of blocking the HIV-1 infection acting in early steps of viral 

replication before the integration process. We showed the antiviral activity and the EC50 of 

G2-STE16/TFV/MRV, G2-S24P/TFV/MRV and G2-S16/TFV/MRV combinations at a fixed 

10:5:1 ratio against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections in TZM.bl cells. The 

10:5:1 fixed ratio was selected as the optimum ratio considering the established ratios in 

dendrimer/dendrimer/TFV and dendrimer/dendrimer/MRV combinations. Concentrations of 

each compound were selected considering the curve dose-response and lower doses compared 

to dual-combination therapies. 

For G2-STE16/TFV/MRV, a 22.9- and approximately 5,000-fold reduction of the EC50 for 

MRV was observed against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections (p < 0.0001) 

compared to the drug used alone. The EC50 for G2-STE16 significantly dropped against R5-

HIV-1NLAD8 and X4/R5-HIV-189.6 infections (EC50: 1.9-8.7 nM); and for TFV only against the 

X4/R5-HIV-189.6 infection (EC50: 0.7 nM; p < 0.0001) compared to compounds used alone 

(Table 21). We obtained over 95% inhibition of R5-HIV-1NLAD8 and X4/R5-HIV-189.6 with 

0.1 µM G2-STE16/0.05 µM TFV/0.01 µM MRV (Figure 41). CI displayed strongly 

synergistic interactions at the calculated EC75, EC90 and EC95 inhibitory concentrations (CI: 

0.03-0.46) (Table 22). 

In G2-S24P/TFV/MRV, the EC50 for MRV significantly decreased with 15.3- and 

approximately 2,000-fold against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections (p < 

0.0001) compared to MRV used alone. Significant reductions were also observed in the EC50 

for G2-S24P against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections (EC50: 6.0-9.3 nM; p < 

0.0001); and for TFV against the X4/R5-HIV-189.6 infection (EC50: 2.2 nM; p < 0.0001) 

compared to compounds used alone (Table 21). The treatment with 0.1 µM G2-S24P/0.05 

µM TFV/0.01 µM MRV resulted in 98% inhibition of R5-HIV-1NLAD8 and X4/R5-HIV-189.6 

(Figure 42). CI calculations displayed strong synergism at 75%, 90% and 95% inhibition (CI: 

0.08-0.57) (Table 23). 

With G2-S16/TFV/MRV, the EC50 for MRV decreased significantly with 22.9- and 

approximately 2,000-fold against R5-HIV-1NLAD8 and X4/R5-HIV-189.6 infections (p < 

0.0001). Significant reductions were also observed in the EC50 for G2-S16 against the X4/R5-

HIV-189.6 infection (EC50: 4.4 nM; p < 0.0001); and for TFV against the X4/R5-HIV-189.6 

infection (EC50: 2.3 nM; p < 0.05) compared to compounds used alone. A slight significant 



RESULTS	

 

107 |  
 

increase in the EC50 for G2-S16 was observed against the R5-HIV-1NLAD8 infection (EC50: 

10.7 nM; p < 0.0001) (Table 21). We obtained over 95% inhibition of R5-HIV-1NLAD8 and 

X4/R5-HIV-189.6 with 0.1 µM G2-S16/0.05 µM TFV/0.01 µM MRV (Figure 43). CI 

determination showed strong synergy at the calculated EC75, EC90 and EC95 concentrations 

(CI: 0.11-0.44) (Table 24). 

The same kind of experiment was repeated with the X4-HIV-1 isolate to confirm that 

MRV did not interfere in the antiviral activity of dendrimers and TFV. This fact was 

corroborated with EC50 identical values obtained in the G2-STE16/TFV/MRV combination 

compared to the dual-combination therapy based on G2-STE16/TFV (see Section 9.4; Table 

8).  

Overall, all combinations demonstrated to be highly effective against wild-type HIV-1 

isolates. Reductions in EC50 values represented an enhanced potency and the most potent 

synergistic effects for G2-STE16/TFV/MRV. 

Table 21. 50% effective concentration (EC50) of each compound in a triple-combination therapy based on 

dendrimer/tenofovir/maraviroc in TZM.bl cells 

EC50 (nM) Inhibitor HIV-1 isolates 

    R5NLAD8 X4NL4.3 X4/R589.6 

EC50 individual 

combination † 
G2-STE16 / 8.7 ± 5.3** 2.6 ± 2.0*** 1.9 ± 0.7*** 

 TFV / 3.6 ± 1.4 6.0 ± 1.8 0.7 ± 0.5*** 

 MRV 0.8 ± 0.3*** NA 0.2 ± 0.1*** 

 G2-S24P / 9.3 ± 0.8*** 15.3 ± 5.5 6.0 ± 0.6*** 

 TFV / 3.9 ± 0.4 6.9 ± 2.5 2.2 ± 0.2*** 

 MRV 1.2 ± 0.3*** NA 0.6 ± 0.2*** 

 G2-S16 / 10.7 ± 0.6*** ↑ 14.0 ± 1.1 4.4 ± 1.7*** 

 TFV 4.4 ± 1.1 7.0 ± 1.3 2.3 ± 0.9* 

 MRV 0.8 ± 0.2*** NA 0.5 ± 0.2*** 

Mean EC50 of triple-combination therapy with G2-STE16/TFV/MRV, G2-S24P/TFV/MRV and G2-
S16/TFV/MRV in a fixed ratio (10:5:1) in TZM.bl cells after infection with different HIV-1 isolates. Data 
represent the mean ± SD from 3 independent experiments performed in triplicate. *: p < 0.05, **: p < 0.001, ***: 
p < 0.0001 vs. single-compound treatment. NA = Not applicable. 
† EC50 concentrations (nM) after triple-combination in a fixed ratio (10:5:1). 
↑ An increase in the EC50 of a compound in the mixture compared to the EC50 used alone. 
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Figure 41. Activity profile of the G2-STE16/tenofovir/maraviroc combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-STE16/TFV/MRV at the 

10:5:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection. Data represent the mean ± SD of 3 individual experiments performed in triplicate. 

***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 22. Computer-simulated combination index for a triple-combination therapy based on G2-STE16/tenofovir/maraviroc in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-STE16 / TFV / MRV (10:5:1) R5 
0.77 ± 0.33 † 
++ ‡ 

0.46 ± 0.17 
+++ 

0.29 ± 0.07 
++++ 

0.22 ± 0.03 
++++ 

0.34 ± 0.10 
+++ 

 X4/R5 
0.22 ± 0.13 
++++ 

0.09 ± 0.04 
+++++ 

0.04 ± 0.03 
+++++ 

0.03 ± 0.02 
+++++ 

0.06 ± 0.03 
+++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-STE16/TFV/MRV against 2 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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Figure 42. Activity profile of the G2-S24P/tenofovir/maraviroc combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-S24P/TFV/MRV at the 

10:5:1 fixed ratio and then infected. Luciferase activity was measured 48 h post-infection. Data represent the mean ± SD of 3 individual experiments performed in triplicate. 

**: p < 0.001, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 23. Computer-simulated combination index for a triple-combination therapy based on G2-S24P/tenofovir/maraviroc in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt 
¥  

  50% 75% 90% 95%  

G2-S24P / TFV / MRV (10:5:1) R5 
0.94 ± 0.03 † 
ad 

0.57 ± 0.03  
+++ ‡ 

0.35 ± 0.02 
+++ 

0.25 ± 0.02 
++++ 

0.42 ± 0.02 
+++ 

 X4/R5 
0.74 ± 0.08 
++ 

0.29 ± 0.06 
++++ 

0.13 ± 0.05 
++++ 

0.08 ± 0.04 
+++++ 

0.20 ± 0.04 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-S24P/TFV/MRV against 2 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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Figure 43. Activity profile of the G2-S16/tenofovir/maraviroc combination in TZM.bl cells. TZM.bl cells were pre-treated in the presence of G2-S16/TFV/MRV at the 10:5:1 

fixed ratio and then infected. Luciferase activity was measured 48 h post-infection. Data represent the mean ± SD of 3 individual experiments performed in triplicate. *: p < 

0.05, ***: p < 0.0001 vs. control of infection. +++ = Combination of 3 compounds at previously fixed concentrations. 

Table 24. Computer-simulated combination index for a triple-combination therapy based on G2-S16/tenofovir/maraviroc in TZM.bl cells 

Triple Combination (Combination ratio) HIV-1 CI values at inhibition of: CIwt-values ¥  

  50% 75% 90% 95%  

G2-S16 / TFV / MRV (10:5:1) R5 
1.09 ± 0.13 † 
ad 

0.44 ± 0.05   
+++ ‡ 

0.19 ± 0.03 
++++ 

0.11 ± 0.02 
++++(+) 

0.30 ± 0.04 
++++ 

 X4/R5 
0.67 ± 0.26 
+++ 

0.28 ± 0.05 
++++ 

0.17 ± 0.03 
++++ 

0.13 ± 0.02 
++++ 

0.23 ± 0.04 
++++ 

Computer-simulated combination index (CI) at 50%, 75%, 90% and 95% inhibition levels for G2-S16/TFV/MRV against 2 HIV-1 isolates in TZM.bl cells. CI values 
represent the mean ± SD of 3 individual experiments performed in triplicate.  
† CI > 1.1 indicates antagonism (-); 1.1 > CI > 0.9 indicates additive effect (ad) and CI < 0.9 indicates a synergistic effect (Chou, 2006). 
‡ Synergy levels. CI: 0.9 > CI > 0.85: + (slight synergism); 0.85 > CI > 0.7: ++ (moderate synergism); 0.7 > CI > 0.3: +++ (synergism); 0.3 > CI > 0.1: ++++ (strong 
synergism); CI < 0.1; +++++ (very strong synergism).  
¥ The weighted average CI value was assigned as CIwt = [CI50 + 2CI75 + 3CI90 + 4CI95]/10. 
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10.5 Triple-combination therapies are biocompatible 

The biocompatibility of G2-STE16/G2-S24P/G2-S16, dendrimer/dendrimer/TFV (or 

MRV) and dendrimer/TFV/MRV combinations was evaluated in VK2/E6E7, PBMC and 

TZM.bl at the studied highest range of concentrations (Figure 44). In all combinations, 

viability cells were always > 80% 48 h post-treatment. In each infection experiment, MTS 

assay was also performed to avoid false positives due to cell death by apoptosis or 

superinfection. For the infection control, cell viability was always > 80%. 

Figure 44. Cytotoxicity associated to triple-combination therapies in VK2/E6E7, PBMC and TZM.bl cells at 48 

h post-loading. Cells were loaded with the highest range of concentrations of G2-STE16/G2-S24P/G2-S16, 

dendrimer/dendrimer/TFV (or MRV) and dendrimer/TFV/MRV combinations or controls. The percent of cell 

viability was calculated as optical density of treated condition/ untreated control (NT) x 100. Data represent the 

mean ± SD of 1 experiment performed in triplicate. Abbreviations: DMSO = Dimethyl sulfoxide; MRV = 

Maraviroc; TFV = Tenofovir. 

10.6 The anti-HIV-1 activity of triple-combination therapies is maintained 
in the presence of acidic pH and seminal plasma 

Due to during the heterosexual transmission, the acidic vaginal pH is neutralized by basic 

semen and seminal fluid can interact with organic compounds in the ejaculation (see Section 

9.8), we studied the pH effect in the antiviral capacity of G2-STE16/G2-S24P/G2-S16 (0.05 

µM/0.05 µM/0.05 µM), G2-STE16/G2-S24P/TFV (0.1 µM/0.1 µM/0.05 µM), G2-STE16/G2-
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S16/MRV (0.5 µM/0.5 µM/0.05 µM) and G2-S16/TFV/MRV (0.1 µM/0.05 µM/0.01 µM) 

against R5-HIV-1NLAD8, X4-HIV-1NL4.3 or X4/R5-HIV-189.6 infections in TZM.bl cells. We 

used following as controls and values: seminal plasma (SP1: 8.0 and SP2: 8.5), acidic pH (3.0-

5.5) and physiological pH (PBS: 7.4). We selected G2-STE16/G2-S24P/TFV and G2-

STE16/G2-S16/MRV because they were the most strength combinations within their groups; 

and the G2-S16/TFV/MRV combination because we evaluate the effect in the presence of 

G2-S16, the dendrimer widely studied in this Thesis. Our results showed that 4 groups of 

combinations were stable over a broad pH range and seminal fluid, maintaining the anti-HIV-

1 activity against various HIV-1 isolates at 48 h post-infection (Figure 45). 

Figure 45. pH effect on the antiviral activity of t triple-combination therapies in TZM.bl cells. TZM.bl cells 

were infected with R5-HIV-1NLAD8 in the presence of G2-STE16/G2-S24P/G2-S16 (0.05 µM/0.05 µM/0.05 µM) 

or G2-STE16/G2-S16/MRV (0.5 µM/0.5 µM/0.05 µM); X4-HIVNL4.3 in the presence of G2-STE16/G2-S16/TFV 

(0.1 µM/0.1 µM/0.05 µM); or X4/R5-HIV89.6 in the presence of G2-S16/TFV/MRV (0.1 µM/0.05 µM/0.01 µM). 

Luciferase activity was measured to 48 h post-infection vs. untreated control. Physiological pH (PBS: 7.4) was 

used as a control. Data represent the mean ± SD of 2 individual experiments performed in triplicate. **: p < 

0.001, ***: p < 0.0001 vs. control of infection. Abbreviations: MRV = Maraviroc; PBS = Phosphate-buffered 

saline; SP = Seminal plasma; TFV = Tenofovir. 

10.7 Tripe-combination therapies do not show vaginal irritation in BALB/c 
mice 

To assess whether the topical administration of G2-STE16/G2-S16/MRV or G2-

S16/TFV/MRV could cause vaginal irritation over the time, experiments at concentrations 

400- to 4,500-fold higher than anti-HIV-1 EC50 values in vitro with female BALB/c mice 

were performed after daily treatment for 7 days. These working concentrations were selected 

considering previous studies to extrapolate in vitro-in vivo assays (D'Cruz et al., 2004). 
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Figure 46. Effects of different triple-combination therapies on the vaginal mucosa in BALB/c mice model. Mice 

were inoculated for 7 days of daily treatment with 40 µL of (A) 10 µM G2-STE16, (B) 20 µM G2-S16, (C) 1 

µM TFV, (D) 2 µM MRV, (E) G2-STE16/G2-S16/MRV (10 µM/10 µM/2 µM) or (F) G2-S16/TFV/MRV (20 

µM/1 µM/1 µM). The vaginal tract was harvested from mice at 7 days post-application. Formalin-fixed, 

paraffin-embedded tissue sections were stained with hematoxylin-eosin for evidence of morphological damage 

or inflammation. Photographs are representative of all treated mice (n = 2 or 3/group). Original magnification 

100X. Abbreviations: HEC = Hydroxyethyl cellulose; MRV = Maraviroc; TFV = Tenofovir. 

Table 25. Histopathological examination of vaginal tissues after 7 days of daily intravaginal application of 

triple-combination therapies 

Treatment 
Epithelial cell 
disruption † 

Leukocyte 
infiltration † 

Edema † 
Vascular 
congestion † 

Total 
score ‡  

Vehicle 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

G2-STE16 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

G2-S16 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

TFV 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

MRV 0.5 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.4 

G2-STE16 / 
G2-S16 / MRV 

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

G2-S16 / TFV / 
MRV 

0.7 ± 0.6 0.3 ± 0.6 0.7 ± 1.2 0.0 ± 0.0 1.7 ± 1.2 

* Slides were prepared from vaginal tissues treated with 2.0% HEC gel with 10 µM G2-STE16, 20 µM G2-S16, 
1 µM TFV, 2 µM MRV, G2-STE16/G2-S16/MRV (10 µM/10 µM/2 µM) or G2-S16/TFV/MRV (20 µM/1 µM/1 
µM). Administration of 2.0% HEC gel alone was used as a control. Hematoxylin-eosin staining was used for all 
slides. Images are shown at a magnification of 100X. Data were calculated as the mean ± SD of scores estimated 
at vaginas of 2 (individual controls) or 3 mice (combinations) in each group. Abbreviations: HEC = 
Hydroxyethyl cellulose; MRV = Maraviroc; TFV = Tenofovir. 
† Individual score: 0 = absence, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe irritation.  
‡The cumulative score for epithelial disruption, submucosal leukocyte infiltration, edema and vascular 
congestion were correlated to human vaginal irritation potential as follows: vaginal irritation index ≤8: 
Acceptable; 9-10: Borderline; ≥11: Unacceptable. 

A 

D 

B 

E 

C 

F 
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Mice were pre-treated daily for 7 days with 10 µM G2-STE16/10 µM G2-S16/2 µM MRV, 

20 µM G2-S16/1 µM TFV/1 µM MRV or controls 1 µM TFV, 2 µM MRV, 20 µM G2-S16, 

10 µM G2-STE16 or 2.0% HEC vehicle used alone as untreated control. After vaginal 

application, irritation and other lesion parameters were studied by histology (Figure 46). We 

selected the G2-STE16/G2-S16/MRV combination because it was the most strength 

combination within its group; and the G2-S16/TFV/MRV combination because we evaluated 

the effect in the presence of G2-S16, the dendrimer widely studied in this Thesis. No 

histological lesions were observed in the vaginal epithelium in G2-STE16-, G2-S16-, TFV- or 

G2-STE16/G2-S16/TFV-treated mice after daily treatment for 7 days. A minimum vaginal 

epithelial hyperplasia and infiltration of leukocytes were observed in G2-S16/TFV/MRV-

treated mice (Table 25). We concluded that both combinations did not induce vaginal 

irritation or inflammation after daily treatment for 7 days and they would be well tolerated for 

topical application. 

 

11. SCREENING AND IDENTIFICACION OF NOVEL ANTI-HCV COMPOUNDS 

The HCV infection is a major biomedical problem worldwide. New DAA have been 

successfully developed for the treatment of the chronic HCV infection focusing on 2 essential 

viral proteins for the viral replication, the NS3/NS4A serine protease and the NS5B RNA-

dependent polymerase. However, due to the high heterogeneity and mutation rate of the virus, 

the potential emergence of drug-resistant mutations during treatment and the difficulties to 

implement their administration makes of the development of novel agents an urgent need. An 

alternative and complementary strategy consists of using HTA targeting host and/or viral 

factors that are required for the HCV entry, which may be less prone to resistance. Therefore, 

HTA can be used in combination with DAA. In this respect, nanotechnology and dendrimers 

represent such an approach. PCD contain negatively charged groups at their periphery that 

can potentially bind to their target in a multivalent manner and overcome weak monovalent 

interactions, providing a strategy for the development of viral entry inhibitors. 

In previous studies and in this Thesis, we demonstrated that PCD efficiently inhibit the 

HIV infection and prevent the virus entry into target cells. Although entry receptors for HCV 

and HIV are totally different and basing on the structure of viruses, we thought that PCD can 

exert a dual antiviral effect. 
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11.1 Identification of polyanionic carbosilane dendrimers as anti-HCV 
agents 

We interrogated a small collection of 32 nanocompounds in order to identify potential anti-

HCV compounds using an unbiased, cell-based screening assay. Nanocompounds include 13 

stable PCD, 6 polyanionic bow-tie carbosilane dendrimers, 5 polyanionic carbosilane 

dendrons, 6 gold nanoparticles functionalized with polyanionic carbosilane dendrons and 2 

instable polycationic carbosilane dendrimers. Primary screening at 5-25 µM (depending on 

the compound) determined that 21 compounds were highly active and non-toxic and that 2 

compounds were discarded for further studies due to a significant cytotoxicity. Given the 

number of primary hits, we set out to counter-screen these candidates and to prioritize them 

by calculating their potency (EC50) and toxicity (CC50) indexes. From the initial collection, 

we selected 7 dendrimers with the lowest EC50 values and highest selectivity indexes (SI). 

Selected dendrimers displayed remarkable antiviral activity (EC50 < 300 nM; Table 26) with 

virtually no cytotoxicity associated, as toxicity started appearing at significantly higher 

concentrations (Table 26). While all selected nanocompounds displayed antiviral activity, one 

of them, G2-S24P, stands out for its antiviral activity (EC50: 3.0 nM) and virtual lack of 

toxicity (CC50: 206 µM; SI: 68,667; Table 26). In the list of compounds selected for further 

analyses, we also included G2-S16, as it has previously been characterized to have anti-HIV 

activity. All selected compounds display a polyphenolic core (except G2-CTE16, G2-STE16 

and G2-S16, with silicon atom core) and a net negative charge, but they differ in the number 

of generations as well as in the functional group (sulfonate or carboxilate) at the surface. 

Due to similar PCD have been shown to inhibit HIV infection in cell culture and in mouse 

models, the anti-HIV-1 activity of selected dendrimers were compared to their anti-HCV 

activity in order to determine the specificity of the inhibition. All selected PCD displayed 

high antiviral activity against the HIV-1 infection, indicating that they are not specific for 

HCV. Interestingly, while G3-STE24P and G3-CTE24P display comparable potency indexes 

(EC50) against 2 viruses, G2-STE16, G2-CTE16 and G2-S16 displayed significantly higher 

(10-fold) potency against HIV-1 than against HCV. Conversely, G2-S24P and G2-C24P are 

substantially more potent (10-fold) against the HCV infection than against HIV-1. These 

results indicate that while PCD displayed non-specific antiviral activity, there are important 

structural features that determine their differential potency in different infection models, as for 

example the presence of polyphenolic core in PCD promotes better anti-HCV activity and the 

presence of silicon atom core in PCD promotes better anti-HIV-1 activity. 
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Table 26. Polyanionic carbosilane dendrimers selected in a screening using a cell-based ELISA-colorimetric 

readout for evaluating the inhibition of the HCV infection 

Dendrimer EC50, nM EC90, nM CC50, µM SI 

G2-S24P 3.0 ± 0.4 33.3 ± 5.8 206 ± 26 68,667 

G2-C24P 186.0 ± 70.9 1,500 ± 500.0 250 ± 30 1,344 

G2-STE16 283.3 ± 216.7 1,130 ± 216.7 16 ± 8 56 

G2-CTE16 230.6 ± 139.7 4,112 ± 139.7 25 ± 8 108 

G3-STE24P 33.9 ± 5.8 766  ± 404.1 20 ± 3 590 

G3-CTE24P 23.4 ± 7.6 2,333  ± 1154.7 32 ± 3 1,368 

G2-S16 270.9 ± 99.0 2,500 ± 707.1 200 ± 10 738 

* Potency (EC50, EC90) and cytotoxicity (CC50) represent the mean ± SD of 3 o 4 individual experiments. 
Abbreviations: CC50 = The cytotoxic concentration of dendrimers that caused the reduction of viable cells by 
50%; EC50 = The concentration of dendrimers that resulted in 50% inhibition in the HCV infection; EC90 = The 
concentration of dendrimers that resulted in 90% inhibition in the HCV infection; SI = Selectivity index is 
calculated as the ratio CC50/EC50. 
 

11.2 Time-of-addition assays suggest an antiviral role of polyanionic 
carbosilane dendrimers in early aspects of the HCV infection 

In order to initiate the characterization of selected antiviral PCD, we set out to determine 

the optimal time-of-addition in a single cycle infection model. To facilitate this process, we 

used a surrogate model of infection based on trans-encapsidated spread-deficient, bona fide 

HCV virions capable of a single round of infection (HCVTCP). Infection efficiency can be 

measured by determination of the luciferase activity present in cell extracts as reporter gene 

expression is dependent on the efficient HCV entry, genome translation and HCV RNA 

replication. It has been determined that a minimum of 5 h are required for HCV virions to 

enter target cells (Zhong et al., 2005).  

Before determining whether PCD inhibited entry or post-entry steps, we performed an 

experiment where HCVTCP were mixed with compounds and cells were inoculated with the 

mixture that remained until the end of the experiment (48 h, all time). This is an experiment to 

confirm data obtained in the cell-based screening assay and to select compounds for further 

analysis. G2-STE16 and G2-CTE16 were discarded for having the lowest anti-HCV activities 

and subsequent the lowest SI values (see Table 26). We maintained G2-S16 as control for 

additional analysis and future comparisons with HIV-1 (Figure 47).  
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Figure 47. Anti-HCV activity of selected polyanionic 

carbosilane dendrimers against HCVTCP. Huh 7 cells 

were inoculated with HCVTCP, dendrimers (5 µM), 

SOF (5 µM) and Hydro (5 µM) and luciferase activity 

was measured 48 h post-treatment. Data represent the 

mean ± SD of 2 individual experiments performed in 

triplicate. **: p < 0.01 vs. untreated control (NT).  

Abbreviations: Hydro = Hydroxizine; SOF = 

Sofosbuvir. 

 

Figure 48. Time-of-addition of selected polyanionic carbosilane dendrimers against HCVTCP. For pre-treatment 

experiments, Huh 7 cells were pre-treated with dendrimers (5 µM), SOF (5 µM) and Hydro (5 µM) at 37 ºC for 1 

h and 2 h. Cells were then infected at 37 ºC for 5 h, washed and incubated in fresh medium with no further 

additions (-2/0 h). For early aspects assays, Huh 7 cells were treated with a mixture of dendrimers or controls 

and HCVTCP for 5 h and then washed. For late aspects assays, infected-Huh 7 cells were washed at 5 h post-

infection to remove free-virus and treated with dendrimers or controls. The luciferase activity was measured 48 h 

post-treatment. Data represent the mean ± SD of 2 individual experiments performed in triplicate. *: p < 0.05, 

**: p < 0.01 vs. untreated control (NT). Abbreviations: Hydro = Hydroxizine; SOF = Sofosbuvir. 

In order to determine whether PCD inhibited entry or post-entry steps, we performed 

infections in the presence or in the absence of PCD for 5 h, respectively. Huh 7 cells were 

inoculated with HCVTCP in the presence of inhibitors for 5 h, time after which HCVTCP were 

removed and dendrimers were added until the end of the experiment (early aspects). In 

addition, wells were inoculated with HCVTCP in the absence of inhibitors for 5 h, time after 

which HCVTCP were removed and compounds were added until the end of the experiment 

(late aspects). Finally, we pre-treated cells for 1 h or 2 h before removing the excess 

dendrimer and inoculating with HCVTCP (pre-entry).  
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Figure 48 shows how either pre-treatment of cells for 2 h (Figure 48,-2/0) or addition of 

PCD 5 h after the infection (Figure 48, 5/48) had no impact on HCVTCP infection efficiency. 

In contrast, addition of PCD for 5 h during early phases of the HCV infection was sufficient 

to inhibit the infection to a similar extent as if compounds were present at all time (see Figure 

47). These results suggest that neither the pre-treatment of cells before infection nor treatment 

of cells with PCD 5 h post-infection is effective. The fact that the pre-treatment of cells with 

PCD did not result in inhibition of the infection suggest that these compounds did not 

irreversibly target cells and that it is likely that either incoming virions or key virion-cell 

interactions are targeted by this class of compounds. Due to addition of compounds during the 

first 5 h of infection was sufficient to obtain maximum inhibition, it is reasonable to speculate 

that PCD targeted early aspects of the HCV infection; likely viral entry and that processes 

taking place downstream, such as translation and HCV RNA replication were spared. 

11.3 Polyanionic carbosilane dendrimers display antiviral activity against 
HCVpp from different genotypes 

Time-of-addition studies indicated that the HCV entry was likely targeted by PCD. In 

order to study this process independently of other aspects of the infection, we used HCV-

pseudotyped retroviral vectors (HCVpp), a model that recapitulates early events of viral 

infection mediated by the envelope glycoproteins E1/E2. This model has been proven to 

effectively recapitulate target cell binding, receptor recognition and virion endocytosis. We 

prepared HCVpp from the major HCV genotypes (1a, 1b, 2a, 3a and 4a) (Figure 49) as well as 

retroviral particles pseudotyped with the envelope glycoprotein of VSV (VSVpp) and RD114 

(RD114pp) (Figure 50) to be used to assess the selectivity of inhibitors. Forty-eight hours 

post-infection, infection efficiency was assessed by measuring retrovirus-dependent luciferase 

expression.  

All pseudotyped retroviral vectors were inhibited by PCD at the tested dose (5 µM), 

although the magnitude of VSVpp infection inhibition is markedly lower. Interestingly 

enough, we observed a remarkable inhibition of all HCVpp in the presence of G2-S24P 

compared to the rest of PCD. 



RESULTS	

119 |  
 

Figure 49. Inhibition of HCVpp from different genotypes by polyanionic carbosilane dendrimers. Huh 7 cells 

were infected with pseudotyped retroviruses bearing envelope E1/E2 from different genotypes in the presence of 

dendrimers (5 µM). The luciferase activity was measured 48 h post-treatment. Data represent the mean ± SD of 2 

individual experiments performed in triplicate vs. untreated control (NT).  

 

Figure 50. Inhibition of the HCV entry and other pseudovirus by polyanionic carbosilane dendrimers. Huh 7 

cells were infected with pseudotyped retroviruses bearing envelope E1/E2 from HCV genotype 2a (JFH-1), 

retrovirus bearing glycoproteins from vesicular stomatitis virus (VSVpp) or feline retrovirus (RD114pp) in the 

presence of dendrimers (5 µM), SOF (5 µM) or Hydro (5 µM). The luciferase activity was measured 48 h post-

treatment. Data represent the mean ± SD of 2 individual experiments performed in triplicate. *: p < 0.05, **: p < 

0.01 vs. untreated control (NT). Abbreviations: Hydro = Hydroxizine; SOF = Sofosbuvir. 

Subsequently, we tested dilutions (5 to 0.1 µM) of different PCD in order to determine 

whether differential inhibition can be observed at lower concentrations (Figure 51). All PCD 

displayed antiviral activity against 3 different pseudotypes at the tested concentrations, with 

the exception of G2-C24P that displayed antiviral activity against HCVpp and partial 

inhibition against RD114pp at doses (2.5, 0.5 and 0.1 µM) at which the VSVpp infection was 
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not inhibited by this compound. These results reinforced the notion that compounds were not 

specific for the HCVpp infection and that compounds can be targeting retroviral components 

that are common to all the tested pseudotypes. Despite this lack of specificity, the magnitude 

with which compounds inhibited the infection of different pseudotypes differs significantly. 

For instance, the magnitude of inhibition by G2-C24P is in average 2-3 fold higher for HCVpp 

than for RD114pp or VSVpp, while G2-S24P inhibition of the HCVpp infection is 10-15 folds 

higher than that of other pseudotyped vectors, indicating that the route of entry or its kinetics 

can influence the effectiveness of compounds. 

 

Figure 51. Inhibition of the HCV entry and other pseudovirus by polyanionic carbosilane dendrimers. Huh 7 

cells were infected with pseudotyped retroviruses bearing envelope E1/E2 from HCV genotype 2a (JFH-1), 

retrovirus bearing glycoproteins from vesicular stomatitis virus (VSVpp) or feline retrovirus (RD114pp) in the 

presence of dendrimers (0.1-5 µM). The luciferase activity was measured 48 h post-treatment. Data represent the 

mean ± SD of 2 individual experiments performed in triplicate vs. untreated control (NT). 

11.4 Polyanionic carbosilane dendrimers display antiviral activity against 
bona fide virions from different genotypes 

Due to the specificity of the HCVpp assay appears to be low, we used bona fide HCV 

virions from G1a (TNcc) and G2a (JFH-1) to inoculate Huh 7 cells in the presence of selected 

PCD in order to verify that the antiviral activity of these compounds is not restricted to G2a 

JFH-1 strain. Relative infection efficiency was determined by determining the relative 

infectivity titer in the presence and absence of compounds using immunofluorescence 

microscopy. The Figure 52 showed that there was a comparable and statistically significant 
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reduction in the infection efficiency by HCV virus from G1a and G2a, reinforcing the notion 

that antiviral activity was not limited to the reference strain JFH-1. 

Figure 52. Inhibition of the HCV infection from 

genotypes 1a and 2a by polyanionic carbosilane 

dendrimers. Huh 7 cells were infected with infectious 

HCV virions from genotype 2a (JFH-1) or 1a (TNcc) 

in the presence of dendrimers (5 µM). Infectivity titer 

was determined by indirect immunofluorescence and 

infection foci counting.  Data represent the mean ± SD 

of 2 individual experiments performed in triplicate **: 

p < 0.01 vs. untreated control (NT). 

11.5 Polyanionic carbosilane dendrimers inhibit HCV attachment and post-
attachment events 

In order to determine whether PCD target adsorption or internalization of virions into 

target cells, we inoculated Huh 7cells with D183v virus, in the presence of 5 µM of different 

compounds at 4 °C (adsorption) or at 37 °C (post-adsorption). The relative infection 

efficiency was determined by immunofluorescence microscopy and infection foci counting.  

 

Figure 53. Effect of polyanionic carbosilane dendrimers on the HCV attachment and entry into hepatocyte cells. 

The HCV adsorption and post-adsorption measured on Huh 7 cells for genotype 2a HCV (JFH-1) before 

treatment of cells with dendrimers (5 µM) or Hydro (5 µM) for 1 h. After infection for 5 h at 4°C (binding; 

adsorption) or at 37°C (internalization; post-adsorption), cells were extensively washed (with glycine-acid 

washing for internalization assay). Infectivity titer was determined by indirect immunofluorescence and infection 

foci counting. Data represent the mean ± SD of 3 independent experiments performed in duplicate. **: p < 0.01 

vs. untreated control (NT). Abbreviations: Hydro = Hydroxizine. 
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A significant decrease in the HCV adsorption was observed for G2-S24P, G3-STE24P and 

G3-CTE24P (~75-88%; p < 0.01) at a higher level compared to Hydro. G2-S24P also 

significantly inhibited the HCV entry inside cells (23%; p < 0.01) compared to the rate of 

entry observed for HCV-infected untreated cells. Treatment with G2-S16 significantly 

decreased the capacity of HCV virions to bind to target cells by 35% (p < 0.01). This pattern 

was similar to that observed for G2-C24P and G3-STE24P, but the reduction was not 

significant (Figure 53). 

11.6 Polyanionic carbosilane dendrimers do not irreversibly alter the HCV 
virion infectivity 

Due to time-of-addition assays indicated that pre-treatment did not prevent the HCVTCP 

infection, it is reasonable to propose that the antiviral activity of dendrimers were not acting 

on target cells but can be targeting directly the incoming virions before even they bind to 

target cells. To address this issue, PCD (5 µM) were incubated with D183v virus overnight at 

37 oC. The day after, virions were purified from PCD and remaining infectivity was tested by 

endpoint dilution and immnunofluorescence microscopy. None of PCD, with the exception of 

G2-S24P and G3-STE24P, irreversibly interfered with the infectivity of viruses as shown by 

comparable infectivity titers despite long exposure to the antiviral PCD at 37 ºC. As expected, 

recovered viral RNA levels are comparable in all cases, except for the case of G2-S24P (99%) 

and G3-STE24P (~90%). The recovered RNA for G2-S24P was reduced to levels comparable 

with those obtained with the positive lysis control (Figure 54). These results indicated that 

G2-S24P irreversibly disrupted the viral infectivity and probably also virion integrity. 

Nevertheless, the rest of the PCD did not alter the virion infectivity, indicating that either they 

did not target the virion or that their action on the virion was reversible by dilution. 

Figure 54. Effect of polyanionic carbosilane 

dendrimers on the HCV infectivity. Dendrimers (5 

µM) and 0.1% NP-40 were incubated with HCV D183 

at 37 ºC overnight. The day after, virions were 

purified and remaining infectivity was tested by 

endpoint dilution and immunofluorescence 

microscopy. Data represent the mean ± SD of 2 

independent experiments performed in triplicate vs. 

untreated control (NT). Abbreviations: NP-40 = 

Tergitol-type NP-40. 
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11.7 Polyanionic carbosilane dendrimer G2-S24P is virucidal 

The data shown in the Figure 54 suggested that G2-S24P is virucidal for HCV. In order to 

further address this issue we tested the virucidal activity of 3 independent dendrimer batches 

in order to discard the potential contamination of a given preparation with unexpected 

contaminants that may account for the virucidal activity. In parallel we used, in addition of a 

solvent control, G2-C24P as a control of the specificity assay, as this dendrimer is very 

similar structurally to G2-S24P with the only difference of the functional group at the surface. 

Interestingly, we could reproduce systematically throughout the different batches the antiviral 

activity of G2-S24P but not that of G2-C24P at 2.5 µM, as the detected viral RNA levels after 

incubation were strongly reduced to levels comparable to those found in the positive lysis 

control. Interestingly, virucidal activity was not observed at 50 nM, a concentration that is 

approximately 2-fold its EC90, suggesting that virucidal activity was not the primary mode of 

action of G2-S24P, similarly to the rest of selected PCD and that this activity was only 

observed at higher concentrations (Figure 55).  

Figure 55. Effect of G2-S24P and G2-CP24 on the 

HCV infectivity. Dendrimers of 3 independent batches 

(5 µM) and 0.1% NP-40 were incubated with HCV 

D183 at 37 ºC overnight. The day after, virions were 

purified and remaining infectivity was tested by 

endpoint dilution and immunofluorescence 

microscopy. Data represent the mean ± SD of 2 

independent experiments performed in triplicate. *: p 

< 0.05 vs. NP-40. Abbreviations: NP-40 = Tergitol-

type NP-40; NT = Untreated control. 

The virucidal activity was verified on virions from different HCV genotypes such as G1a 

(H77) or G1b (Con1) indicating that the antiviral activity was not restricted to G2a virions 

(Figure 56).   

Since the specificity of the antiviral activity of the PCD appears to be reduced, we sought 

to determine whether G2-S24P is antiviral activity against another clinically relevant virus 

like HIV. In order to test this, R5-HIV-1 virions were exposed to different concentrations of 

G2-S24P using G2-C24P and 0.1% NP-40 as negative and positive controls of lysis, in 

addition to the solvent control. After 6 h incubation, R5-HIV-1 virions were purified and their 

infectivity was tested. Similarly to HCV, the HIV-1 infectivity was sensitive to exposure to 

detergents, as shown by the reduction in the infectivity observed after exposure to NP-40. We 
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compared to G2-S16, a previously characterized HIV-1 virucidal PCD and confirmed its 

ability to reversibly reduce the HIV-1 infectivity in contact with cells, but not the HIV RNA 

(see Section 8.6 and Figure 23). Similarly, G2-S24P reduced the HIV-1 infectivity in contact 

with cells comparably to G2-S16 and NP-40, but not the HIV RNA, indicating that it is 

partially virucidal for HIV-1. On the other hand, G2-C24P did not significantly reduce the 

HIV-1 infectivity and HIV RNA in this assay. These PCD did not seem to destabilize the 

HIV-1 capsid as treatment of virions with G2-S24P, G2-C24P or G2-S16 did not result in the 

loss of viral RNA, in contrast of what it was observed with NP-40 (Figure 57). These results 

indicate that G2-S24P reversibly targeted HIV-1 virions, in contrast to what has been 

observed for HCV, although without completely destabilizing the viral capsid. 

Figure 56. Effect of polyanionic carbosilane 

dendrimers on the HCV infectivity against 

different genotypes. Dendrimers (5 µM) were 

incubated with HCV genotype 1a (H77), 1b 

(Con1) or 2a as control (JFH-1) at 37 ºC 

overnight. The day after, virions were 

purified and remaining infectivity was tested 

by immunofluorescence microscopy. Data 

represent the mean ± SD of 2 independent 

experiments performed in triplicate vs. 

untreated control (NT).  

 

Figure 57. Virucidal activity in presence of 

G2-S24P and G2-C24P against HIV-1 

virions. Virucidal activity of G2-S24P (5 

µM) and G2-C24P (5 µM) measured as HIV-

1 RNA copies/mL after 6 h contact with 

purified R5-HIV-1NLAD8 virions. The dotted 

line represents the limit of rtPCR detection. 

Data represent the mean of 1 experiment vs. 

untreated control (NT). 
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12. ANTI-HIV-1 OF G2-S16 IN H-BLT MICE AND G2-S16 MODE OF ACTION 

AIDS is caused by HIV-1 and poses a major threat to human health. Despite continuing 

advances in the treatment and prevention of HIV-1, the HIV-1/AIDS pandemic currently 

represents an important and unsolved problem for most developed and developing countries. 

Developing countries have experienced the greatest HIV/AIDS morbidity and mortality, with 

the highest prevalence rates recorded in young adults in sub-Saharan Africa. Although ARV 

treatment has reduced the toll of AIDS-related deaths, access to therapy is not universal and 

the prospects of curative treatments and an effective vaccine are uncertain. The absence of a 

feasible vaccine and the lack of effective therapies for HIV-1 emphasize the need for seeking 

out new approaches for HIV-1/AIDS treatment and prevention. The heterosexual contact is 

the primary route of HIV-1 transmission. The vulnerability of women to the HIV-1 infection 

has increased due to cultural/social aspects (religion or polygamy), which do not provide 

women power to negotiate the use of a condom, discuss fidelity with their partners or leave 

risky relationships. In this respect, the development of an effective vaginally applied anti-

HIV-1 microbicide would aid in preventing sexual transmission diseases (STD), including 

HIV-1/AIDS epidemic. 

In order to identify alternative microbicides that provide significant advantages compared 

to existing therapies, different mechanisms for inhibiting the HIV-1 lifecycle before the 

integration process should be considered, such as HIV-1/drug interactions or the process of 

the receptor-mediated viral entry into host cells. In the last years, efforts have been made to 

improve the pre-exposure prophylaxis against the HIV-1 infection and overcome limitations 

of ARV with the help of nanotechnology (Ensign et al., 2014; Kumar et al., 2015; Lenjisa et 

al., 2014; Sanchez-Rodriguez et al., 2015).  

Several polyanionic compounds, such as sulfated-, carboxilated- or sulfonated-polymers 

have been identified as HIV entry inhibitors (Huskens et al., 2009; Scordi-Bello et al., 2005). 

A G4 PLL-based dendrimer with 32 napthylsulfonate groups at the periphery (SPL7013; Mw: 

16,582 g/mol) provided in vitro antiviral activity against HIV-1/HSV-2, although with a low 

activity against R5-HIV-1 isolates (Telwatte et al., 2011). SPL7013 failed to demonstrate 

efficacy in reducing the HIV-1 acquisition in clinical trials (Moscicki et al., 2012). However, 

new water-soluble dendrimers with a carbosilane structure have shown better potential 

activity against several HIV-1 isolates (Garcia-Gallego et al., 2015; Sánchez-Rodríguez et al., 

2015; Vacas Cordoba et al., 2013). G2-S16 is a non-specific dendrimer proved to be an 
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antiviral agent against HIV-1, HIV-2 and HSV-2 infections (Briz et al., 2015; Chonco et al., 

2012; Sepulveda-Crespo et al., 2015). These studies suggested that G2-S16 exerts an anti-

HIV activity at an early stage of the HIV replication, most likely as a virucidal agent and/or 

entry inhibitor. However, the antiviral activity of G2-S16 in h-BLT mice and its mode of 

action were still unknown. In this Thesis, we evaluated the anti-HIV-1 of G2-S16 in an h-

BLT mouse model and its mode of antiviral action through a panel of diverse in vitro antiviral 

assays. 

The safety profile of a microbicide candidate should preserve its activity against the HIV-1 

infection and other STD and be carefully evaluated before moving the candidate into clinical 

trials. The disruption of the integrity of mucosal epithelial surface and the mucosal topical 

inflammation reduce cells defense capabilities, enabling the HIV-1 spread across the mucosal 

surface to initiate the infection (Micsenyi et al., 2013). The HIV-1 infection in the female 

reproductive tract involves 3 major events: i) the entry through the mucosal epithelium, ii) the 

productive infection in subepithelial mononuclear cells and iii) the delivery to lymph nodes to 

initiate the systemic infection (Shen et al., 2014). Certain entry inhibitors, such as cellulose 

sulfate, carraguard or PRO2000 have showed an increased risk of HIV-1 acquisition due to 

the destruction of the epithelial barrier (McCormack et al., 2010; Pirrone et al., 2012). 

Previous studies showed that G2-S16 was well tolerated and did not show any severe adverse 

events related to vaginal irritation in female CD1 (ICR) mice and New Zealand white rabbits 

at low doses (1 µM and 10 µM) (Chonco, et al., 2012). We studied the safety of G2-S16 gel 

on topical mucosal site using a BALB/c mouse model by topical use once daily for 2 

consecutive days; 2 applications were administered in 24 h intervals and at much higher 

concentrations (8 mM and 12 mM). Data showed that G2-S16 displayed a good safety profile 

and did not cause histopathological alterations to the vaginal epithelium. The mode of action 

proposed for the topical application is that the microbicide acts as a lubricant coat at the 

epithelial surface once it is inoculated intravaginally. Once there, the dendrimer establishes a 

film or a physical barrier to prevent dissemination of infected cells from the local mucosa to 

the regional lymph nodes and acts against the infection once the virus has crossed the 

epithelial barrier. Testing infection assays in h-BLT mice validated this mechanism. 

Animal models are critical to the development and implementation of effective 

microbicides for evaluation in humans. The cervicovaginal and rectal mucosa are the most 

important sites for viral exposure after sexual intercourse (Olsen et al., 2011). Therefore, 

topical microbicides can reach high local drug concentrations for preventing the HIV-1 
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transmission and other STD without toxicity due to many potential benefits associated with 

the drug delivery route (Cottrell & Kashuba, 2014). Non-human primate studies have 

provided a model for in vivo testing in the HIV-1 prevention through the use of simian 

immunodeficiency virus (SIV) and simian/human immunodeficiency virus (SHIV). However, 

the cost of non-human primate testing, the limited availability of female animals and 

differences in viral and host sequences that can confound the interpretation of data obtained, 

have limited their use in the evaluation of different microbicides at the expense of using 

humanized mice. H-BLT mice also reproduce key aspects of the human conditions because 

they permit evaluation using human primary strains that interact with human primary cells 

expressing normal levels of human receptors and co-receptors (Denton & Garcia, 2011; 

Veazey, 2013). When h-BLT mice were pre-treated with topical 3% G2-S16 and then 

vaginally exposed to R5-HIV-1JR-CSF, we found that the dendrimer efficiently prevented the 

vaginal HIV-1 transmission at 84%. Data indicated that 5 of 6 evaluable mice resisted 

becoming infected after the treatment with topical G2-S16 prior to the vaginal HIV-1 

exposure; whereas 3 of 3 vehicle-treated h-BLT mice became infected. These results are 

encouraging in a model that result in 100% transmission, especially considering that the HIV-

1 sexual transmission in humans is very inefficient because it requires timing and hundreds of 

sexual viral exposures to become infected (Haase, 2010). H-BLT mice are easier to test and 

more useful for rapidly screening to prevent the sexual HIV-1 transmission than humans 

because HIV-1 exposure and transmission are highly reproducible and the application of gel 

precludes loss of the product, reducing the effective concentration at the time of exposure. 

In order to demonstrate the antiviral target of G2-S16, a time-of-addition assay was used to 

delimit the stage(s) of the viral cycle that is blocked by the dendrimer compared to several 

ARV that indicated different stages of the HIV-1 lifecycle. Our findings, consistent with those 

obtained to determine the activity of other polyanionic compounds (Pirrone et al., 2011), 

confirmed that G2-S16 inhibited the HIV-1 infection at the initial stages of the HIV-1 

lifecycle, probably interacting with virions or acting in the process of the receptor-mediated 

viral entry into host cells including the fusion. However, it would be interesting to test 

whether G2-S16 at higher concentrations (> 10 µM) is taken up by host cells and blocks 

reverse transcription and integration processes as occurs with PAMAM (Witvrouw et al., 

2000) and PLL (Tyssen et al., 2010) dendrimers. 

The cell-based fusion assay with G2-S16 showed a better inhibition effect on host CD4 

cells than on Env-expressing cells. These data combined with gp120-capture ELISA support 
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the hypothesis that G2-S16 inhibits the HIV-1 infection by blocking the HIV-1 entry, 

particularly the gp120/CD4 interaction. Observations previously obtained by molecular 

dynamics simulations support this idea because the mode of action is associated with 

electrostatic interactions between anionic periphery functional groups and glycoproteins of 

the viral envelope and/or proteins at cell surface related to the HIV-1 infection. The molecular 

simulations confirmed that G2-S16 forms stable complexes with gp120, CD4 and to a lesser 

extent to CCR5 and CXCR4, although G2-S16/gp120 shows significantly higher strength 

(Chonco, et al., 2012). These results are consistent with those obtained with PAMAM 

dendrimers because they weaken the CD4/gp120 complex, alter the dissociation pathway of 

the complex, hindering the HIV-1 entry into target cells as well as modulate interactions of 

hydrophobic and hydrophilic residues in gp120 with CD4, alter the hydration of the 

hydrophobic interfacial cavity and disrupt hydrogen bonds across gp120 and CD4 altering 

their patterns of dissociation (Nandy et al., 2013). 

As we described above, SPL7013 is not a virucidal agent because lacks of broad antiviral 

activity against R5-HIV-1 isolates. This can be because V3 loops vary in positive charge 

between X4- and R5-HIV-1 isolates. It is known that V3 loops and regions surrounding V3 

loops are more densely populated with positively charged residues, typical of X4-HIV-1 

isolates (Tyssen, et al., 2010). In this regard, positive charges of V3 loops differ in their 

accessibility to dendrimers due to the conformation of V3 loops or modifications in the N-

linked glycosylation sites around V3 loops (Sterjovski et al., 2010). Therefore, the potency 

against a specific virus isolate can be increased by a correct choice of a surface group and its 

number and lower generations of dendrimers involving an increased flexibility. G2-S16 has 

the capacity to more strongly diminish the residual infectivity of HIV-1 particles after 1 h of 

incubation than after 5 min. We obtained several lines of evidence that other more effective 

mechanisms of inactivation can be involved. G2-S16 cannot only bind to V3 loop and co-

receptor binding sites (Chonco, et al., 2012), but also can interact with the 2 disulfide bond 

located on the gp120, an area implicates in binding to the CD4 receptor and modify this viral 

protein by denaturing its disulfide-bonded domain. Due to the antiviral effect of G2-S16 

increased with the incubation time, we propose that G2-S16 initially bind to gp120 knobs and 

then inhibits the HIV-1 infection by irreversibly modifying these viral structures (Lekutis et 

al., 1992). HIV-1 particles tend to be susceptible to G2-S16 virucidal activity by a mechanism 

that does not involve disruption of the integrity of the HIV-1 capsid (Black & Aiken, 2010), 

destabilizing the core-membrane linkage (Hoglund et al., 1992) or loss of gp120 from the 
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viral surface by shedding (Bobardt et al., 2008). Thus, the complete inactivation makes us 

think that the inhibition of HIV-1 particles by G2-S16 was by irreversible or tight binding to 

HIV-1 envelope proteins, physically blocking binding of the virus to target cell receptors or 

by strong interactions that destroy the HIV-1 infectivity. 

In order to provide a barrier to infection by active the virus on uninfected cells, we 

evaluated the long-term effectiveness of G2-S16. Long-term effectiveness is an essential 

pharmacodynamic parameter investigated during the development of a topical microbicide 

because it measures the period of time that infection is blocked after exposure to a compound, 

contributing to the choice of antiviral dosing regimens (Mauck et al., 2001). A safe 

microbicide should remain effective for many hours after gel application and even more so 

after the gel is washed away. First-generation microbicides are only effective for a few hours 

and consequently, require administration shortly before sexual intercourse (Ndesendo et al., 

2008). In contrast, we have demonstrated that the treatment with G2-S16 for 1 h reduced the 

transmission of the HIV-1 infection by 80% in a tropism-independent manner, an effect that 

lasted for 24-48 h. In accord with other microbicide candidates (Hossain & Parniak, 2006), 

the exposure of uninfected cells to G2-S16 conferred a protection for long periods and 

provided a refractory effect to a subsequent HIV-1 infection, minimizing the HIV-1 sexual 

transmission from infected to non-infected individuals. 

As previously described, PCD were able to block the HIV-1 entry in epithelial cells 

(Chonco, et al., 2012; Sánchez-Rodríguez, et al., 2015; Vacas Cordoba, et al., 2013), 

although could not impede the HIV-1 entry in PBMC. The ability to prevent the HIV-1 

attachment but not totally the internalization can be explained by the cellular diversity and 

diverse mechanisms involved in short-time and the existence of other effective input 

mechanisms not based on the direct fusion of HIV-1 particles with the cell surface. The first is 

that the virus-cell fusion occurs with the endosomal membrane following the endocytic 

uptake of HIV-1 particles. Afterwards, the appropriate co-receptor allows for the fusion of 

virus and endosome membranes and the subsequent release of the virus into the cytoplasm 

and G2-S16 escapes from its inhibitory action. (Miyauchi et al., 2009). Second, in the absence 

of the co-receptor, HIV-1 particles can be recycled back to the extracellular environment 

without mediate a productive infection if they previously have been in contact with G2-S16, 

inactivating them (Clotet-Codina et al., 2009). Therefore, we can detect the p24 antigen but 

these HIV-1 particles are not infectious. Moreover, both alternatives of the HIV-1 entry likely 

coexist. 
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We also demonstrated the efficacy of G2-S16 in blocking cell-to-cell HIV-1 spread. The 

proposed mechanisms of Raji-mediated HIV-1 transmission suggest that HIV-1 can infect 

target cells and replicate and produce virions that are released to infect new target cells (cis-

infection) (Gringhuis et al., 2010) or via trans-infection where HIV-1 is retained at the cell 

surface of donor cells and transmitted to target cells by contact and formation of a virological 

synapse (Felts et al., 2010) or via the exosome secretion (Wiley & Gummuluru, 2006). Due to 

the variety of molecules involved in infectious synapse formation, such as DC-DIGN, 

intercellular adhesion molecule-1 (ICAM-1), leukocyte function-associated molecule-1 (LFA-

1) or sialic acid binding Ig-like lectin 1 (SIGLEC-1) and because other components DC-

mediated HIV-1 transmission, such as microtubules, actin or membrane extensions (Coleman 

et al., 2013; Izquierdo-Useros et al., 2014), we cannot rule out exactly what are the 

mechanisms involved. Therefore, further experiments should be performed to determine the 

specific role of G2-S16 in the cell-to-cell HIV-1 spread to DC and their implications for the 

virological synapse inhibition. 

To summarize this part of the Thesis, G2-S16 is an ideal retrovirucidal agent because it 

plays a major role in a multifunctional manner. G2-S16 acts directly on the virus, inactivating 

it within a short period, blocks the HIV-1 replication at steps prior to the integration of 

proviral DNA into the infected host cell genome, provides a barrier to infection for long 

periods and is effective at non-cytotoxic concentrations easily achievable in a BALB/c mouse 

model. G2-S16 also blocks Env/CD4-mediated membrane fusion, efficiently prevents the 

HIV-1 cell-to-cell transmission and is not an antimicrobial and spermicidal compound. We 

also provide preclinical evidence regarding the potential efficacy of using a G2-S16 gel to 

prevent the vaginal HIV-1 transmission, validating the use of h-BLT mice for testing topical 

microbicides. Our results offer strong support to conduct large-scale in vivo preliminary 

screenings in a cost-effective manner. It would be also remarkable to conduct further studies 

related to the hypersensitivity, photosensitivity and condom integrity in the presence of the 

microbicide. Further experiments must be performed in more physiological conditions that are 

as close as possible to the conditions present at the early stages during the HIV-1 infection, 

including the evaluation of the antiviral activity against HSV-2 and HCV, which provoke the 

risk of HIV-1 acquisition and worse the clinical course of HIV-1 infection. These conditions 

include the study of the impact of microbicides on a simulated vaginal and rectal fluid, 

mucosal immune-cross-talk, sex-related physical trauma and possible epithelial injury and 

inflammatory consequences in microbicide local application. 
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13. STUDY OF THE ANTIVIRAL EFFICACY OF G2-STE16 IN DUAL-
COMBINATION WITH APPROVED ANTIVIRAL COMPOUNDS 

With the failure of clinical trials of the non-specific microbicides, specific ARV-based 

microbicides was acquiring more importance like antiviral therapy. Although some ARV have 

demonstrated great potential in the prevention of sexual HIV-1 transmission, there are 

concerns about the risk of emergence of multidrug-resistant mutants, systematic absorption, 

low bioavailability, possible drug interactions, side effects associated with drug high 

concentrations, the inability to eradicate HIV-1 from reservoirs, high daily cost and lifelong 

medication usage. Moreover, single-ARV microbicides have slowed down due to extreme 

polarity or apolarity, poor adherence or poor chemical or enzymatic stability (Buckheit et al., 

2010; Date & Destache, 2013). It suggests more efforts to develop reliable microbicide 

strategies based on the combination of non-specific compounds acting on different stages of 

the HIV-1 replication or the combination of ARV with non-specific compounds (Cordoba et 

al., 2013; Vacas-Cordoba et al., 2014). The use of these combinatorial approaches targeting 

entry and post-replication steps can be the best strategy against to prevent the HIV-1 

transmission. 

In this part of the Thesis, we studied the dual-combination of a thiol-ended PCD G2-

STE16 bearing sulfonate groups at the periphery with PCD that have a great anti-HIV-1 (G2-

S16 or G2-S24P), TFV or MRV, the most extensively studied ARV. These PCD interfere 

with the HIV-1 entry process. They inhibit the HIV-1 replication by specifically targeting 

cationic residues of the V3 region of the gp120 and/or CD4 receptor and notably on sites 

important for CCR5 or CXCR4/gp120 complexation (Table 27). 

Table 27. Binding free energy for dendrimer/CD4 and dendrimer/gp120 complexes by the MM-PBSA method 

Dendrimer Binding free energy (∆G, kcal/mol) 

 CD4 gp120 V3 loop 
gp120 co-receptor 
binding site 

G2-S16 -15.8 -38.0 -41.7 

G2-STE16 -42.5 -90.0 -111.4 

G2-S24P -39.2 -9.6 Not-estimated 

MM-PBSA (molecular mechanics Poisson-Boltzmann surface area) is a method used to estimate the binding free 
energy (ΔG) of biomolecular complexes. More negative ΔG values indicate a better binding (more favorable 
interaction). These values are compared to the thermodynamic of the CD4/gp120 binding interaction (ΔG = -9.5 
kcal/mol) (Myszka et al., 2000) to verify possible competition and replacement by dendrimers. 
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G2-STE16 and G2-S16 form more stable complexes with gp120 whereas G2-S24P forms 

stable complexes with the CD4 receptor (Chonco, et al., 2012; Sánchez-Rodríguez, et al., 

2015; Sepulveda-Crespo, et al., 2015), with a binding free energy exceeding the binding free 

energy of the gp120/CD4 interaction (Myszka, et al., 2000). G2-STE16/G2-S24P and G2-

STE16/G2-S16 combinations displayed a synergistic inhibitory profile from 75% inhibition 

against a broad-spectrum of HIV-1 isolates with low doses. The strongest combination was 

G2-STE16/G2-S24P, probably due to forms stable complexes with gp120 and the CD4 

receptor that are stronger than the strength of the stable complexes that G2-STE16/G2-S16 

forms with gp120 and CD4. This is mainly due to the fact that there is less competition for the 

same goal according to the binding free energy values. 

One percent of TFV gel was the first ARV showing the ability to prevent the sexual 

transmission of HIV-1. The results of the CAPRISA-004 clinical trial in a 1% TFV vaginal 

gel formulation provided the first evidence for preventing HIV-1 and HSV-2 in women; it 

reduced HIV-1 acquisition by 39% overall and by 54% in women (Abdool Karim et al., 

2010). However, in the VOICE (MTN-003) clinical trial, TFV was ineffective when dosed 

once daily in a coitally dependent manner due to a lack of adherence (Celum & Baeten, 

2012). The FACTS-001 clinical trial was designed to test the same regimen employed in 

CAPRISA-004 trial and seeks to assess its findings for possible product licensure and access 

(Marrazzo et al., 2015). However, results reaffirmed the need for effective and acceptable 

prevention interventions for women at high risk for sexual acquisition of HIV-1. The first 

clinical trial of a vaginal microbicide with MRV in a ring shape formulation, separately and in 

combination was the MTN-013/IPM-026 trial (www.mtnstopshiv.org/news/studies/mtn013). 

However, MRV did not absorb and work like dapivirine in combination. Therefore, the use of 

single ARV as vaginal microbicides has not been demonstrated to have a sufficient anti-

infection effect. Due to TFV and MRV are promising candidates for the development as 

microbicides, the primary aim is to find its most effective combination.  

As G2-STE16 acts preferentially by blocking gp120, mixing the dendrimer with TFV or 

MRV could allow for a potent microbicide targeting the entry and the reverse transcription or 

targeting principally the entry step of HIV-1 at different sites (gp120 and CCR5), 

respectively. G2-STE16/TFV and G2-STE16/MRV displayed synergistic interactions from 

75% inhibition against diverse HIV-1 isolates. Our results indicate that the same anti-HIV-1 

effect can be obtained with lower doses of individual compounds and thus with less toxicity 

and less side-effects. 
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Various levels of pro-inflammatory and anti-inflammatory cytokines are physiologically 

present at equilibrium in the vaginal secretions of healthy individuals. The choice of cytokine 

markers of vaginal inflammation that are monitored during clinical trials requires a good 

understanding of the dynamics of cytokine production at the mucosal site, such as IL-6 and 

IL-8 that have shown a positive correlation with the HIV-1 infection (Liu & Kumar, 2015). In 

this Thesis, G2-STE16/G2-S24P, G2-STE16/G2-S16, G2-STE16/TFV and G2-STE16/MRV 

combinations did not show a toxic effect and did not produce changes in the inflammatory 

response. Therefore, the net effect of an anti-HIV-1 microbicide depends on the balance 

between the pro-inflammatory and anti-inflammatory host factors and the effective dose used 

(Fichorova, 2004). 

Potential topical microbicide should also be stable for a sufficient time and maintain its 

antiviral activity in acid pH and in presence of human proteins or human body fluids. The 

anti-HIV-1 activity of G2-STE16/G2-S24P, G2-STE16/G2-S16, G2-STE16/TFV and G2-

STE16/MRV combinations preserved their potent anti-HIV-1 activity in both seminal plasma 

and acidic pH. The findings are in contrast to the results reported, where amyloid fibrils and 

amyloids derived from the semenogelins were identified as seminal factors to enhance the 

HIV-1 infection (Arnold et al., 2012; Zirafi et al., 2014). However, our results are in 

accordance with other studies (Lackman-Smith et al., 2008), probably due to the multiplicity 

of infection or the infectivity of infected cells are low, as well as the negative charge or 

concentration of compounds are sufficiently high to mask the semen-derived enhancer effect 

in improving virus infection. 

The potency of a dual-combination therapy is characterized by lower drug doses applied to 

reduce problems of toxicity and to minimize the generation of mutations and/or resistance 

(derived from the ARV activity) and the capability of working at lower pH for adapting to 

vaginal environmental and consequently, to avoid possible processes of vaginal irritation or 

inflammation. The great advantage of dendrimer/MRV combinations is that dendrimers, in 

addition to be non-specific, can act against X4-HIV-1 particles and strengthen their inhibitory 

activity with MRV against R5-HIV-1 particles. In the case of G2-STE16, the thiol-ene 

reaction presents a number of considerable advantages over other synthetic protocols 

(hydrosilylation followed by a Michael-type addition or azide-alkyne coupling reactions) such 

as mild reaction conditions, shorter reaction times and high product yields with easy 

purification (Ortega et al., 2015). 

 



DISCUSSION 
 

136 |  
 

14. STUDY OF THE ANTIVIRAL EFFICACY OF DENDRIMERS IN TRIPLE-
COMBINATION WITH APPROVED ANTIVIRAL COMPOUNDS 

Due to the high antiviral activity and synergistic effects of dual-combination therapies, we 

set out to optimize a triple-combination therapy with the goal of achieving 100% inhibitions 

against diverse HIV-1 isolates decreasing doses of compounds, especially ARV. We studied a 

triple-combination therapy based on 3 PCD, 2 PCD with TFV or MRV or a PCD with both 

drugs. To justify what combination is the strongest within a same group of combinations, we 

relied on the binding free energy for dendrimer/CD4 and dendrimer/gp120 complexes 

indicated in the Table 17. 

In a triple-combination therapy based on G2-STE16/G2-S24P/G2-S16, we found an 

enhancement in antiviral activity against X4- and X4/R5-HIV-1 isolates compared to the bi-

therapy, reflected in the decrease in EC50 values and in the increase in the HIV-1 inhibition 

with low doses. According to binding free energy values, G2-STE16 and G2-S16 form more 

stable complexes with gp120, while G2-S24P forms stable complexes with the CD4 receptor. 

In general, synergistic profile was obtained from 75% inhibition and most efficacies at 90-

95% inhibition, which is positive, because high degrees of effects are more important on the 

treatment than the low degrees of effects. The fact that there is an increase in EC50 values 

against R5-HIV-1 viruses can be due to structural and competitive factors by dendrimers to 

reach cationic residues of V3 loops that are less accessible. 

Dendrimer/dendrimer/TFV combinations at a fixed 2:2:1 ratio were potent and strongly 

synergistic against R5-, X4- and X4/R5-HIV-1 isolates. G2-STE16/G2-S24P/TFV was the 

strongest combination: G2-STE16 is characterized by the greater affinity to gp120 and G2-

S24P to the CD4 receptor. G2-S24P provides additional support for the HIV-1 entry when 

compared to the G2-STE16/TFV combination. Compared to other 2 triple-combinations, G2-

STE16 has a higher affinity for gp120 than G2-S16. It is also remarkable that the presence of 

G2-S24P in this group of combinations has a higher affinity for host-cell proteins due to the 

combination is weakened by the absence of other ARV that act at different stages of the HIV-

1 entry, as MRV. Moreover, the G2-STE16/G2-S24P/TFV combination has several 

advantages related to the synthesis of the thiol-ended G2-STE16 dendrimer compared to other 

synthetic protocols. 

Dendrimer/dendrimer/MRV combinations at a fixed 10:10:1 ratio against R5- and X4/R5-

HIV-1 isolates had strong synergistic interactions. Our results showed that dendrimers 
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maintained their potent anti-HIV-1 activity in the presence of ARV because MRV did not 

block the X4-HIV-1NL4.3 infection or interfered with the antiviral activity of these dendrimers. 

The strongest combination was G2-STE16/G2-S16/MRV that principally acts on the HIV-1 

entry steps at different sites (gp120, CD4 receptor and CCR5 co-receptor) preventing the 

virus from binding these target cells. The ability to inhibit R5- and X4/R5-HIV-1 infections is 

due to the high affinity binding to gp120 by both dendrimers in a tropism-independent manner 

because they are able to reduce the infectivity of viruses with contact for a short time. 

Moreover, if the virus is exposed to attack by host cells, both dendrimers also have high-

affinity blocking of the CD4 receptor. The presence of MRV in this group of combinations 

enhances the protection process of the HIV-1 entry. G2-STE16 and G2-S16 can also act 

against X4-HIV-1 viruses and strengthen their inhibitory activity together with MRV against 

R5-HIV-1 viruses. Moreover, we should not forget the advantages of synthesizing the G2-

STE16 dendrimer. 

Dendrimer/TFV/MRV combinations at a fixed 10:5:1 ratio also showed strong synergistic 

interactions against R5- and X4/R5-HIV-1 infections. G2-STE16/TFV/MRV was the 

strongest combination, confirming the relevance of blocking different steps of the HIV-1 

lifecycle. The ability to inhibit diverse HIV-1 isolates is due to the high affinity binding to 

gp120 by G2-STE16, reinforcing the relevance of blocking and inactivating the HIV-1. This 

fact is corroborated by considering that G2-S16/TFV/MRV and G2-S24P/TFV/MRV are the 

second and third strongest combinations, respectively. This result is because G2-S16 has a 

higher affinity for the virus than G2-S24P, but its affinity is less than G2-STE16. However, 

the presence of the additional support by MRV in hindering the HIV-1 entry by blocking 

CCR5 is also remarkable. Finally, the presence of G2-STE16 is again noted in the strongest 

combination, having advantages for the above-mentioned synthesis. In the Figure 58 is 

shown main advantages of a dual- or triple-combination therapies with PCD compared to the 

monotherapy. 

A triple-combination therapy also showed that acidic pH and seminal plasma did not affect 

in the anti-HIV-1 activity of compounds. This reinforces the fact that a combination of 3 

compounds in the range of micromolar concentrations, including PCD, does not allow the 

virus is agglutinated to cause a further infection. 

We showed that the balance between the pro-inflammatory and anti-inflammatory host 

factors and the effective dose used was not influenced in the presence of a dual-combination 

therapy. Therefore, it is not going be affected by the presence of 3 compounds at lower 
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concentrations. However, we decided to go further and to assess events of irritation in an in 

vivo mouse model. A repeated intravaginal administration of G2-STE16/G2-S16/MRV and 

G2-S16/TFV/MRV in BALB/c mice did not produce vaginal irritation and inflammation; 

these dose levels were 400- to 4,500-fold higher than anti-HIV-1 EC50 values in vitro. The 

microbicide recoats the entire vaginal epithelium providing a physical barrier against the 

HIV-1 infection. Drugs then reach the epithelium establishing a film to prevent the 

dissemination of infected cells from the local mucosa to regional lymph nodes. 

 

Figure 58. Schematic representation of main advantages of a combination therapy against the HIV-1 infection. 

(A) Schematic view of early stages of the HIV-1 replication before the integration process: binding, fusion and 

uncoating & reverse-transcription. (B) Enhanced anti-HIV-1 activity by bi-therapy with dendrimers and 

maraviroc. (C) Cooperative microbicidal activity of dendrimer/maraviroc/tenofovir due to dendrimers and 

maraviroc are targeted to virus entry whereas tenofovir acts on the reverse-transcription (D) Binding of gp120 to 

dendrimers through multivalent interactions to prevent the HIV-1 entry to host cells. 

As a consequence of the good results obtained, the next step would be to test these 

combinations in an h-BLT mouse model, to try achieving a 100% inhibition has not been 

reached so far. For this purpose, we must properly optimize concentrations in which we can 
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ensure great inhibitions without inflammatory processes and without interactions between 

compounds. Therefore, further pharmacokinetic, pharmacodynamics and toxicological studies 

are needed to define safety parameters for the use of dual or triple-combination therapies to 

prevent the HIV-1 transmission and the HIV/AIDS pandemic.  

Knowing that the majority of HIV-affected individuals are from economically poor and 

undeveloped countries, several aspects need to be optimized for the successful translation of 

nanotechnology from the laboratory to clinical trials. It is difficult to persuade pharmaceutical 

companies to support the research and development of microbicides overall (and more so in 

combination because it requires prior in-depth study of each of compounds individually). 

Nevertheless, funding for microbicide research has increased over the years, but not enough 

yet.  

 

15. SCREENING AND IDENTIFICACION OF NOVEL ANTI-HCV COMPOUNDS 

Despite a growing knowledge on the molecular and cellular basis for the HCV entry and 

the availability of systems to efficiently study the HCV entry, the use of this aspect of the 

HCV lifecycle as a potential target for therapeutic intervention remains largely unexplored as 

compared to HCV RNA replication, which is the main aspect of the infection targeted by 

DAA. With an estimated 3-4 million new acquired infections, the lack of an effective HCV 

vaccine and a suboptimal HCV treatment due to toxicity, lack of broad efficacy and poor 

compliance (Li & Lo, 2015; Petta & Craxi, 2015), the development of prophylactic methods 

targeting the HCV entry can contribute to control the HCV pandemic. Moreover, the 

introduction of HCV entry inhibitors in a combination therapy with DAA has been proven to 

be more efficient at eradicating the virus from infected cells (Xiao et al., 2015) and an 

infected host in a mouse model (Vercauteren et al., 2015). 

Several polyanions such as dextran sulfate-5000 and sulfated polyvinylalcohol have been 

identified as entry inhibitors with potent inhibitory activity against the HIV-1 infection, but 

were devoid of any activity against the HCV infection (Bertaux et al., 2007). As we have 

been seeing throughout this Thesis, PCD are non-specific compounds proved to be an 

antiviral agent against HIV, but until the present study, their antiviral potential against HCV 

has never been evaluated. 

By using an unbiased cell-based screening methodology, we have identified a family of 7 

PCD that efficiently inhibit HCVcc infection at subnanomolar concentrations. These PCD 
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inhibited the HCV infection interfering with the HCV entry, as shown time-of-addition 

experiments in single cycle infection experiments and their antiviral activity against HCVpp. 

One of the challenging aspects in the fight against the HCV infection is the enormous 

variability of genetic sequences circulating in different individuals and the existence of 

rapidly evolving quasispecies within each individual. Although SOF is a novel antiviral 

effective against multiple HCV genotypes (Cha & Budovich, 2014), new drugs with 

pangenotypic activity due to this diversity of HCV genotypes and their differential responses 

to current therapies represent a major unmet medical need. We verified that the antiviral PCD 

are capable of inhibiting entry by the major HCV genotypes and the relatively low specificity 

of the antiviral activity, which is often regarded as a problematic, can contribute to display a 

broad spectrum that can exceed different HCV genotypes. This relatively broad antiviral 

activity can also predict a high genetic barrier for the development of resistance. 

The most potent (EC50: 3 nM) of the studied PCD selected is G2-S24P. Its structure 

consists of G2 carbosilane dendrimer scaffold built from a polyphenolic core, which is fully 

capped on the surface with 24 sulfonate groups. Our results suggest that G2-S24P disrupts the 

integrity of the membrane of HCV by destabilizing virions and exposing the viral genome to 

exonucleases for degradation, as shown in previous studies (Cheng et al., 2008). The fact that 

the virolytic activity of G2-S24P is only revealed at high doses and is not verified at doses 

that effectively inhibit the HCV infection (50 nM), it is reasonable to propose that this activity 

is not entirely responsible for the observed antiviral activity. However, the mode of action of 

G2-S24P at lower doses can be reminiscent of the virocidal activity by interacting non-

specifically with components of the viral particle. This is supported by the fact that most of 

PCD, including G2-S24P, displayed antiviral activity when added during viral adsorption. 

These results, together with the fact that pre-treatment of cells do not recapitulate antiviral 

activity, reinforce the notion that they interfere infection directly with components of the viral 

particle without disrupting its integrity. 

The higher potency of G2-S24P can be due to the negative charge density of G2-S24P 

present at the periphery, which is much higher than G2-C24P and only differs in the 

functionalization of the PCD surface. As described in previous studies (Rasines et al., 2012), 

at physiological pH, the amine group of G2-C24P is protonated while the carboxylic units are 

deprotonated, forming zwitterionic species with a reduced net negative charge on the 

dendrimer surface compared to sulfonate dendrimers (G2-S24P). The salient potency of G2-

S24P as compared to compounds with Si atom core could be explained by a greater number of 
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negative charges on the periphery (24 vs. 16), which can be determinant for the antiviral 

activity. Moreover, the presence of polyphenolic core ensures greater dendrimer flexibility 

and charge density exposure as compared to dendrimers with a silicon atom core, which are 

more constrained spatially (Sánchez-Nieves et al., 2010).  

Polymeric anionic molecules, like heparin, have been shown to inhibit the HCV entry 

(Basu et al., 2007), probably due to their ability to interfere with the recognition of 

glycosaminoglycans (GAG) at the surface of target cells. It is conceivable that the polyanionic 

nature of PCD is responsible for the antiviral activity and that PCD constitute molecular 

decoys of cellular GAG in the context of the HCV infection, interacting non-specifically with 

the viral particle and impeding the electrostatic recognition of target cells in the first step of 

viral entry. 

In summary, our results have established G2-S24P as the model of a class of antiviral 

compounds that target the incoming virions for intervention against HCV. Given the high 

replication efficiency of HCV in patients and the potential emergence of resistant mutations 

during long-term treatment, the future therapy for HCV, like that for HIV, is based on the 

combination of multiple drugs acting at different stages of the HCV lifecycle. DAA in 

combination with HCV entry inhibitors can provide an effective strategy to prevent infection 

of transplanted livers in patients with chronic hepatitis C receiving transplants (Filipec 

Kanizaj & Kunac, 2015). Therefore, the combination of PCD with other DAA targeting 

intracellular aspects of the HCV lifecycle could be interesting in creating new antiviral drugs 

for the HCV therapy. Combining DAA with virion-targeting PCD provide a novel strategy 

against HCV due to could improve virus eradication as shown in cell culture for SOF or 

telaprevir (Xiao, et al., 2015), as well as prevent the spread of new infections and DAA-

resistant viruses (Zeisel et al., 2013). Although the main site of action of anti-HCV drugs in 

patients is the liver, the importance of human serum proteins for the clinical efficacy of HCV 

drugs remains unknown. Most drugs bind to human serum proteins and can significantly limit 

the availability of free drug circulation and decrease their efficacy in patients. Therefore, 

further research is needed to define the specific role of serum proteins in the functionally of 

PCD and their implications. 
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16. CONCLUSIONS 

I. Three percent of topical G2-S16 gel efficiently prevented the vaginal HIV-1 

transmission in h-BLT mice at 84%. No irritation, inflammation or vaginal lesions 

were detected in BALB/c mice. 

II. G2-S16 inhibited the HIV-1 infection at the initial stages of the HIV-1 lifecycle by 

blocking the HIV-1 entry, particularly the gp120/CD4 interaction. G2-S16 reduced the 

infectivity of HIV-1 particles, inhibited the HIV-1 attachment and HIV-1 entry in 

PBMC, conferred a protection for many hours after dendrimer application minimizing 

the HIV-1 transmission from infected to non-infected cells (the cell-to-cell HIV-1 

spread), did not alter the sperm motility and was biocompatible with the normal 

vaginal flora. 

III. The pre-treatment with dual-combination therapies based on G2-STE16/dendrimer, 

G2-STE16/TFV and G2-STE16/MRV and triple-combination based on 

dendrimer/dendrimer/dendrimer (at a fixed 1:1:1 ratio), dendrimer/dendrimer/TFV (at 

2:2:1), dendrimer/dendrimer/MRV (at 10:10:1) and dendrimer/TFV/MRV (at 10:5:1) 

showed a synergistic activity profile and a reduction in EC50 values at a subnanomolar 

range against a broad-spectrum of HIV-1 isolates. The strongest combinations within 

each group were G2-STE16/G2-S24P/TFV, G2-STE16/G2-S16/MRV and G2-

STE16/TFV/MRV. 

IV. The pre-treatment with dual-combination therapies did not show a toxic effect and did 

not produce changes in the cytokine response maintaining the balance between the 

pro- and anti-inflammatory host factors with effective doses. 

V. The pre-treatment with bi-therapies and tri-therapies maintained their potent anti-HIV-

1 activity over time in the presence of acidic pH and seminal plasma. 

VI. The pre-treatment with triple-combinations did not produce vaginal irritation and 

inflammation after daily treatment for 7 days. 

VII. Polyanionic carbosilane dendrimers with anti-HCV activity at nanomolar 

concentrations were identified using an unbiased cell-based screening. These 

dendrimers were active at concentrations lower than 5 nM with high selectivity 

indexes. 
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VIII. Polyanionic carbosilane dendrimers inhibited early stages of the HCV infection and 

interfered with the HCV entry against HCVpp from various genotypes and bona fide 

virions from G1a and G2a. No selectivity of dendrimers was observed, but their 

efficacy was better than against pseudotyped viruses VSV and RD114. 

IX. Polyanionic carbosilane dendrimers displayed an antiviral activity during viral 

adsorption and post-adsorption events, but did not have any effect in the pre-treatment 

of cells for 1 h and 2 h. 

X. Polyanionic carbosilane dendrimers did not irreversibly alter the HCV virion 

infectivity. A virucidal activity against HCV G1a and G2a were identified for G2-

S24P at high doses, at doses that exceed largely its antiviral activity. The mode of 

action of the rest of dendrimers remains elusive, but is likely targeting directly HCV 

particles by analogy with other virological systems. 
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16. CONCLUSIONES 

I. La aplicación tópica del dendrímero G2-S16 al 3% bloqueó la transmisión vaginal del 

VIH-1 en un 84 % en ratonas humanizadas BLT. No se detectó irritación, inflamación 

o lesiones vaginales en ratonas BALB/c. 

II. El dendrímero G2-S16 inhibió la infección por el VIH-1 en las fases más tempranas 

del ciclo viral bloqueando la entrada, principalmente la interacción gp120/CD4. El 

dendrímero G2-S16 disminuyó la infectividad de las partículas del VIH-1, inhibió la 

unión y posterior internalización del VIH-1 en células mononucleares de sangre 

periférica, confirió protección celular frente al VIH-1 durante varias horas 

minimizando su transmisión de células infectadas a no infectadas (transmisión célula-

célula), no alteró la motilidad espermática y demostró ser biocompatible con la flora 

vaginal. 

III. Los pre-tratamientos con doble combinación G2-STE16/dendrímero, G2-STE16/TFV 

y G2-STE16/MRV o con triple combinación dendrímero/dendrímero/dendrímero (en 

una relación fija 1:1:1), dendrímero/dendrímero/TFV (relación 2:2:1), 

dendrímero/dendrímero/MRV (relación 10:10:1) y dendrímero/TFV/MRV (relación 

10:5:1) mostraron sinergia frente a diferentes aislados del VIH-1, disminuyendo los 

valores de EC50 a concentraciones subnanomolares. Las combinaciones con mayor 

inhibición de la infección por el VIH-1, dentro de cada grupo, fueron G2-STE16/G2-

S24P/TFV, G2-STE16/G2-S16/MRV y G2-STE16/TFV/MRV. 

IV. Los pre-tratamientos con combinaciones dobles no fueron tóxicos ni produjeron 

cambios en la respuesta a citocinas, manteniendo el balance pro- y anti-inflamatorio en 

la dosis efectiva analizada. 

V. Los pre-tratamientos con dobles o triples combinaciones mantuvieron su actividad 

anti-VIH-1 a lo largo del tiempo en presencia de pH ácido y en presencia de plasma 

seminal. 

VI. El pre-tratamiento durante 7 días consecutivos con triple combinación en ratonas 

BALB/c no produjo irritación ni inflamación. 

VII. Se identificaron varios dendrímeros carbosilano polianiónicos con actividad anti-VHC 

a concentraciones nanomolares utilizando un método de cribado basado en células de 
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hepatocitos. Estos dendrímeros fueron activos a concentraciones por debajo de 5 nM 

mostrando altos índices terapéuticos.  

VIII. Los dendrímeros carbosilano polianiónicos seleccionados inhibieron las fases más 

tempranas de la infección por el VHC e interfirieron en la entrada viral contra VHCpp 

y viriones bona fide de diferentes genotipos. Estos dendrímeros no fueron selectivos 

frente al VHC aunque tuvieron una mejor eficacia que frente a virus pseudotipados 

VSV y RD114. 

IX. Los dendrímeros carbosilano polianiónicos seleccionados mostraron actividad anti-

VHC durante la adsorción y post-adsorción, pero no tuvieron ningún efecto tras el pre-

tratamiento celular durante 1 h y 2 h. 

X. Los dendrímeros carbosilano polianiónicos no alteraron de forma irreversible la 

infectividad de las partículas del VHC. El dendrímero G2-S24P mostró actividad 

virucida a dosis que excedían su actividad antiviral frente a los genotipos 1a y 2a del 

VHC. Se desconoce el modo de acción del resto de dendrímeros, pero es muy 

probable que se dirijan a las partículas del VHC por analogía con otros sistemas 

virológicos.  
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